ABSTRACT

STAR, JASON B. Numerical Simulation of Scramjet Combustiom iBhock Tunnel
(Under the direction of Jack R. Edwards)

Three-dimensional computational simulations of reactive flowfieldhin a
hydrogen-fueled scramjet-like geometry experimentally tested free piston shock
tunnel are presented. The experimental configuration (Odam and RBAMN Paper
2003-5244) involves injection of hydrogen fuel into the scramjet intdlovied by
mixing, shock-induced ignition, and combustion. The predictions for both fuehdff a
fuel-on conditions were observed to be sensitive to the choice of théewglerature
boundary conditions. The best comparison with experimental data werevext
through the implementation of an approach that involves a simplified cosjhgai
transfer model that couples the heat conduction through the wallhgitieat conduction
of the fluid within the boundary layer. This approach is able to grédtemal loads on
the walls of the scramjet model due to shock wave interactions anib theat release.
As such, it is able to more accurately represent the physiog@erature response of the
engine model. Also shown to produce very good agreement with thetichdlii-steady
experimental data was the isothermal ghost-cell boundary conditioch v¢ based on a
simplification of the time-dependent conjugate heat transfer boyraerdition. This
simplified boundary condition assumes a linear temperature distrbwithin the wall
based on the effective depth that an applied heat load would penetratd, ahlso allows
the actual wall temperature to vary in response to the applied heat load.

Results for fuel-off simulations showed that the solution geegray a steady-



state simulation implementing the isothermal ghost-cell wall bayndondition was
very comparable with the statistically-steady solution obthiftem a fully transient
simulation with coupled heat conduction within the walls.

When integrated in a fully time-accurate manner, the fueldomlations showed
a striking sensitivity to the modeled rate of air ingestion into é¢ngine. For
experimental data that showed steady combustion, the transienatsamsilresulted in
either a steady combusting solution or a progression toward engiagtudspending on
the modeled rate of air ingestion. Also, for experimental datastittaved an unsteady
thermal choking event leading to eventual unstart, the transientasiomsl were able to
predict both unstart and steady combustion, once again depending on itigeestion
rate. In all cases, the modeled air ingestion process is an apatiox of the actual
experimental process, in that uniform conditions are imposed as furedions of time
over the inlet plane.

The computational results also provide some support for a “radicainigl’
hypothesis, proposed to explain the ability of the hydrogen-airuneixb auto-ignite at

relatively low inlet contraction ratios.
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1 INTRODUCTION

Since the introduction of commercial aircraft, m@féicient and cost-effective
means of travel have been explored. In today’s gwewing global marketplace, this
often translates into a need for faster vehiclestime is often the most important
commodity. Since the early 1950's, research has lfecused toward the development
of supersonic combustion ramjets (scramjet) asableiapproach for hypersonic flight
[21]. Though laboratory experiments have demotedradequate scramjet component
performance, supersonic combustion in an actughtflienvironment had not been
demonstrated until the recent successes of theesily of Queensland’s HyShot
program [39] and NASA’s Hyper-X program [46]. Skeannel tests performed in
support of the HyShot program [39, 43, 44, 36] hpravided the CFD community with
much-needed experimental data with which to benckmaad validate computational
simulations. More recent tests [39] performedhi@ T4 free piston shock tunnel involve
the injection of hydrogen fuel into the inlet seatiof a scramjet-like geometry, where it
mixes with the inlet air before being ignited witlthe combustor section. This concept
of “forebody fuel injection”, if controllable, codlallow for the elimination of drag-
producing mixing-enhancement devices and could aedihe size of flame-holding
devices. This, in turn, may provide a viable meahshypervelocity (Mach 8-15)
scramjet operation. Odam and Paull [39] have thedrthat ignition and combustion
within their configuration is the result of a “radi-farm” effect, which allows the

process to occur even though the static tempesaiaréhe inlet stream are quite low



(30K-400K). In this, ignition may occur first in a region stow-moving flow adjacent
to the walls, following a strong shock interactidmt that there is not enough residence
time for combustion to progress to completion. tdad, the slightly reacted mixture is
frozen until it can pass into another region améngd radical formation. This process
will continue until there are sufficient concenioats of the necessary radicals and the
temperature is large enough for the heat releassioas to commence. Previous CFD
simulations [36, 33] designed to test this hypathésve given good overall agreement
with the non-reacting flow attributes (e.g., celmer pressure) of the experimental
configurations, but have not shown appreciable artsoof combustion.

Also of interest, is the ability for these scramjmgines to attain stable
combustion over an acceptable flight envelope fgrelnsonic vehicles. Vehicles using
scramjet propulsion will travel at very high altes (2&m -35km) [21] and extremely
high velocities, so the operability at these caodg becomes increasingly important, as
does the ability to attain stable operation of st system. The experimental tests
conducted in the University of Queensland’s HyShatgram [38, 39] have shown that
variations in the test conditions can either leadhtstable combusting flow within the
device or lead to engine unstart [22], which israbterized by the disgorging of a
partially established shock system from the inted ¢he appearance of large regions of
separated, subsonic flow. Understanding the unstachanism is a key to establishing
engine operability limits. Being able to predicheve in the flight envelope or what
parameter variation could cause an engine to undemgstart would be a useful

contribution to the design process of a scramjgiren



In the present study, results from both transiemt ateady three-dimensional
computational fluid dynamics (CFD) simulations ammpared with experimental data
from Odam [38] for both fuel-off (non-combusting)dafuel-on (combusting) cases. The
effects of variations in turbulent Prandtl and Satrmumbers, turbulence inflow
characteristics, grid resolutions and type of th@mmall boundary condition are studied
in detail. Incorporation of a conjugate heat tfansnodel to calculate localized wall
heating directly is used to remove a major sourfceneertainty in simulating short-
duration shock-tunnel experiments. The modeleslghtir ingestion during the transient
starting of the engine is found to be the majortgbuation to whether stable combustion
or engine unstart is predicted in the simulations.

This dissertation is divided up into eight sectiansl seven appendices. Section 2
discusses the governing Navier-Stokes equationendgtl for a multi-component
reactive gas mixture. Turbulence closure issuesalso discussed in Section 2. Section
3 details the numerical discretization of the goigyg equations and presents the time-
integration method used in this work. Section gcdsses the experimental tests and
experimental data analysis. Section 5 describasrgk calculation details, such as the
grid topologies and the initial and boundary condi used in the simulations. Section 6
presents the results of this investigation andsithtes the effects of the parametric
variations discussed above. Section 7 providegnargry of the work presented and
gives some insight into future directions. FinaBection 8 gives a list of the reference
material for the current research. Appendicest give further details of the numerical

modeling and experimental data reduction.



2 GOVERNING EQUATIONS

In this chapter, the governing equations for corsgilde, unsteady, viscous gas-
phase flows are discussed. The extension of thgaations to account for multiple
gaseous species and finite rate chemical kinetesalso shown. Governing equation
closure issues, including turbulence modeling aegnRlds and Favre averaging, are

also described.

2.1 CHEMICALLY REACTING EQUATION SET

2.1.1 Conservation Equations

The fundamental equations of motion for a fluidditionally termed the Navier-
Stokes equations [61, 42, 3], are a set of coupbedervation equations. If body forces
(e.g., gravity, electro-magnetic forces) and radeatheat transfer are neglected and
thermal equilibrium is assumed, then the reactiog fields under consideration in this
work are governed by the compressible Navier-Stekgmtions, extended to mixtures of
multi-component, reacting gases [19, 32]. The guwg equations can be expressed in

compact tensor notation as a set of conservatioat@ms [61, 42] and are written as:

Conservation of Mass (1 equation):

ﬂ_r+i(fui):0 (2.1.1)

it 9

Conservation of Species Ma$¢Jequations, one for each specie$;



Ty )+ Ty UIi):ﬂix(. Yy, )+ w 2.1.2)

ﬂt ﬂxl n non,i n

Conservation of Momentum (3 equations, one for eadnudinate direction):

1 1 _ T, Ty

—(ru )J+—\ruu, |]=- —+— 2.1.3

(o) g bruw )= g (2.1.3)
Conservation of Energy (1 equation):

T T =T

e g (rhu)=g - a) (2.1.4)

In the above governing equations, corresponds to the coordinate directionss time,
r is the mixture densityy, is the mass fraction for specias u, is the velocity vector,
& is the total energyh, is the total enthalpyt; is the laminar viscous stress tensgr,
is the heat flux vectorp is the mixture pressure amnd, is the chemical source term for

speciesn. To complete the aforementioned governing equoatithe following closure

relations are needed:

The diffusion mass flux (the relative mass flux ¢ written as [27]:

J,i =14, (2.1.5)

where the mass diffusion velocity, , is proportional to species concentration

gradients and is given by Fick’'s law of mass diffas which assumes no cross

transport phenomena and no body forces:



v,
T

(2.1.6)

n,i

D
. =-—
Yﬂ

where D is the diffusion coefficient assuming equal bindifyusivities. Note, if

there are no concentration gradients present, thenmass diffusion flux is
identically zero. One diffusion coefficient, reddt to density and effective
mixture viscosity through the assumption of a canstaminar Schmidt number,

is used for all species:

p=—-" (2.1.7)

where Sc is the laminar Schmidt number amdis the laminar viscosity.Sc is a

measure of the relative importance of momentumstearto mass transfer and a
value of 0.5 is used for the current research.s Vhlue corresponds to previously

validated results [8, 12, 17, 49].

The laminar viscous stress tensor is given by ¢42,

f=m M2, (2.1.8)

U % 37X

The multi-species heat flux vector can be writterthee sum of Fourier's Law for
heat conduction and the heat flux due to diffugmmaduced by concentration

gradients:

NS
4=kl t Ry

2.1.9
ﬂ)(l n=1 ( )

n,i ?



where k is the coefficient of thermal conductivity. Theetmal conductivity is

further discussed in Section 2.1.2.

The total energyg can be written in terms of the total enthalpy,
- P
e=h- B (2.1.10)
For a multi-species system, the total enthalpyvisrgby:
1

h, =h., +§uiui (2.1.11)

where the mixture static enthalpy is given by:

NS

hoe = Y., (2.1.12)
n=1
and the mixture pressur,, is given through Dalton’s Law [27]:
p=rR,.T (2.1.13)

The mixture gas constan®_,,, iS given by the sum of the species gas constants:

NSY

anix = Runiv . (2114)
n=1 M W,

The total energy may also be written in terms efrthixture internal energye... :

eze. Jr%uiui (2.1.15)



where the mixture internal energy can be written as

mix n n n

n=1 n=1 W,

NS NS
e.= €= Yh-% (2.1.16)

2.1.2 Thermodynamic Closure Relations

For a calorically perfect gas, the internal eneegy the static enthalpy are
linearly related to temperature through the prapoality constants of specific heat at
constant volume and specific heat at constant pressespectively. The common form

for these relations is given by:
h=C,T ande=C,[T (2.1.17)

where C; and C, are constants for a reasonable temperature rafjgeHor reacting

flowfields, like those currently investigated, tHeowfields cannot be considered

calorically perfect; rather for this research, tlaeg assumed to be a mixture of thermally
perfect gases. Thermally perfect implies thatitibernal energy modes (e.g., translation,
vibration) of the molecules involved are represeériig a common temperature [4]. For

thermally perfect gases, the specific heats aretims of temperature only:
C, = fundT) andC, = fundT) (2.1.18)
thus,
h=h(T) ande=¢T) (2.1.19)

This is a common approach for problems involvingct®ns where the temperatures are



lower than that required for dissociation and iatian [4]. For thermally perfect
mixtures, the static enthalpy and hence the inteer@ergy are related through
experimental-determined curve fits [30]. The cufit® used for the current research are

given in Appendix A. The general form for the stanthalpy of a species, n, is given

by:

;
h,=h, + Cp,(TdaTC (2.1.20)

T

whereh; is the heat of formation at the reference tempesal .

In order to close the above set of governing equoati the following

thermodynamic relations are needed:

Mass fraction of species:

Y, =—" (2.1.212)
r
Mixture density:
NS
r=r, (2.1.22)

Frozen speed of sound:

C
a’ = (—)p P (2.1.23)
Cpmix B Rmix ,.

Mixture specific heat at constant pressure, udiegcurve fits in Appendix A:
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NS

e = NG, (T) (2.1.24)

Mixture ratio of specific heats:

NS

Y.C,, (T)

n

Onix = s (2.1.25)
YnCpn (T)_ Rnix

n=1

The laminar viscosity for each speci@s,is given by Sutherland’s Law [61]:

%
T +S

m, T m"5m (2.1.26)

m T, T+S,

n

The constantsn , T,,, and S, ,are given in [61, 42] and are listed in Table 2The

laminar thermal conductivity for each species clo &e given by Sutherland’s Law,
with the appropriate changes in the constantg, @an be related to the laminar viscosity

through the laminar Prandtl number:

kK =" T (2.1.27)

The Prandtl numberRr, is a measure of the relative importance of momaritansfer to
heat transfer and is set to 0.72 for this workaatordance with previously validated

work [12, 17, 49].



Table 2.1 Constants for Sutherland’s Law

11

Species ) Name m, [kgm] T oo, [K] S, [K] M., [k%mol]
1 N, 0.1663 10* 273.1 106.4 28.000
2 0, 0.1919 10* 273.1 138.9 32.000
3 H, 0.0841 10* 273.1 96.67 2.0160
4 H,O 0.1703 10* 416.5 860.8 18.016
5 OH 0.1826 10* 273.1 138.6 17.008
6 0] 0.1743 10* 273.1 157.0 16.000
7 H 0.0701 10* 273.1 117.7 1.0080

For a multi-component mixture, the formula presdriig Wilke [27] is used to calculate

the mixture laminar viscosity and mixture thermahductivity. Wilke’s formula applied

to transport properties for mixtures of gases aedun Egs. (2.1.8) and (2.1.9) and they

are given by:

NS nz

~ 1 NS
n=1 1+ -

Cn m=1

mtn

cf

(2.1.28)

(2.1.29)
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wherec, is the molar density of speci@es

q:é” (2.1.30)
andf . is given by [61]:
% %
M

14 Mrm " My,

my, Iy M.,
Fom = P (2.1.31)

81+ ™

where the molecular weight of species M, , is given in Table 2.1.

2.2 GOVERNING EQUATIONS IN COMPACT VECTOR FORM

The preceding governing equations can be reformlat a more compact vector
notation. This formulation is widely used in thengputational sciences and enables
easier formulation of coding strategies due tadipact nature. The equation set is also
easily converted to lower spatial order equatiois $ee., two-dimensional flows, axi-
symmetric, one-dimensional).

For three-dimensional flows, the governing Naviek®s equations can be written
in vector form as:

1w fE-&), 1F-F), 16-6).

S=0 (2.2.1)
It X Ty Nz

whereU is the vector of conserved variables,
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rl
rNS
U= ru (2.2.2)
rv
rw
re
E, F andG are the inviscid flux vectors,
ru rv rv
r sU r\sV r\sV
E= ru’+p ,F= rwu ,G= rwu (2.2.3)
ruv rve+p Wy
ruw rvw rw? +p
rhu rhv rhw
E,, F, andG, are the viscous flux vectors,
- I - - IW
' nsHins AN = InsWis
E, = t,, , F, = ty t., (2.2.4)
tyX tyy tyZ
tz>< tzy tzz

ut,, +vt, +wt,, - q,

utxy + Vtyy + VV'[Zy - q,

ut,, +vt, +wt,, - d,

and S is the source vector containing the chemical pctda / depletion terms,
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(2.2.5)

OOOOZ§

It is important to note that the above vector folation does not directly include the
conservation of mass equation (Eq. 2.1.1). Rath®re are NS+4 number of
independent governing equations. The direct swlubf the conservation of mass
equation is not needed in this formulation, sirfagach species conservation equation is
solved, the mixture density relation (Eq. 2.1.22n de used to calculate the overall
mixture density. This is a direct result of thdii@on of the mass fraction:

Y, =1 (2.2.6)

n=1

2.3 REYNOLDS AND FAVRE AVERAGING OF THE GOVERNING
EQUATIONS

The Navier-Stokes equations, as described in Secfdl & 2.2, are deterministic
equations — that is, they are dependent upon previtowfield occurrences, either
temporal or spatial, to determine the resultingvfliteld. As with almost all flows of
engineering interest, turbulence is of critical ortance in the chemically-reacting
flowfields presented herein. To characterize dulent flowfield, it is important to

understand the nature of turbulence so the propeerical approaches can be applied to
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the solution of the Navier-Stokes equations.

Turbulent flowfields are inherently random, thraeensional, and cover a wide
range of turbulent time and length scales [63].rbUlilent flows are characterized by
several attributes, each adding their own levetarfiplexity for computational solution
techniques. Flow randomness, three-dimensionallitiie flow and the dissipative nature
of turbulence play pivotal roles in the proper nuice representations of the flowfields.
The aforementioned natural randomness of turbulemedes the exact numerical
calculation (within the limit of the spatial distimation and temporal integration errors)
of these flowfields extremely problematic, due ke tdifficulty in characterizing the
initial and boundary conditions. Any slight varaat in the imposed initial or boundary
conditions coupled with the nonlinearity and sulbsedq numerical complexity of the
Navier-Stokes equations [3, 23] often results ohfeerent numerical solution. Another
fundamental characteristic of turbulent flows is thherent three-dimensional nature of
turbulence. This is due to the fact that turbuéere naturally dominated by vortical
fluctuations and these fluctuations cannot susthemselves unless they are three-
dimensional [63]. Thus it is important to propedgpture the three-dimensional nature
of the flowfields, especially for complex geomedrier large Reynolds numbeR¢)
flows which are more likely to be turbulent in n@u Therefore, to properly resolve
turbulent flowfields, simulations must maintain ithéhree-dimensional formulation,
rather than reducing the spatial order (to eithgo-dimensions or less), thereby
maintaining a much higher computational cost. Aroimain attribute of turbulent flows

is that turbulence behaves in a dissipative mannkurbulence is an energy transfer
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mechanism. It transfers energy from the largelescep the smallest scales, where the
energy is dissipated as heat.

Due to the non-linearity of the Navier-Stokes etprst, and their coupled
dependence on initial and boundary conditions, calyhandful of exact analytical
solutions exist. Rather, for most engineering i@agbns, numerical solutions must be
attained. For the most part, there are three mlasses of techniques for modeling and
simulating turbulent flows. They are Direct Nunoati Simulation (DNS), Large Eddy
Simulation (LES) and Reynolds Averaged Navier-S$oK®ANS). These three
categories can be thought to lie on a spectrumyr€ig.1. At one end of the spectrum
lies DNS, which incorporates the most physical @spntation of the flow but at the price
of the highest computational expense. At the o#red lies RANS, which is less
expensive to implement, but requires a large amotiempirical modeling to properly
account for the turbulence of the flowfield. LE8slsomewhere in the middle and has
attributes of both extremes. There are differemplementations of LES, each one at
different points along the spectrum. Below is i@fantroduction to each category listed

above.

More Empirically Based / Lower Computational Cost

N T s

More Physics Based / More Computationally Expensive

Figure 2.1 Spectrum of CFD Codes
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DNS solves the governing equations directly, dowihie smallest scales in the
problem without any additional modeling, therebgaleing all important scales involved
in turbulent flows. The largest scale of a flowolglem is often a characteristic length
scale on par with the largest spatial dimensiothefproblem of interest. However, the
smallest scale of turbulence, the Kolmogrov scéf,[is much smaller than any other
scale in the flowfield and is often several ordefsnagnitude smaller than the largest
scale. Thus the grid requirement to accuratelglvesall the important turbulent scales is

quite large. From dimensional analysis, it canshewn that for a three-dimensional

calculation of a one-component flow (e.g., aIR)e% grid points are needed to properly
resolve all of the turbulent scales; therefore, DEl$Sisually relegated to low Reynolds
number, non-reacting flows. Additionally, largengé integrations are needed in order to
temporally resolve (and average) the flow field rothee turbulent time scales of interest.
Although both spatially and temporally cost-protil# for most engineering
applications, the ability of DNS to accurately rgsothe smallest scales often helps
corroborate and support experimental data [63] iangseful in the validation of other
CFD approaches.

As mentioned above, LES lies in the middle of timeeutation spectrum. In the
LES approach the large eddies (scales) of the 8mvcalculated and the effects of the
small unresolved eddies (scales) are modeled. s€paration of scales is provided by
applying a filter operator. Eddies larger than fitier width are directly calculated from
the Navier-Stokes equations. Eddies smaller tharfilter width (usually related to the

grid cell size) are not computed directly, and thedfects (usually dissipative) must be
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modeled. The expense of this approach dependbeofilter size but is usually quite
computationally expensive for large Reynolds numthews. Although LES is fast

becoming one of the most sought-after simulatiashneques for detailed engineering
work, its application to three-dimensional reactilavs in realistic engine geometries is
still cost-prohibitive.

The third category, perhaps the most applicablengineering problems, is the
Reynolds averaged Navier-Stokes description (RANS3). this case the effects of
turbulence on the mean flow are modeled rather tloamputed directly. RANS equation
sets rely on the principle that any flow properande decomposed into a temporally
averaged (mean) component and a fluctuating conmpon€he time averaging is done
over a timeT that is much larger than the fluctuating turbulimie scales, but is smaller
than the time scale associated with the mean propariations. The last constraint is
necessary for unsteady calculations such as thesemed in this investigation. The
temporal averaging of the turbulent fluctuationsroa time,T , preserves the proper time
dependence of the mean flow properties. For thpaach to be valid there must be a
large separation between the turbulent fluctuatiome scales and the time scales
associated with the mean property variations. iBeththe RANS approach are given in

the following section.

2.3.1 Reynolds and Favre Averaging

The following section details the derivation of tReynolds Averaged Navier-
Stokes (RANS) equations. RANS equation sets relythee principle that any flow

property can be decomposed into a mean and a ditietucomponent:
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q=g+qc (2.3.1)

where g is any instantaneous flow property, the over lggrjs the time averaged mean
component ofg, and g¢ is the fluctuation component. Reynolds averagngerformed

over the time intervit,t +T). The time averaged component can be expressed as

t+T

N1, R
als)=ims ralx, ) (2.3.2)

The above relation assumes thBat tends towards infinity, but this is only
applicable for truly steady flow fields. Usuallgs mentioned above, for unsteady
calculations, the time interval is assumed larger than the turbulent fluctuatioret
scales but significantly smaller than the mean flpmperty time scales [63]. The
following averaging properties are easily deterdinfor the decomposition and

averaging performed above:

q=0 (2.3.3)
gf =gf (2.3.4)
gft=q¢ =0 (2.3.5)

whereq and f are any instantaneous flow properties. The fzat the time average of

a single fluctuating component is zero does notyrtipat the product of two fluctuating
components is zero. In fact, the product of twstantaneous properties can be written

as.



20

of =(q+qd(f + f9=gf +qgf ¢+ q¢ +qRe=gf +q e (2.3.6)

Finding the proper relationship for the last temnthe above equation is the crux of
turbulence modeling.

The above Reynolds averaging technique applied deaiip to the Navier-Stokes
equations is ideally suited for the incompressfblen of the equations. For the present
high speed research, the full compressible Naviekes equations must be utilized.
Unlike incompressible formulations, density and penature fluctuations become
important for compressible flows. Applying the sanime averaging approach
mentioned above to the Navier-Stokes equations ewlmkcorporating density and
temperature fluctuations results in additional elations that must also be modeled.
This dictates the need to incorporate a differeimd kof averaging, namely Favre

averaging [63]. In Favre averaging, an instantaadtow property,q, is decomposed

into Favre mean and Favre fluctuating components:
q=q+q¢ (2.3.7)

where q is the instantaneous flow property,is the Favre averaged mean component of
g, and qC is the Favre fluctuation component. The Favreaayed component can be

expressed as the following integral:

t+Dt
1

N R
Glx) =" lim — trq(x,t)dt (2.3.8)

or in terms of the Reynolds temporal average as:
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~ rq
alx)="" (2.3.9)
It is also important to note that:

q=q+qt=0q+q (2.3.10)

Multiplying through by density and mass averagingdbove equation gives:
qe=- — (2.3.11)

The Favre-averaged equation set is formulated bgrdposingr , p, t;, g; and
w, using the Reynolds temporal formulation and deamsing the other variablas, 4,

Y,, T, &, h using the Favre formulation. This gives the fallog flow property
relations:

Reynolds Decomposition:

r=r+r¢« =p+ p( =0 +qf
. p=p+p o g =G *+q (2.3.12)
t, =t +ti9: W, =w, +w,
Favre Decomposition:
=0 +ulu =3 +ulY =Y +YE
uI l-{l uI uI ﬁl uI Yn zn Yn (2.3'13)
g=eg+e® h=h+htt T=T+T¢

Substituting the above decompositions into the gops in Section 2.2, performing the
Favre averaging according to Eq. (2.3.9), and aeging yields the compressible Favre

averaged Navier-Stokes Equations (still termed RARSended to mixtures of multi-
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component, reacting gases:

Conservation of Mass:

7 9 /=
L+ 2 (ra)=0 2.3.14
it (2:3.14)
Conservation of Species Mass:
T\, T (o) 5~ —
A + 7Yl | = 2 (- + U+ 2.3.15
ﬂt (r n) T[XI (r n I) T[XI( r n=n,l n,l) M/n ( )
Conservation of Momentum:
9/ .~ T(~~\_ 0. T ¢(
—(ru )+—(ruu. )=- —+—|(t. +¢. 2.3.16
ﬂt( ul) ﬂ)ﬂ (f |u]) ﬂxl ﬂ)g(lj u) ( )
Conservation of Energy:
T\, I (5= 1 (~(c 1 (~
L +— h ) =—\u. i\t +7. ))]- —\g + 2.3.17
ﬂt (rQ) ﬂxi (/’ ul) '”Xi (uJ(IJ ij )) '”Xi (q, qT.) ( )

The averaged laminar stress tensor, averaged logadrfd averaged diffusion velocities

are given by:
£, = mT) :E] +1111i, : %1& g (2.3.18)
g =-k(T )g ¥ fNSl hY.d,, (2.3.19)
7 =0, (2.3.20)
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The energy terms can be expressed as:

_ NS _ _ /. 1 NS -
ra=r V()27 uju; - p (2.3.21)
n=l 2 ja
h
where,
ﬂ:i = /_'é +p (2.3.22)

The Favre averaged formulation has introduced séuerv terms, they are:

Turbulent stress tensor:

t.=- ruud (2.3.23)

[

Turbulent heat flux vector:

q, = ruhd@ (2.3.24)
Turbulent species diffusion vector:
U, =-rY,ut (2.3.25)

The formulations of the last three additional termeke up the basis for all compressible

turbulence models. They will be further evaluate&ection 2.6.

2.4 EXTENSION TO GENERALIZED COORDINATES

If numerically formulated and discretized as wntt¢he present formulation of
the governing equations is primarily useful only éwthogonal grids. To alleviate this

limitation, the Navier-Stokes equations are expdsa a generalized coordinate system
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defined by the steady transformationx = x(x,y,z), #=h(x,y,z) and z = z(x,y,z).
This allows for a numerical solution to be obtairedbody-fitted (curvilinear) meshes
without loss of generality of the numerical solvefhe Favre averaged Navier-Stokes
equations transformed into generalized coordined@sbe written in strong conservation

law form as [23]:

gi+ﬂﬁ-éﬂ+ﬂ@-Aﬂ+ﬂv-AJ_§=o (2.4.1)

The vector of conserved variables is given as:

71
R 1 ,TNS
U :3 ra , (2.4.2)
™
rw
r§
the inviscid fluxes are represented as:
fluc
- Y.
A X N ~
E:ﬁE+JF+ﬁG:Lﬂ'hm+&ﬁ, (2.4.3)
J J J J
rvU, +x,p
™wuU_+x,p
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,Tlvc
- 7 \aV,
~ h,_ h,_ n INA| __
F:TXE+—F +TZG:T ruv, +h,p , (2.4.4)
TV, +h,p
WV, +h,p
hy,
71Wc
- 7 W,
R NZ NS™ Yc
G:%E+—yF+%G:—|J | TUW, +z,p , (2.4.5)
VW, +2z p
TWW, +z,p
W,
and the viscous fluxes are expressed as:
2 _ X % X,
E=7R+7R*+7G (2.4.6)
- P+ U, + XU +xU,)
R ‘Nﬂ - FNSHNS (X UNSx+X UNs,y+XzUNs,z)

Xx(fxx+[xx)+Xy(txy+[ )+Xz('E + )

Xx(fyx+l‘ +x,(t, +1,, +x(t +t,

yX y\yy
X (L + )+ 1\ + 2y )+ x,(E, +z‘zz)

y\zy
(Gfxx+\7fxy+\7\}fxz_ qx_ qTX)X Tt +Vi, +\Ntyz qy quX +( t7z><-‘-\Aifzy-‘-\T\lfzz_ qz_ qTZ)Xz

-~ _h h h
F =—=XE +2XF +=2G 247
A J E\/ J A J v ( )
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- fl\ﬁ + (th:Lx +/7yU:Ly +/72U1,z)

FNSV +( NSX+/7 UNSy +h UNSZ)
[add] h (Bt 0)+h, (t +t )+/7(t +t,)
J h g, + yx)+/7 (t +t )+/7 (t 1)
h(E, +2,) 40,8, +1,,)+h, 6, +2,)
+\ut.

X y\tzy
(Gfxx+\7fxy+mxz' qx_ %)’7 K‘It +Vt +Wt qy qTZ;7 +\7fzy+VT,fzz' qz_ qTZ%z

o>

V4 z ZzZ
=SxE +20F +22G 2.4.8
;B FRAT6 (2.4.8)

- T+ (qul,x tz,U, +ZzU1,z)

- FNSWNS"'(Z UNSx+Z UN5y+zzUNs,z)
2Tt 42, ) F 2+ 2)
26, +t,)+ 2, +1,, +z(t +t,,
z (B, +1,)+z (t +t,, (t,+¢,,
(Gfxx+\7fxy+mxz' - O, )Zx +6fyx+Vtyy+Wt qy qTZ)Z

2 Nz
G, =2
J

)
G szy + VT/fzz - qz - qTZ )Zz

The laminar stress tensdy, and heat flux vectorg are explicitly written out in Section
2.2. The turbulent terms (subscrip) will be discussed in Section 2.6. The sourceter

is given by:

(2.4.9)

The average species production / depletion ratesfor each species) are discussed in

Section 2.5. The components of the outward nouetior are:
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(2.4.10)
(2.4.11)
(2.4.12)
and the area of the cell faces are defined as:

Area of cell face orthogonal to the-direction:
@:J%Z%Z%z (2.4.13)

Area of cell face orthogonal to the-direction
M:\/ﬂ2+ﬂ2+ﬂ2 (2.4.14)

J J J J

Area of cell face orthogonal to the-direction
M:\/i2+ﬁ2+i2 (2.4.15)

J J J J

The contravariant velocity is defined as the priopecof velocity along the transformed
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coordinate axes (i.e., the projection normal telhface area in generalized coordinates).

The contravariant velocities are given as:

U, =Ux, +Vx, +Wx, (2.4.16)
V, =uh +Vh, +Wh, (2.4.17)
W, =Uz, +Vz, +Wz, (2.4.18)

and the contravariant diffusion velocities are gias:

l

Y, =X, +V X +WX, (2.4.19)
Vo =d 1 vV WA, (2.4.20)
W =dz, +Vz +W2Z, (2.4.21)

for n=1 ,NS. The Jacobian of the coordinate transformatibnis defined as:
J= '”(X—hz)) (2.4.22)

where, for the above coordinate transformation, rifegric derivatives arex,, X, X,,

z

h,h, h,z, 6z, andz,, and% is the discrete cell volume. To maintain geongetri

conservation using a cell-centered finite volumscditization, the metric derivatives are
evaluated at the appropriate cell interface usiegntetric information contained at the

grid nodes.
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2.5 CHEMICAL REACTION KINETICS FORMULATION

The chemical kinetics of the present research amalated using the Law of
Mass Action (LMA). The LMA is a phenomenologicalgament first proposed by
Goldberg and Waage in 1867 [45] and has since beemerously confirmed through
experimentation. The LMA states that the rate epletion of a chemical species is
proportional to the products of the molar concditres, each raised to a power equal to
their corresponding stoichiometric coefficient. Tpr@portionality constant is called the
specific reaction rate constarkt,

In reactive flows several chemical reactions magtiioute to the production /
depletion of a particular chemical species. Feséhsituations, the LMA is extended to
properly account for systems of reactions. Thugergeral set of chemical reactions can

be written as:

NS NS

ks
/7,g12nlkab n&

n=n

(2.5.1)

n=1 n=1

where Z, is the chemical formula for species For the system of reactions represented
by Eq. (2.5.1), the species production / depletaia per unit volume for species w,

(Eq. (2.4.9)), is given by the Law of Mass Acti@T:

NR

= (nnq%_ nrq:m)(RRfm - R%ﬂ) (252)

m m=1

o NR NS NS
w,=  (ng-ng) k, Oc*-k, Oc* (2.5.3)
i=1

m=1 i=1
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where,
n¢ = the stoichiometric coefficient of the reactants
n¢ = the stoichiometric coefficient of the products

NR = total number of reactions
NS = total number of species

RR = forward reaction rate for each reaction
RR, = backward reaction rate for each reaction
k; = specific forward reaction rate constant

k, = specific backward reaction rate constant

~ T . .
C= M—' = molar density for specidas
W

Under the hypothesis that the energy of collisibesveen species is high enough and

their molecular structure has the correct alignmehé specific reaction rates are

assumed to follow the Arrhenius rate law form:

T

k(T)= AT?e T (2.5.4)

where A is the pre-exponential constari, is the activation temperature afidis the
temperature [27]. The variabled, b and T, are specific to the chosen reaction

mechanism and are discussed later. The reacti@hansm considered for this study
involves two types of reactions: exchange reasti@up to four species, two reactants

and two products) and third body dissociation lieast The exchange reactions can be
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expressed as:
RR
A+ B%C+D (2.5.5)

The forward and backward reaction rates for thevalreaction can be expressed using

the LMA:
RR =k, (T)crcze (2.5.6)
RR =k, (T)coéco® (2.5.7)

The third body reactions are dissociation / recoration reactions between two
species that require the presence of a third badgo(lision partner) to complete the
reaction. The LMA can be reformulated for a tHaably reaction taking into account all
possible reactions with the collision partndt,. The third body reaction can be written

as:
RR
ABE& A+B+M (2.5.8)

and the LMA can be rewritten as:

NR

w, = (nnty;-n,gtm)Ns (RRfm - RRM) (2.5.9)

m=1 j=1

The third body reaction rat&®R, , for reactionm is

RR,= RR. - RR, ) (2.5.10)

=1
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and the forward and backward reaction rates cooretipg to the third bodyj , are:

RR,, =k, (&G (2.5.11)
RR, =k, (T)eresfe,” (2.5.12)

Simplifying the above third body formulation can &ehieved if one of the reaction rate
constants corresponding to one of the speciesis as a reference value, denoted with a

prime, k{ . Then the effect of the other species can bemeflated in terms of a third

body efficiency (also known as the Chaperon effici and this efficiency can be

written as the ratio of the pre-exponential constan
(TB), =—=- (2.5.13)

This efficiency will commonly be tabulated for eadlissociation / recombination
reaction. Using the above, the forward and backweaction rates corresponding to the

third body reactionj can be written as:

(2.5.14)

k, =k (TB), (2.5.15)

Substituting Eq. (2.5.14) in Eqg. (2.5.11) and E5(15) in Eq. (2.5.12) gives the third

body reaction rate for reactian formulated in terms of the third body efficiencies

NS
RR, = (ke & - kegriez?) (18,8 (2.5.16)

j=1
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The current research uses the 7-species / 7-readty@rogen oxidation
mechanism of Jachimowski [14, 18, 24]. This me@rancontains chain initiation and
chain branching reaction steps that involve theomegpnstituents p O,, H,, H,O, OH,
O, and H. The coefficients of the reaction meckianare given in Table 2.2. The
coefficients are used in the calculation of theh&nius rate coefficients as given in Eq.
(2.5.4). The third body efficiency fad, @& 16, forH, is 2.5 and is unity for all other

species.

Table 2.2 Coefficients for 7-species Jachimowski Hydrogen Reaction Mechism

Rxn # Reaction A[mol>cm>s><K] b Ta[K]
1 H+OH+M U H,0+M 0221 1073 -2.0 0.0
2 H+H+MU H,+M 0.730° 10 -1.0 0.0
3 H,+0,0 OH+OH 0.170° 10* 0.0 24157.0
4 H+0,0 OH+O 0.120° 10'® -0.91 8310.5
5 OH+H,U H,0+H 0.220° 10" 0.0 2591.8
6 O+H,U OH+H 0.506 10° 2.67 3165.6
7 OH+OHU H,0+0 0.630° 10" 0.0 548.6

Physically, the reaction rates discussed abovduadions of not only the mean
temperature and molar density, but they are alsactions of their fluctuating

components as well. One limitation of the presesearch is that the effects of turbulent
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fluctuations on chemical reaction rates have bgaored. Not only are they difficult to
formulate due to the large number of correlatioeguired to close the system, their
inclusion in the above formulation has shown littengible improvement in the
calculations of high speed combustion flows [48]. 48lthough not investigated in the
present research, there are several methods twporate the fluctuating components of
temperature and molar density in the formulatioriheéf chemical reaction rates. Some
methods require the introduction of additional s@ort equations to account for the
temperature and molar density fluctuations, whiteeo methods try to estimate the
effects of these fluctuations without incorporatiadditional transport equations. As
discussed by Roy [48], two of the more common siiiepl methods, the Eddy
Dissipation Concept (EDC) and an approximate teatpeg probability density function
(PDF) have shown little success for high speed cmtidn flows [10, 48]. Since, for
simplified models there is no clear approach fghtspeed combustion flows, and due to
the expense of a more detailed analysis, the effettturbulent fluctuations on the

reaction rates have been ignored, thus for theeptessearch:

kf,b(T): kf,b(-IT) (2.5.17)
c(r)=c(r) (2.5.18)

2.6 TURBULENCE CLOSURE

The averaging process of the Navier-Stokes eguatderived in Section 2.3

resulted in three extra terms which were left utitis section to discuss. These extra
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terms result from the average of the product ottflating properties. The three
unknown terms are the turbulent shear stress tersgwnetimes referred to as the

Reynolds stress tensaf, , the turbulent heat flux vectay, , and the turbulent species

diffusion U, ;. To achieve closure for the averaged Navier-St@quations, these terms
must be modeled [63]. Most turbulence models aget on the Boussinesq eddy-
viscosity approximation. This approximation assantieat the turbulent shear stress

tensor has a form similar to the laminar sheassttensort. , thus reducing the number

ij 1
of unknowns in the turbulent shear stress tengon fnine (there are nine stress terms) to
one, the turbulent viscosity/n. Thus, the turbulent shear stress tensor takes th
following form:

1o +‘”Gj _ 210, /
% % 3% °

tij = /n (261)

Similar to the Reynolds stress tensor, the turbiuteat flux vector is often modeled
using a gradient-diffusion approximation, which quwoes an equation similar to the

laminar heat flux vector:
G =-k —+7 hYY., (2.6.2)

The turbulent heat flux vector introduces two neernts; the turbulent thermal

conductivity, k; , and the turbulent diffusion velocity for species QLTM . The turbulent

thermal conductivity and turbulent (fluctuation)¥fdsion velocity vector are similar in

form to their laminar counterparts (Section 2. h2(l are written as:



36

K =——° (2.6.3)

(2.6.4)

D, =T (2.6.5)

In the above formulationPr, andSc, are the turbulent Prandtl number and turbulent
Schmidt number respectively.

The turbulent species diffusion is obtained usingirailar gradient-diffusion

model:

m 1,
se T

(2.6.6)

n,i

To properly close the above relations, the turlbulemiables /72, Pr. and Sc;
must be determined. For the present researchutiellént Prandtl number and the
turbulent Schmidt are assumed to be constantgeabeir laminar counterpart®r and
Sc. Parametric studies, discussed later, are coaduotdetermine the effects of varying
Pr. andSc; on the obtained solutions. Thus, the turbulehasure is reduced to only
one variable, the turbulent (or eddy) viscosity,. The following section will detail the

process involved in determining the turbulent vesto
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2.6.1 RANS Closure

As mentioned in Section 2.6, this research willanirate on turbulence models
that use the Boussinesq assumption [63]. Thisnagon mirrors Newton’s linear
relationship for stress as a function of the rdtetmin. Boussinesq assumed that the
turbulent stress can be written in a fashion sintdathe laminar stress. This shifts the
focus from solving an equation for the stress temsaleveloping an expression for the

turbulent viscosity,mz. From this assumptionyz will have the same units ag and

can be written as the product of a velocity scald alength scale:

m=ru.l (2.6.7)

mix’ mix
whereu,,, andl_, are velocity and length scales that are associsitédturbulent eddy

mixing. Most lower-order turbulence models tha¢ aigebraic in form use the above
description, although higher models (e.g., one-ggnanodels, two-equation models) are

easier to formulate if the idea of a turbulent kiagic viscosity is introduced:

n

n,=—=L
T

(2.6.8)

which has units oflengcheC , Or more importantly[(velocityscalé' (Iengthscalé].

The present research implements the two-equatiothehawf Menter [34]. This
model is often referred to as Menter’'s hybrid w/k- e model. There are two

variations on this model: the baseline model (B&hjl the shear stress transport (SST)

model. In general, all two equation models usettineulent kinetic energy equation to
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give the velocity scale component of, because it can be directly derived from the

Navier-Stokes equations. The length scale for Bfemitmodel uses a blending of two of
the most popular two equation models, the » model and thek- ¢ model. The
k- n model uses an equation for the turbulence frequenc to determine the length
scale, while th&k - € uses an equation for the dissipation rateto determine the length
scale. Typically,k - w models have problems accurately modeling the tartme near
the freestream, because they are sensitive tag¢bstfeam conditions ok and u, while

k- € models have problems near the wall, sigcés not finite in the near wall region.
In Menter's hybrid model, the length scale compdneh the turbulent kinematic
viscosity is determined from a blending of theequation (which is defined well near the
wall) and ¢ equation (which behaves well near the freestreabhe turbulent kinematic

viscosity for Menter’s hybrid turbulence model &fided as:

_ gk
= 2.6.9
g max(a, w, F,W) (2:6.9)

where, W is the magnitude of the vorticity (rotation) tensdnich is given by:

w =1 Jo T (2.6.10)
2 % X
thus W is:
w= [w, w, | (2.6.12)

The turbulent kinetic energys, and the turbulence frequency,, are calculated using

the following equations:
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(7k)+_(7|41)=f__ﬂ_ai- b*fm,k+l (nﬂ-skm)ﬂ—k (2.6.12)

Y+ Lrua)=2o, B prwe+ L (s, m) I vor@- r)s, 2 I (2,6.13)
it X n X x x > w X 1%

The last term in Eq. (2.6.13) is referred to as dtwss-diffusion term and results from
ensuring the length scale equation behaves profarlgoth then and e formulations

[63]. Using Eg. (2.6.1), the turbulent productierms can be rewritten:

t, ﬂ—)‘(“z mQ’ (2.6.14)

i

where, to ensure positive production:

10, 16, , 13 96
™ T T X

Q= (2.6.15)

To that end, the current formulation implementsadtered definition of the turbulent

kinematic viscosity, based on Eq. (2.6.15):

- ak 2.6.16
" madaw F,Q) (2:6:10)

Thus, the equations for the turbulent kinetic epesgd the turbulence frequency, are

rewritten as:

—(7K)+ (7K ) = mQ? - HM+% (m+s,m)= (2.6.17)
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w 19k Tw
s )= 27(1- F - 1" (2.6.18
m rW+ﬂxi . i (m+swngt)ﬂxi +27(1- F)s,, T T ( )

These two new transport equations raise the tatalber of equations which must be
solved fromNS+4 to NS+6.

As mentioned above, the transport equationfouses a blending functiorr,, to
smoothly transition from & - » formulation near the wall to k- € formulation closer
to the freestream. The blending functidf, is a continuous function with a value of 1 at

the wall (yielding a purek- n formulation) and 0 in wake regions and shear kyer
(yielding a purek - € formulation). The model constants appearing ithltlee k and
equations are blended bl,, such that if / represents any constant in the above

formulation, it is given by:
f=Ff+(@- F)f,, (2.6.19)
where thef, constants are from the- n formulation:

s, =085 s,=05 b =0075 a =031

1 w

\ b s k?
b'=009 k=041 g=-2.u (2.6.20)
b b

and thef, constants are from the- € formulation:

s, =10 s, =0856 b,=00828 a =031
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b =000 k=041 g=Lo Sk (2.6.21)
=0 = 0. 9.7 3 6.

The blending functiorf, is defined as:

F, = tanHL*) (2.6.22)
where:

L,= min[ma><(al,a3),a2] (2.6.23)
a, = Jk (2.6.24)

0.09nd
a, = 2TSuK (2.6.25)

WL o

5007
a3 :W (2626)
CD, , =max 275, ~ KW 4520 (2.6.27)

*w X 9%

where d is the minimum distance to the nearest wall, &, , is the positive
component of the cross diffusion term of theequation.

The last variable to be discussed is the paramEferwhich appears in the
formulation of the turbulent kinematic viscosityg.H2.6.16). F, is a blending function

used to weight the shear stress transport (SSulation of this model. The SST

formulation was developed to better capture separaegions which often result from
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adverse pressure gradients, thus ensuring thatsBaads assumption holds [34, 63].
Bradshaw suggested that, especially in boundamrsayhe ratio of the turbulent shear
stress to the turbulent kinetic energy is consgaiéerred to as Bradshaw’s constaay),
thus relaxing the Boussinesq assumption previodsiysed. The SST model preserves
this proportionality in boundary layers, while miaiming the original Boussinesq form
for the rest of the flow.

The SST implementation is accomplished by refortmdas2; from its original
baseline (BSL) formulation [34]. Referring to H&.6.16), the SST model replaces the
turbulence frequencyg,w, with a quantity that is proportional to the straate, QF,, in
regions where the production &fis larger than its dissipation (e.g., near solidazes,
separation zones, and shock waves), thereby lignttie turbulence frequency to be no
smaller than a multiple of the strain rate. Thoweérs the turbulent viscosity in these
regions of high strain rate. Outside of theseaegli the SST model retains the original

definition for n, =k/w. In general, the SST model will predict largegpa®tion regions

than the BSL formulation. ThE, parameter is calculated as:

F, = AgrtanHL2)+(1- A,)tanHa?) (2.6.28)
where:

L, =max?2a,,a,) (2.6.29)

The parametef, presented here differs from the original form gbbg Menter [34], in

that the second term of Eq. (2.6.28) is not inctugrethe original form, which is given
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as.

F, = AysrtanhL2) (2.6.30)

Previous studies [10] have found slightly bettereagnent with experimental data for
A =0, especially in the prediction of the reattachnienétions after flow separation.
The current research investigates the turbulenadehwith the second blending function

as presented in Eq. (2.6.28) wi; set equal to unity (SST model), 8¢, set equal to

zero (BSL model).

2.7 COMPLETE EQUATION SET IN COMPACT VECTOR FORM

The compact vector form of the generalized cootdildavier-Stokes equations
presented in Section 2.4 are re-written here inolythe turbulence modeling terms from
Section 2.6. Thus, the RANS formulation of the léaaveraged Navier-Stokes equations
transformed into generalized coordinates can b#enrin strong conservation law form

as [3, 23]

£+7/(é- EV)J/('E- v)+’/(A_ ) =0 (2.7.1)

The vector of conserved variables is given as:
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The inviscid fluxes are represented as:

R
-

|
z
7
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(2.7.2)

(2.7.3)

(2.7.4)
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,TN SWc

~  TUW.+z D
zo . 2y z, . |Nz| __ il
3 VW, +z,p (2.7.5)
TWW, +Zz,p
TR

v\,

C

and the viscous fluxes are expressed as:
- X, X, X
2XE +2>F +-—%2G 2.7.6
E=7RE*5R*+76 (2.7.6)

b 71&1 + (XXULX +XyULy +XZULZ)

Fydns + (XxUNs,x +XyUNs,y +XzUNs,z)
I SR R R LA (MRS
£ = x (42,04, +2,, +Xt L,
x(E, +t, )+xy(tzy+z‘ +x,(f +z‘zz)
(Ut’xx+\7t’xy+\7\7t’xz-qx-qrx)x Kjt +Vt, +Wt, - q, - o;rix+(ut’zx+\7t’zy+\W/t’zz-qz-qu)xz
XXFX+XyFy+XZF';
XFHxFT+xFY

e _hg Do

=E+JF+G (2.7.7)

+ (thlx +hyUly +th1,z)

s
h (x l‘xy) t +txz)
h o6y + )01 ( +t,)
h, (t +t ) )
(Gfxx +\7ny +mxz - qx - qTx y]x +ZEIfyx +Vtyy yz - qy qu)ly lﬁj’fzx +szy +szz - qz - qu y]z
hFs+hFy+hFY
hFY+hF+hFY

— Z

X X

X

For ok

SVNS+§/7 U +/7y NSy+/7 UNSZ)
h
y)

—r=

X X

<
35

—+)
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(2.7.8)

- Flvvl + (qul,x +ZyU:Ly +ZzU1,z)

- FNSWNS + (ZxUNs,x +ZyUNs,y +ZzUNs,z)
2 (Gt 1)+ 2,6y + o)+ 20042
zx(t’yx+z‘yx)+z t,+¢ )+z(f +t )
z(f+t) (t+t) t+[)
(Gfxx+\7fxy+ﬁlfxz-ﬁx-qx)z ?l(,lt +vt +wtyZ q, - qTZ)z +ut VT +WtZZ q,- qT)z
szx+zyFy+zZF§
ZFi+zFU+z,F7

2 Nz
G, =2
J

The source term is given by:

W
V_VNS
0
S= 0 (2.7.9)
0
0
S
S,
The turbulence closure variablés|’ v.2» in the viscous fluxes are defined as:
k
k = —_—
Fx - (/mskm)}[-[)lé
Fl;/ = (Wskm)ﬂfy
Feo= (”Hskm)‘ILk (2.7.10)
7
Fx = (nﬂ-swm);ﬂx
w w
Fy - (”H-swm)Ty
FY o= (mes,m) T
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and the source terms for the turbulence model iasn@s:

S, =mQ’- b Tuk (2.7.11)

1w

S, =97Q*- brw* +27(1- F — 2.7.12
w grQ r + f( l)SWZ WﬂXi ﬂX, ( )
where, Eq. (2.6.15) can be expanded in three-diioesso give:
. o o kK
2 ﬂ_Uﬂ_U+ﬂ_Vﬂ_V+ﬂ_Wﬂ_W+ﬂ_Uﬂ_V+ﬂ_Vﬂ_W+ﬂ_Wﬂ_U
1T>_<~ ﬂ{ ﬂ)_{ ﬂ)i ﬂZ~ ﬂ{ 11)_/~ ﬂ{ ﬂ{ ﬂ)i ﬂ{ ﬂZ~
Q: +ﬂ_Uﬂ_U+ﬂ_Vﬂ_V+ﬂ_Wﬂ_W+ﬂ_Uﬂ_U+ﬂ_Vﬂ_V+ﬂ_Wﬂ_W (2_7_13)
fiyfy fz7z Ixfx 9zfz x99 Ty Ty
3 x Ty 1z
Definitions in Section 2.6 are used to close theatign set:
G . Tu, 290,
= Sy 2y 2.7.14
ij /7? ﬂxj ﬂx| 3ﬂxk ij ( )
S MG T m 1% T (2.7.15)
Pr X SG 7. 9%
u =- T (2.7.16)
' Se X

The components of the outward normal vector, tlea af the cell faces and the cell
volume (Jacobian) are defined in Section 2.4, asthe contravariant velocities and

contravariant diffusion velocities.
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3 NUMERICAL FORMULATION

Section 2 introduced the governing equations forcampressible, multi-
component, reacting, turbulent flowfield. As prawsly mentioned, few exact analytical
solutions exist for this equation set; rather, fopst reasonably sized engineering
applications, computational methods must be usesotee these non-linear, coupled,
partial differential equations. The present sectall detail the numerical formulation
and solution procedure used in the current reseafe following sub-sections will
specify the discrete formulation of the equatiahg, spatial discretization and temporal

integration procedure.

3.1 DISCRETE REPRESENTATION

A cell-centered, generalized coordinate finite wodudiscretization is utilized to

solve the governing system of equations. Assaogatiei index with thex coordinate,
the | index with theh coordinate and th& index with thez coordinate, the discrete

representation of the governing equations is gasen

ﬂ _l_(é' év)i+}/2,j,k- (é' év)l-}/z,j,k

b/ L DXA A
+(F i “)”*%vk[;h(F' “)”'%'k (3.1.1)
+ (A . év)i,i,k+}/z[;2(é' Av)i,j,k-}/z - é,j,k =0

where the half indices (e.gi,+%) describe cell interfaces corresponding to a cell
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centered finite volume formulation. In the geneed coordinate transformation

discussed in Section 2.8x, Dh and Dz are assumed to be unity. An equivalent form,

useful in formulating integration methods, introdas@ steady-state residual vector:

U
11”_t =-R,, (3.1.2)

where:

(é' Iév)i%,j,k B (é' év)i-yz,j,k

Rx= . Dk
+ (F - v)l,j+}/2,k[;h(|: - v)i,j—}/z,k (3.1.3)
+(A' Av)i,j,k%l:;z(é' Av)u,j,k-yz ) é,j,k -0

In the aboveR ;, is the discrete representation of the “steadyt pathe equation set at

grid point (i, j,k) and is usually called the steady residual vect@etails of the
discretization of the inviscid fluxes, the viscolisxes and the metric derivatives are
given in Section 3.2. The integration scheme useddvance Eq. (3.1.2) in time is

detailed in Section 3.3.

3.2 NUMERICAL FLUX REPRESENTATION

In their full form as presented here, the unsteadmpressible Navier-Stokes
equations are of mixed mathematical characterhat they possess components that
exhibit characteristics of both hyperbolic equasi@md parabolic equations [5]. As with

any discrete formulation of a set of partial diffietial equations, care must be exercised
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when determining the appropriate spatial discrabmain order to ensure proper
information propagation. As presented in Secti@$ and 3.1 the Navier-Stokes
equations can be conveniently written in terms rofiscid and viscous fluxes, thus
facilitating the appropriate discretization stencil

The inviscid portions of the equation set, als@mefd to as the Euler equations,
themselves exhibit mixed character, in that thegspes characteristics of both elliptic
and hyperbolic equations. Thus, special attenteeds to be given to the formulation of
the discrete stencil for the inviscid fluxes to @msthe proper behavior of the equations is
taken into account. The proper stencil is achietnedugh the concept of upwinding.
Upwinding changes the stencil according to thellpbgsical characteristics of the flow
to ensure information travels in the correct di@tt Upwinding can be broken down
into three broad categories, the first being gdhealled Flux Difference Splitting
Schemes, the second are generally referred touas\idctor Splitting Schemes, and the
third can be thought of as a hybrid of the firsbtwFlux difference schemes (e.g., Roe’s
method, [47]) usually capture grid-aligned discouatiiies sharply and are easily extended
to higher order. The main drawback to these methedheir computational expense,

which is due to their matrix formulation. They veg O(Nz) operations, whereN is

the number of equations to be solved. Flux vesflitting schemes (e.g., Steger-
Warming, [54]) are normally cheaper to implement bte typically more diffusive,

meaning that they do not capture discontinuities@lé Hybrid schemes (usually based
on the flux vector splitting scheme of Van Leer,[58]), are very similar in their simpler

implementation to flux vector splitting schemest blbey also attempt to retain the
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accuracy of the flux differencing schemes in regiohflow discontinuities. The present
research uses the hybrid flux splitting scheme ldgesl by Edwards [16].

The viscous terms are of parabolic mathematicalreat Thus a simple spatially
second order central difference scheme can be tesetiscretize these terms. The
following sections will detail the formulation ohé inviscid discretization stencil, the

viscous flux stencil and the metric derivative fotation.

3.2.1 LDFSS Inviscid Flux-Splitting Technique
The inviscid interface querﬁi%jyk, ﬁi,j+}/2,k and éi,,—,k+y2 are computed using the

Low Diffusion Flux-Splitting Scheme (LDFSS) of Edrda [16], an upwind differencing
technique. LDFSS is monotonicity-preserving faosy discontinuities while retaining
the capability of capturing stationary and movirmntact surfaces without excessive

numerical diffusion. Thex -direction interface flux representation is presdmext; the

h-direction andz -direction fluxes are formulated similarly. Fosdiission purposes the
j andk spatial indices are removed, thﬁ§yz’jyk ® Ei%
LDFSS begins by expressing tledirection inviscid interface qu>d§i+y2 as a sum
of convective and pressure components:
E°E‘+EP (3.2.1)

Thus, to be consistent with the finite volume repreation in Section 3.1, the fluxes are
evaluated at the cell interfaces (the half indecatmns). The flux at the cell interface,

i +%, is given below, and a simple index shifti(- 1) can be performed for thie- %
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side. The flux at thé+ ¥ interface is expressed by LDFSS as:

EOK

o (B, e (3.22)

i+%

This formulation redefines the convective-direction flux Ef% by denoting the
contravariant velocityU . (see Section 2.7) as the product of a contraviaméach
number splittingC* and an interface speed of souagd,. The convective contribution

of the LDFSS interface fluES

1+

; is expressed as:
Ec, =a,[r,CEf+7,C E] (3.2.3)
The pressure contribution to the interface fIE}éj%, Is given by:
E?, =EZ[D{ P, +DsPe) (3.2.4)

where the left and right states of the flux varabhre defined as:

Y, Y, 0
YNS YNS O
u u X,
Ef= V L Ei= ¥ L ED= X (3.2.5)
% 0 X,
h, h 0
k k 0
W, W 0

The subscriptsL and R refer to the left and right state variable recnrgton of the
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i +% interface, respectively. For ease of understapdime left and right states of the
variables for thd + % interface can be thought of as thendi +1 index, respectively.

It is important to note that this representatioondy first order accurate in space, and is
thus used for illustration purposes only. To iasethe spatial accuracy of the inviscid
discretization, higher order (second order) extamsito the left and right states will be
discussed in Section 3.2.2.

In the above flux formulation the following defihs are used:

D* is a function of the Mach number:

D =a;(10+b,)- b, P’ (3.2.6)

D; = a,(10+ b,)- bP; (3.2.7)

and the subsonic pressure splitting is that pragpbgevan Leer [57]:

P’ :%(ML +17(2- M) (3.2.8)
P, =%(MR- 1 (2+My) (3.2.9)

The functionsa® andb provide the correct sonic-point transition behavio

a; =%[1+sgr(ML)] (3.2.10)

ap = %[1 sgriM )] (3.2.11)
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b, =- max{oz- int(Mm|) (3.2.12)

by, = - max{01- int(M ) (3.2.13)

The Mach number splitting€* are defined as:

C'=C) - M;, (3.2.14)
C =C, +M;, (3.2.15)
where:
Co =a/(l+b M -b M/ (3.2.16)
C, =ax(l+bg)M b M, (3.2.17)

The split Mach numbeM * is defined as:

M/ :%(ML +1)? (3.2.18)

My =- %(M o - 1) (3.2.19)
and the left and right state Mach numbers are dgoyen

(3.2.20)

The 1997 LDFSS method defines:
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A _RA 2— A
Mi=m, 1- P Pey |pL_ P (3.2.21)
R Y A
= _ & 2— B
M =M, 1+ P Pe |pL_ P (3.2.22)
© 2T p+pe Pe

M, =5 bb; m2em2)-1 (3.2.23)
The interface speed of sound is given by:
_1
a, _E(aL +ag) (3.2.24)

wherea is defined as the frozen speed of sound:
a= V Grmix Rmix-l-: (3225)

3.2.2 Viscous Flux Discretization

Due to the parabolic nature of the viscous termsimple spatially second order
central difference scheme (about the cell inte)fae® be used to discretize these terms.
To ensure proper cell centered finite volume fomtiah, the viscous fluxes are
discretized as:

x -direction:
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- N R
Vi }/‘k ° M [EVi+1,j,k] (3-2.26)
= i+}/z,j,k
h-direction:
- N# .
v A [F ] (3.2.27)
i,j+}é,k J o i, j+1k
I,]+}/2,k
Z -direction:
- Nz -
Y ik+2) ° | J | [Gvi‘j‘kﬂ,] (3228)
o i,j.k+¥
While only the viscous fluxe, e F, e and G, Ly A€ explicitly given above, a
simple index shift (e.g.i:i- 1) can be performed for thév_yvk , F, . and évv-k,y

fluxes.

3.2.3 Second Order Extension

Since the viscous flux discretization uses a seawddr central difference, it is
also necessary to extend the inviscid flux reprediem to second order in order to
properly maintain spatial second order accuraclge dccuracy of LDFSS is extended to
second order through slope-limited, upwind-biaseterpolations of the primitive

variable vector:
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<
=

|
z
o

<
I

(3.2.29)

S =~ 1 s <1 9

to the cell interface, using either a Van Albada, [39] total variation diminishing (TVD)
[23] interpolation procedure or a SONIC-A essehtiahon-oscillatory (ENO)
interpolation procedure [55] to preserve formal oset order accuracy at solution
extrema. The interpolation procedures are perfdrmeomputational space. Details of

the formulation for both second order extensiorsgiven in Appendix B.

3.2.4 Metric Discretization

In order to maintain global second order accuracgpace, the metric derivatives
given in Section 2.4 must also be discretized twise order accuracy. This is achieved
through a central difference, akin to the viscdug fliscretization. To maintain a strict

finite volume discretization, the metric derivasvmust be evaluated at the cell interfaces

(e.9.,ix %, jt%, kt%) and the cell volumes ; , :% ) must be evaluated at the
i,k

cell centers. Hirsch [23] gives details of implertieg this for a structured mesh.
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3.3 TIME INTEGRATION

The following section details the temporal evolatiof the discrete system of
equations presented in Section 3.1. The time iiatem chosen for the present research
is an implicit formulation, rather than an expliaine. Compared with explicit
integrations, implicit formulations usually allowgher time steps to be used to advance
the solution, are usually less sensitive to lafggnges in mesh cell sizes, and are better
in reconciling widely different time and length gEsassociated with the flow physics of
interest. The last item is especially important feacting flows, in which large
differences in flow length and time scales may teketween convective, diffusive and
reactive processes. The main disadvantages oficitnpime integrations are that the
actual implementation (coding) is more complicat@ad the per-iteration cost is
significantly higher than explicit methods. Howevéhe per-iteration cost burden is
usually offset by the use of larger time steps.usltthe overall simulation turnaround
time is generally quicker for implicit formulatiorf26]. To that end, the current time
integration scheme implemented for this researds tise idea of an implicit dual time
stepping algorithm [11, 12, 19]. A brief descrptifor this algorithm follows.

Referring to Section 3.1, the discrete system eawiitten:

U
":T_t =-R,, (3.3.1)

where, R ;, is called the steady-state residual, and is goyen
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(é' év)i+}/2,j,k - (é' Iév)i-yz,j,k

R = . Dx
+&' JM%BJF_VL%* (3.3.2)
+ (A ) éV)i,j,k+% i (é' cgv)i,j,k-% - S
Dz o

The fluxes and source terms are given explicithpaction 2.7. One of the most widely
used implicit time integrations is often called taeler Implicit Scheme (a forward time

discretization) and is represented by:

(L’jinﬂk - Ljin' k) +

~nlt LIRS o 15l = Rfj}k (3.3.3)
where the superscript refers to the current time level amdr1 refers to the next time
level. This system can be reformulated into aesysdf nonlinear equations:

7 n+l Tn
(Ui,i,k' Ui,i,k)

& PRI=0 (3.3.4)

where E,j,k is called the unsteady residual vector. A Newgoheme could be used to

solve the above equation set at thel time level. However, pure Newton schemes are
rarely used in CFD due to the immense computatioostls associated with the inversion
of the associated system Jacobian [16, 23]. Focthrent research, a dual time stepping
procedure is implemented to help alleviate the @sstociated with a pure Newton
iteration scheme. The current implementation adgseudo time step to help converge

the unsteady residual at each incremental time sté@ form of the equations is given

by:
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U 4 (Ounjﬂk - Ljir,]i,k)
¢ Dt
Rk

+R7 =0 (3.3.5)

which is easily written as:

U_ =
%7:-a¢ (3.3.6)

The goal is to drive (iterate) the unsteady redidl&zﬁfﬁ to some tolerance at the next

physical time leveln+1. Thus, the unsteady equation set at time level is solved
after the sub-iteration convergences. For steadulations, both the sub-iteration and
the time integration must converge, which simplgw@rges the steady-state residual, Eq.
(3.3.2) to zero. For unsteady simulations, the-iserfations are converged for each
physical time level until a norm of the unsteadgideal (Eq. 3.3.4) is reduced to a
tolerance. One of the most desirable attributehisftype of dual-time stepping method
is that any errors associated with the factorirafad linearization of the equation set
that arise as a consequence of an implicit timegnation scheme will be “iterated out”
over the course of advancing the sub-iteration.fully implicit discretization of Eq.

(3.3.6) is given by:

7 n+Lk+1 7 n+Lk+1 1 n+Lk Tn+lk+l Jn
DUE G- G 00

LK TLIK 4 Rl ket 3.3.7
Dt Dt Dt o) (3:3.9)

where the superscripts associated with denote physical time levels (which are
associated withDt) and the superscripts associated withdenote sub-iteration levels

(which are associated withi/ ). Recall the steady residual is written as:
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i- Y500k

— Lk n+:Lk+1) _ ( Lkl = n+:Lk+1)
Rn+lk+1 — (E EV i+%,7.k E Ev
ik =
! Dx
(ﬁ n+1k+1 _ ﬁ n+Lk+1 _ If n+lk+l _ If n+Lk+1

v )i,j+y2,k v )i,j.yz,k

Dh
(én+1k+1 _ é:ﬂ’kﬂ)i e (én+1,k+1 _ é:+1k+1)
+ dk+h

Dz

+

(3.3.8)

ij.k- % én+1,k+1
- S"x

where for the generalized coordinates defined iati®@e 2.4 and using the definition

Dx =Dh =Dz =1, Eq. (3.3.8) can be written as:

ntlk+l  _ [En+lk+l _ En+lk+l _Enika = n+:Lk+1)
I:g,j,k =\E Ev i+%,1.k E Ev i- 4,1k
Zn+lk+l = n+Lk+l Zn+lk+l = n+Lk+l
+\F B ek \F R ) (3.3.9)
A n+Lk+l _ An+Lk+L _ [An+1k+l _ An+lk+l _ Qn+lk+l
+1G Gv i,i.k+% G Gv i,i.k-% S,j,k

where the inviscid fluxes, viscous fluxes and sewector are given explicitly in Section
2.7.
To define the iterative scheme implemented hell@irarizations are performed

using the Taylor series expansion about sub-itardevel k +1 and using the fact that
the conserved variable vectd&i'jj*};'“l (Eg. (2.7.2)), and residual vectoR";“* (Eq.
(3.3.8)), are functions of the primitive variablector, \Zf}f&"ﬂ (Eg. (3.2.29)). Even

though the inviscid fluxes are extended to secortkrofor the steady-state residual

calculation (e.g.x -direction):

A A

Ei+}/2,j,k =E

A

ui,j,k’0i+1,j,k! Uik (3.3.10)

higherorder
extension

i+3,7.k
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for the purposes of constructing the implicit opers, the linearization of the steady-

state flux vector,R'jj*};k+1 only considers the first order representationhef filuxes(e.g.,

X -direction):

Esin = Ei+%,j,k(Ui,j,k’Ui+1,j,k) (3.3.11)

This simplification results in better conditionedcdbian matrices that have a smaller
bandwidth and this require less computational grd.inearizations are given as:

Conserved variable vector:

. . . . gk

n+Lk+1 [\ 7 n+Lk+1 ) — 7 n+Lk f\ 7 n+1k ﬂ i,j.k n+Lk+1

Ui &,i,k )_Ui,j,k 6/i,j,k )"’Wnﬂ’k DViix (3.3.12)
i,j.k

Source vector portion of the steady-state resideetor:

- . A gLk

n+1k+1 n+lk+l | — cn+lk n+1k ﬂ 1,],k n+Lk+1

Sk 6/i,j,k )— Sk 6/i,j,k )"‘ PVIEE DV i+ (3.3.13)
i,j.k

The inviscid portion of the steady-state residuacter is given below. For

simplification, only the right cell face represeida of the inviscid fluxes is written

A

explicitly: E, ., F G ..., The left cell face expansion can be found bygisi
i+3,7.k i,j.k+%

NS

an index shift (e.g.,® i-1). Thus:

E ki 67 Lk \) n+l,k+l) _

i+, 0k Wik Vi k
q = n+1,k q = n+1k (33 14)
= n+1k & n+Lk \7n+lk ) i+%,].k 7 n+Lk+1 i+3,].k 7 n+Lk+1
B Vi V)T e Vi tomae DNV +

ik i+1,j k



2 kL w kel \] n+1,k+l) _
Ltk Vijk =

i,j+Lk
= n+lk = n+lk
ﬁn+],k &nﬂ,k \7n+1,k )+ ﬂ ij+3k 7 n+Lk+1 + ﬂ ij+3k 7 n+Lk+1 +
i,j+}é,k i,j,k Vi, j+Lk 7 n+lk i,j.k 7 n+1k i,j+Lk
)ik i,j+Lk
2 n+Lk+L [\ 7 n+Lk+1 \7 n+Lk+L | —
Gi,j,k+y2(vi,j,k VAN )—
1‘[ -~ n+l1k 1‘[ 2 n+1k
Antlk  [\7n+Lk \7n+Lk i,].k+Y ~\7n+Lk+1 i,].k+% 7 n+Lk+1
Gi,j,k+}/26/i,j,k ’\/i,j,k+1)+ 7 n+1k i,j.k + 7 n+1k \/i,j,k+1 +
ik ik

where the correction vector is defined by:

Tn+Lk+l _\7n+lk+l \7n+lk
DVi,j,k _Vi,j,k 'Vi,j,k
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(3.3.15)

(3.3.16)

(3.3.17)

The viscous flux expansions can be formulated antyilto the inviscid fluxes. Using

Egs. (3.3.13), (3.3.14), (3.3.15) and (3.3.16) stemdy-state residual at thet+1l sub-

iteration level, Eq. (3.3.9), can be re-written as:

n+lk+l _ pn+lk + 7 n+Lk+1 + 7 n+Lk+1 - 7 n+Lk+1 - 7 n+Lk+1l
o =R" +\A- A + AZ A - N + Al
'J'k 'J'k 'A\E\,l,k D\/l'J'k Azul,],k D\/|+1’J’k 'A\E\,J‘k DV AE\-l,j‘k DV

i,k i-1,j,k
+ 7 n+lk+1 + 7 n+lLk+1 - 7 n+lLk+1 - 7 n+lk+1
+ %\.J‘kD\/i'j'k +Aﬁ‘j+1.kD\/i'j+l’k ) %\.J‘kDVi'j'k +A§\‘j—1‘kDVi'j-l'k
+ 7 n+1k+1 + 7 n+Lk+l - 7 n+Lk+1 - 7 n+1k+1
+ %MM DVii T+ Aéi‘;.mDVi:J’kﬂ - Aéwk DV.T ¢+ Aé_J‘k,lDVi,i,k-l
n+Lk M\ 7 N+Lk+1
- As DVTy

where the steady-state residual at kkhsub-iteration level is given by:

Rn;rlkk _ én+1,k _ é\?ﬂ,k _ énﬂ,k _ é\?ﬂ,k)

i+35.0.k - %0k
= n+lk = n+lk = n+lk = n+lk
+ If va I j+%.k If va 1,j- %,k .
n+1k _ n+1k _ n+1k _ n+1k _ n+1,k
+ G Gv 1,j.k+Y G Gv 1,j.k-% S,j,k

(3.3.18)

(3.3.19)

and the Jacobian matrices for the flux vectorssmace vector are defined as:
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2 n+Lk 2 n+lk Zn+1k = n+lk
A = MBSy x ST A= TE ik _ SR (3.3.20)
- 7n+Lk Tn+tk ' T B 7n+1k 7n+Lk o
i,k ﬂ\/i,j,k ﬂ\/i,j,k i+1,] k ﬂ\/i+:Lj,k ﬂ\/i+1,j,k
2 n+1k = n+Lk = n+1k = n+lk
A{é :ﬂEi—}/z,j,k ) ﬂEvi-}/z,j,k A{é :ﬂEi—}/z,j,k _ ﬂEvi-%,j,k (33 21)
- Tn+1k Tn+lk O’ Ll Tn+1k 7 n+1k U
S (M ™k S M M
2 n+1k 2 n+lk = n+1,k = n+lk
A{:: - ﬂ i j+¥.k ) T“:vi,j+yz,k A{:: - ﬂ i,j+¥.k _ 1-“:vi,j+}/2,k (3 3 22)
- 7 n+Lk gn+lk ! i+, 7 n+Lk 7 n+Lk e
S [\ A e Wi Mk
2 nedk = n+Lk = n+1,k = n+lk
A = TE e TRy A= TRk TRy (3.3.23)
- 7n+1k Jn+1k ! - 7n+1k 7n+Lk o
R |\ ™ ik e Ve IV
An+lk 2 n+lk Sn+lk S n+lk
A = Gy TG ks A = TG ey TG ey (3.3.24)
- LK Tn+Lk ! o . 7n+Lk Jn+1k .
e VT VT k e Mk Wi
S n+Lk S n+lk Sn+lk 3 MLk
A}_g :ﬂGi,j,k—}/z - ﬂGVi,jyk-% Ab :ﬂGiyJ',k-}/z - T k-2 (3.3.25)
- LK Tn+lk ! S Jn+Lk 7n+Lk .
ik T[Vi,j,k Tl\/i,j,k ijk-1 ﬂvi,j,k-l T[Vi,j,k-l
Gn+lk
Aéﬁl,k _ 1Sk (3.3.26)
; 7 n+Lk o
L\

The above expansions are truncated to second dhier,ignoring higher order terms.

Substituting Eq. (3.3.12) into Eqg. (3.3.7) and edling terms gives an implicit sub-

iteration scheme for advancing/"* to V7. When this converges,

U™ =u if‘jftk+l). The iteration scheme can be written as:
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7 n+1k+1 7 n+Lk n+Lk\7Nn+Lk+l 17 n
X DVi,j,k - Ui,j,k +Mi,j,k DVi,j,k 'Ui,j

kK + _n‘_Fl,k+l 3.3'27
D O R ( )

ok

Substituting Eq. (3.3.18) into Eqg. (3.3.27) andraaging yields:

1 1 + An+ + 7 n+Lk+
o oy MO+ AT - AT DV

o N+LK W 7 LK+ | ~n+Lk 7 n+Lk+1
+ BI,j,k D\/i,j-lk +Ci,j,k D\/i,j+1,k

Sn+Lk w7 N+LK+L = n+Lk 7 n+Lk+1
+ Di,j,k DVi,j,k-l + Ei,j,k DVi,j,k+1 (3.3.28)
= n+LK [\ 7 N+LK+L | ~n+Lk 7 N+LK+1
+ I:i,j,k D\/i—l,j,k +Gi,j,k D\/i+l,j,k
1 ~

_ n+Lk n n+lk _ pDn+lk
- H(Ui,j,k _Ui,j,k)+R,j,k __R,j,k

where:

L’j_nflk
M = AedhES (3.3.29)

7P
The matricesA, B, C, D, E, F, andG are given by:

An+LK — A+ - + g N -
ij,t - Aé.mk ) A%\‘I,K +A§l‘|,k ) Afw‘k +Aé‘-l‘k i Aéi‘i'k
Blnlﬂizk = A-E\,J-l,K

é'in_+1,k — A;
A i, j+1k (3330)

Nn+lk _ A-
Di,j,]ll _Aéi,J‘krl

EMtk = A*
ik AGi‘j.kﬂ

—n+lk _ A-
Fi'j'k _Aéu-m,k

~n+Lk _ At
Gi’j’k - Aéiﬂ.j.k
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The exact form of the Jacobian matrices given in @03.30) depend on how the
interface fluxes are formulated. The details & tlux vector JacobiansA, B, C, D,
E, F,andG for the current implementation are given by Edwddb].

The above time integration scheme is applicableutsteady simulations.

However, the addition of the paramet®[. allows for the above formulation to work

equally well for steady-state simulations. Tdg, parameter is added as follows:
ay 1 +1, NN+l + 7 n+Lk+
_ge "'E MR+ AT - A;fkk DV,

S n+LK A 7 LK+ | ~n+Lk ey 7 LK+
+ Bi,j,k D\/i,j-l,k +Ci,j,k D\/i,j+1k

+ DOV + DV (3331)

= n+LK 7 N+LK+L | ~n+Lk 7 N+Lk+1
+ Fi,j,k D\/i—l,j,k +Gi,j,k D\/i+1,j,k

— atime(’\n+lk n ) n+Lk _— 1 n+lk
- Dt Ui,j,k 'Ui,j,k + ¥, ik _-R,j,k

where a, . = 1for unsteady calculations, and for steady cal@uiata,,, = Oandk =0.

A

Thus, the steady-state formulation would effecfivedmove the‘qﬂ—LtJ term from the

equations and reduces to:



67

1 e =~ .
1,0 n+1,0 n+1,0 n+11

R o + . - ~ A
Dt Ml,j,k A,j,k A\S,j,k D\/l,j,k

o N+L0M\7 N1l | ~Nn+10y 7 n+Ll
+ Bl,j,k D\/i,j—Lk +Ci,j,k DVi,j+1,k

S n+10M\ 7 n+11 — n+1,0\ 7 N+11
+Di,j,k DVi,j,k-1+Ei,j,k DVi,j,k+1 (3-3-32)
+ Fi nj+|1.,ODV n+11 + G'n+1,0 DV n+11

i-1,j.k ik i+1,j,k
=- Rnfto
Iy
which is the Euler implicit form for the iterativ@lution for Eq. (3.3.4). This can be
easily derived directly from a Newton iteration eqgxh.
There are several iterative procedures which canskee to solve the system in

Eq. (3.3.31). To help illustrate iterative apptoes for time integration, the system can

be ordered over the grid nodes to yield a larga;ssp linear system of the form:

Ax=Db (3.3.33)
where:
A: é_'_% n+Lk + £+lk _ én+],k (3334)
x=D mtka (3.3.35)
b=- ™Mk (3.3.36)

A

The vector is defined as an ordering &f ;, over the grid nodes and is the

associated unsteady residual vecﬁrm, ordered appropriately. The matrix, is an

appropriately ordered block-diagonal matrix\df ;, and . is an appropriately ordered

S
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block-diagonal matrix Ongvk- Finally, is an appropriately ordered block-

R
septadiagonal matrix of the flux vector JacobiaksB, C, D, E, F, andG.

In general, a direct matrix solve (e.g., Gaussiimigation) of Eq. (3.3.33) is
impractical, since the matribA is very large, sparse and banded. Most impli&iDC
algorithms will replaceA with a simpler (easier to invert) approximatiof{. These
methods are usually referred to as iterative matoivers or inexact Newton iterations
(e.g., Gauss-Seidel, Line Gauss-Seidel, Incompletelecomposition). Each of these
methods use a differem¢ as a matrix approximation to the Jacobian ma#frix

A planar symmetric Gauss-Seidel on constarplanes is used in the present
research [11, 12]. Recall that for the purposesooftructing the implicit operators (the
linearization of the steady-state residual vecboly the first order representation of the
fluxes are considered, even though the inviscigeffuare still extended to second order.
The reason for this simplification is the Jacohiagtrices that result from this procedure
are better conditioned and have a smaller bandywdtiich leads to less storage and a
simpler approximationA(, to invert. Although this procedure will neveaoh Newton-
like convergence for higher-order systems, the aid¢ges of solving a simpler system far
outweigh the drawbacks.

To solve the system given in Eq. (3.3.33), an inek&wton iteration scheme is
implemented. To facilitate the solution of the abgystem, Eq. (3.3.33) can be rewritten

as.
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= n+LK 7 N+LK+1 | o n+lk 7 n+Lk+1 N N+LK 7 n+Lk+1
I:i,j,k D\/i—l,j,k +Bl,j,k D\/i,j—l,k +Di,j,k D\/i,j,k—l

T n+Lk n+1k+1
+ Hi,j,k D\/i,j,k

(3.3.37)
= n+LKk 7 N+LK+L |, ~n+LK\7 n+LK+L , ~n+Lk ~\ 7 n+Lk+1
+ Ei,j,k D\/i,j,k+1 +Ci,j,k D\/i,j+1,k +Gi,j,k D\/i+1,j,k
_  on+lk
- R,j,k
where:
ﬁn+l,k = atime +i M n+1k + An+l,k _ n+1k (3 3 38)
ik Dt Df ik ik %,j,k -9-

As previously mentioned, the above system is soly&dg a planar symmetric
Gauss-Seidel iteration scheme on constaptanes. This formulation is most useful in
flowfields where the direction flow is predominately supersonic, whsthts the current
research well. This solver is also efficient if shof the tightest grid spacing is in the
cross-directions, which is also the case for tleisearch. For the planar symmetric

Gauss-Seidel solver, the approximatidt, to A is formulated as:
A= +L)p J*(D +u ) (3.3.39)

where L, D , andU are the lower block triangular, block pentadiadarad upper

block triangular matrices given by:

—
I
™

(3.3.40)

W)
1
I
+
o
+
(@)
+
O
+
m

(3.3.41)

(e
I
O]

(3.3.42)
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Thus, the linear system is approximated by thev¥alhg, easier to solve, system:

(D n+l,k + Ln+1,k )(D n+l,k ) 1 (D n+l,k +U n+l,k )D n+1,k+1

. (3.3.43)

B Dt
where the vector is defined as an ordering b}i,j,k over the grid nodes, similar to .

This system is solved in two steps. The first s¢egpforward sweep:

D = (pra )t - kg Bme( ) ep ek (33.49)

followed by a backward sweep:

D Mk o Mk (Dn+xk)- lymikp ke (3.3.45)

m+l

where m is the vector index. Once the sub-iteration cogee, the primitive variable

vector is updated:
VT =V T+ DV T (3.3.46)

then, the conserved vector is updated;} =U Aif‘jfﬁ'kﬂ), and the steady-state residual is

updated to the next time level. This proceduneeeated until the solution reaches the
desired time level.

The pseudo time sted}t, is defined by a local CFL number and the local

Eigenvalues of the systertJ(|+a, V,|+a, andW,|+a) and is given by:
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Moo M) )
Vi -9 & & (3.3.47)
Dt CFL o

The unsteady time stept is the physical time step and is defined by a gla-L.

To help improve the computational efficiency (oWerismulation turnaround
time), the present integration implementation isatde of using Jacobian “freezing” to
help alleviate the work associated with factorizamgd computing the system Jacobian.
The system Jacobian can be frozen over successbAtesations for each time level
and/or can be frozen over successive time levéler the unsteady simulations, the
current implementation holds the system Jacobiarsteot over the sub-iterations and
then recomputes it before the next time level. mMantioned previously, dual-time
stepping algorithms help alleviate the errors assed with the factorization and
linearization of the time integration scheme. Wiitis in mind, the freezing of the
system Jacobian over sub-iterations can be viewsed factorization error. So, even
though updating the Jacobian each sub-iteratiorallysimplies less sub-iterations to
converge each time step, the sub-iterations willl &nverge if the Jacobian is frozen
over the sub-iterations so long as the system Jatames not change drastically over
successive sub-iterations. Care must be takemeichoice of the physical time step for
the current simulations, due to the fast kinetitshe chemical reactions and the high
speed of the flow. Large physical time steps comean that holding the system
Jacobian frozen over the sub-iterations could tesua large number of sub-iterations
required for convergence, which could eventuallyameéhe computational savings

associated with the freezing outweighs the cos¢-@omputing the system Jacobian. For
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the present unsteady simulations, most of the tgutions converge within two orders
of magnitude in less than 5 steps, which meansyktem Jacobian freezing is still cost
effective. For the cases considered later, the flan change significantly over even
short time frames; thus the second type of Jacdbészing associated with holding the
system Jacobian constant over successive physigakteps is not very appropriate.

For steady simulations, including reacting casesezing the system Jacobian
over several time steps can prove very cost eWfectiFor the present simulations, the
largest change in the system Jacobian is usuadlgcaded with the chemical kinetics.
Fortunately, the chemical kinetics tend to setila t'steady-state” solution even though
the flowfield may still be evolving. This usualigeans that Jacobian freezing must be
postponed until the reaction kinetics have somewhbtted. Then, the freezing can be
done for several time steps in succession. Foiptkesent steady simulations with no
chemical kinetics (cold flow) the Jacobian is tybig frozen after the first 500 to 1000
iterations and is frozen for up to 3 or 5 time stepthout degrading the convergence
history. For the steady simulations of reactiray#, the freezing is delayed until about

half of the iterations are complete, and then #esBian is frozen for 2-3 time steps.
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4 EXPERIMENTAL OVERVIEW

4.1 HYSHOT GOALS AND DESIGN PHILOSOPHY

The design, experimental testing and airframe natégn of hypervelocity
propulsion devices have each been extensivelyeslumiier the past five decades. It has
not been until recently that the researchers inHi8hot program at the University of
Queensland have designed and successfully demteaistheat sustained propulsion from
a scramjet engine is possible. Of late, their prymfocus has been on improving the
overall cycle efficiency of scramjet propulsion @®s. Increasing the overall efficiency
of any engine is an important step along the wag final design, and even more so for a
scramjet. This is due to the fact that scramjstsally operate with a large amount of
airframe induced shock losses, resulting in a reolicof overall efficiency. Shock
waves result since the hypervelocity freestreammaist be slowed down to manageable
levels in order to get acceptable combustion efficy and adequate thrust levels.

There is little means for improving the losses ttuthe airframe shock system, so
scramjet propulsion designers have been lookirgledr flowfield characteristics which
could be enhanced or augmented to provide an inepment in overall cycle efficiency.
The researchers in the HyShot program believe thamain area for scramjet
improvement lies in the reduction of skin frictidnag. Since skin friction is dependent
on the square of the flight speed [21] and bectus@ropulsive efficiency of a scramjet
engine depends largely on the skin friction of tevice, any successful design of a

hypersonic vehicle must minimize the drag penalty tb skin friction. Odam and Paull
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[39] have shown that the skin friction can conttéoup to 28% of the net drag [44].

To that end, the HyShot researchers have focusededmcing drag due to
combustion chamber skin friction by minimizing tbgerall size of the combustion
chamber. They have relied on a single combustiamber design (Figure 4.1) with fuel
injection in the inlet so as to promote pre-mixwigthe hydrogen fuel and air, thereby
reducing the required length of the combustor. gByebducing mixing enhancement and
flame-holding devices are not incorporated; thhe,reaction front (once initiated) must
be stabilized within recirculation regions induceaturally by shock / boundary layer
interactions. The inlet section consists of twddngompression ramps to alleviate
excessive losses due to stronger shocks. Theskermgbmpressions lead to lower
pressures and temperatures within the combustdioseavhile the associated shock
interactions with the developing viscous boundayets produce recirculation regions
amenable for radical formation. The goal of thg@eskments was not to produce an
optimum thrust configuration; rather, the intentswia examine the effects of different
combustor heights, equivalence ratios, and fremstrestagnation enthalpies on the
initiation and sustenance of combustion within msget-like device designed to reduce

the overall skin friction drag.
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3-D Isometric View

other side wall removed for better visualization
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Figure 4.1 Three-Dimensional Scramjet Model and Centerline CrosseStion

4.2 EXPERIMENTAL SPECIFICATIONS

4.2.1 Configuration Specifics

The experiments performed by Odam and Paull [39] @dam [38] were
conducted in the T4 free piston shock tunnel [43,fdr the rectangular scramjet section
shown in Figure 4.1, over a range of flow condisi@md combustor heights. One of the
sidewalls in Figure 4.1 is removed for illustratiparposes. The detailed dimensions are
given in Appendix C, Figure C.1. The scramjet midues a rectangular cross-section

consisting of an inlet section with integrated fdelivery system, a combustion chamber
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and a simply ramped nozzle section. The totalttenfjithe model is 0.628 the width is
0.075m, and the combustor section height can be adjdsted 0.020n to 0.032n. The
inlet ramps are at 7 degrees with respect to thiedmal and 9 degrees with respect to
the horizontal for the first and second ramp repely. The nozzle section is ramped at
9 degrees with respect to the horizontal.

To achieve the sufficient mixing that is requiredhelp shorten the combustor
section, the idea of forebody fuel injection is Iempented. The fuel delivery system
injects choked gaseous hydrogen at a 45° angkgigrelto the surface) from four discrete
holes located on both the upper and lower surfadethe first inlet ramp section
upstream of the combustor section. The four foidare evenly spaced in the spanwise
direction. The intent is to provide the fuel andenough time to mix well enough to
properly ignite when the shock-induced temperatisesis sufficient.

The mild compression ramps in the inlet help redbeepossibility of combustion
within the inlet surface boundary layers, whichlddead to increased drag and possibly
engine unstart. The role of the compression rasmpgofold. First, the inlet ramps must
bring the speed of the flow down to manageablelde¥@ adequate mixing of the
reactants to occur. Second, forebody fuel injectimust be implemented without raising
the local temperature in the inlet above the agiition temperature for the hydrogen-air
mixture. Referring to Figure 4.2 (illustration adeal shock structure for fuel-on
operation), the design intent for the chosen iméghp angles is to ensure that the
maximum temperature rise occurs near the centerli@hind the complex shock

interactions, placing the ignition region in therdmistor section.
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The combustion chamber has a simple rectangulas<ection. There are no
mixing enhancing devices or flame stabilizationides [22]. As mentioned previously,
the current scramjet model is not optimized for mnaxn thrust. This simpler design
makes the examination of the effects of varying loostor heights, equivalence ratios
and freestream enthalpies less complex. The nazgdgon is also an uncomplicated
design, being just simple angled walls. The sidisved the model in the inlet section are
cut away in a “V” shape to reduce boundary layemgh on the sidewalls and to allow

the configuration to be self-starting.

Inlet Combustor Nozzle
A
t“ )=
\H2 Fuel Injection
<— 180mm 250mm 195mm—>‘

Figure 4.2 Typical Combusting Case Pressure Contours

4.2.2 T4 Shock Tunnel Testing

The experimental testing performed by the HySheeaechers centers on both
atmospheric testing and shock tunnel testing. fohmer attaches scramjet-like devices
to the nose section of a Terrier-Orion soundindcebc This rocket is propelled through a
simple arc trajectory, and at some time after jisgee the nosecone section is opened

and the scramjet-like devices go through theiingsichedule. The latter is investigated
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in the T4 shock tunnel facility, and is the foctighee present numerical research.

The T4 free piston shock tunnel has the capalilityesting models at airflow
speeds in excess ok®/sover test times of ~Ms, depending on the stagnation enthalpy
of the test. The actual usable experimental datauch a test could be much shorter (on
the order of 2-8n¢), depending on the amount of driver gas contanuinatA schematic
of the T4 tunnel is shown in Figure 4.3. The sgedanexperiments presented for
comparison show aboutns of steady testing time before driver gas contationa
Figure 4.4 presents a typical nozzle stagnatioaspe trace (See Appendix C for further
details). This stagnation pressure is measuredtabdm upstream of the T4 tunnel
nozzle throat and shows a region of steady operatidhe shock tunnel. Experiments
were performed at several freestream test conditidifferent combustor section heights

and different equivalence ratios [38].

Eeservior Compression Primary Shock Heozzle Test Dump

Tube \ Diaphr Tu\k:e Se{tion Tank
& - m%
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Figure 4.3 Schematic of T4 Shock Tunnel
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Figure 4.4 Typical T4 Nozzle Throat Stagnation Pressure Trace

4.2.3 T4 Tunnel Operation

Like other free-piston shock tunnels [9, 37], tReshock tunnel has a very simple
operation scheme. A inert driver gas is pressdrinea tank attached to the side of the
tunnel. When a predetermined pressure rise isaetj a diaphragm (or burst disk) is
ruptured. Once the driver gas begins to flowpinpresses the gas in the next chamber,
the test gas (air in this case). The air/drives gaxture is compressed until a second
diaphragm bursts. Once this diaphragm burstsath#8ows through a nozzle and into
the evacuated test section, where the test mogsisioned. There is a limited testing
time available before the driver gas enters the destion (driver gas contamination).
Once the tunnel fully blows down, the tunnel candseet to run again.

Some of the experiments under investigation hage@as fuel being injected into
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the test model. The valve controlling the fuebfened due to the recoil of the tunnel
after the first diaphragm bursts. Thus, the mditielwith fuel before the test gas enters
the test section of the tunnel. For the presepemments, the fuel is allowed to fill the
test model for approximately Orisbefore the air stream enters the model. Thigdef

fuel injection into near-vacuum conditions musipbeperly accounted for in the transient

numerical simulations discussed later.

4.3 EXPERIMENTAL RESULTS

4.3.1 Experimental Data Reduction

Experimental data collected for the shock tunnsisteonsists of overall tunnel
performance measurements and time histories o€ gtsssure measurements along the
centerline of the test model. The tunnel perforoeameasurements help define the
model inlet conditions and initial conditions ofetltest before the tunnel airflow starts.
As mentioned previously, the experimental runsegfreestream stagnation enthalpies,
different combustor section heights and differeqtiigalence ratios. The equivalence
ratios were varied from zero to unity. The comlmmsthamber height was varied from
20mmto 32nm meaning the ratio of the inlet height to the castbr height, termed the
contraction ratio, was subsequently varied fromtd.2.9. Finally, to obtain the desired
stagnation enthalpy (inlet temperature), the drges composition was adjusted. For the
nominal freestream stagnation specific enthalpyeeftream stagnation enthalpy
normalized by T4 tunnel mass flow rate) d13/kg the driver gas composition was 90%

argon and 10% helium. For the nominal freestretagmstion specific enthalpy of 4
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MJ/kg the driver gas composition was 60% argon and #eé%im [38]. Using the T4
tunnel test section nozzle Pitot pressure and ategnpressure measurements along with
the first static pressure measurements taken intgsie model, one can calculate the
effective freestream flight altitude and Mach numfze each experimental run [38]. It
was determined that theMdl/kg cases correspond to a flight altitude ok2&nd a flight
Mach number of 8.0 and theMJ/kg cases correspond to a flight altitude ok®&nd a
flight Mach number of 9.4. For the T4 tunnel expents of interest to this investigation
[38], 300 experimental runs (shots) were made. th@ge, only three are investigated
numerically herein, and are described in Sectidn 4.

Also of importance for the numerical simulatione ahe time history data
collected during an experimental run. While thenl is operating, static pressure
measurements along the centerline of the scrampelehhwere taken, although no wall
temperatures were obtained. The centerline pressgan from the inlet section through
the combustor section and into the nozzle sectiéigure 4.5 shows the locations of each
pressure tap. At two axial stations, spanwisesuresmeasurements were made, but they

were not generally considered in the data redugiionedure that follows in Section 4.4.
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3-D Isometric View
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Figure 4.5 lllustration of Centerline Static Pressure Tap Locations

4.4 EXPERIMENTAL DATA FOR NUMERICAL SIMULATIONS

The entire HyShot program has been very succesgfuireating repeatable
“stable” scramjet combustion in their T4 shock teinfacility. In fact, the HyShot
program was the first such program to show posttivest for a scramjet engine [38, 39].
As previously mentioned, only three of the T4 tuneeperiments of Odam [38] are
investigated numerically in this study. They anR#7675, Run #7678 and Run #7680

[38]. Each data set corresponds to a combustghtef 24nm and a stagnation specific
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enthalpy of ~4MJ/kg Table 4.1 gives a summary of the geometric patars for the
scramjet model used for the current simulationg @Sigure 4.1). The first case, Run
#7675, is a fuel-off (cold) experimental test. T™ezond case, Run #7678, is a fuel-on
(hot) experimental test which produced stable igtedlly-steady) combustion for the
same combustor height (contraction ratio). Thedtliase, Run #7680, involves
relatively small changes in the inlet conditionsl @nslight increase in equivalence ratio

over Run #7678 but does not result in stable dperaf the device.

Table 4.1 Experimental Model Geometry Specifications

Geometric Information Experiment
Model Length () 0.625
Model Width (n) 0.075

Inlet Height (n) 0.0859

Combustor Heightng) 0.024

Inlet Area (m?) 0.0064425
Fuel Hole Area (per holeng’) | 314" 10°

Appendix C gives details of the data reduction pdure used to generate
acceptable initial and boundary conditions for themerical simulations of each run.
Table C.11 and Table C.12 detail the completeofistumerical initial conditions for each
experimental run investigated.

The raw centerline pressure data was obtained finentuniversity of Queensland
and then processed to determine “steady-stateagesr(where appropriate) and standard
deviations from the “steady-state” (shown as vemmbars). Appendix D gives details of

the data reduction process for each of the thne ru
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5 COMPUTATIONAL DETAILS

5.1 PAST SOLVER VALIDATION

The present research utilizes a well validated &laStokes solver for transient,
multi-component, chemically-reacting flows [11, 13, 32, 49]. The solver has been
applied to various two-dimensional, axisymmetrid éimree-dimensional hydrogen flame
configurations [17, 49]. Detailed two-dimensiorahd three-dimensional transient
simulations of hydrogen fuel injection in a scraimjdet-combustor tested at Japan’s
National Aerodynamics Laboratory have also beeffopeed [32, 31]. The solver has
also been applied to analyze the low-speed prapulsiode of NASA’'s GTX rocket-
based combined cycle engine concept under stealyaid dynamic [11] operating
conditions. In References [49] and [12], subs&hnéttention was devoted toward
guantifying the effects of mesh refinement on tl@utsons obtained for similar
combusting flowfields. The grids generated for uséhe present study reflect insights

learned during this previous work.

5.2 PARALLEL FORMULATION

The Navier-Stokes solver previous discussed ini@e& and Section 3 is coded
in FORTRAN and is parallelized with the Messageskas Interface [7, 52] standard.
The numerical simulations are performed on the IBMde Center at North Carolina
State University’s High Performance Computing Cenfehe grids are decomposed into

individual blocks which are then mapped to procesea the Blade Center.
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5.3 MODEL AND GRID SPECIFICATIONS

5.3.1 Model Geometry

As described in Section 4.2, the experimental sgtamodel investigated in the
present numerical study has an overall length 62%n, a width of 0.076 and a
combustor section height of 0.084 The scramjet model consists of two mild ramps fo
the inlet region, a rectangular combustor sectimharamped nozzle section. The actual
experimental model has angled cut side walls, leighd, to reduce boundary layer
growth on the sidewalls and to allow the configwratto be self-starting [38, 39]. To
account for this, the computational model also ipocates the same angled cut sidewalls
as a combination of interface and wall boundaryddmns. The walls of the
experimental model have a finite thickness ofr20 for the upper and lower walls and
10mmn for the side walls [38]. One limitation of thercent implementation is the
computational model assumes that these walls &ratéhy thin. The external flowfield
(reservoir or tunnel side of the scramjet modelhia vicinity of the VvV’ cut side wall is
included in the simulation to properly accountspillage effects.

The computational model applies bi-lateral symmetnys only the flow within
one quarter of the geometry is solved, Figure J.he computational model dimensions

are listed in Table 5.1.
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Figure 5.1 Computational Model

Table 5.1 Computational Model Geometric Specifications

Geometric Information CFD Model
Model Length (n) 0.625
Quarter-Model Widthrg) 0.0375
Quarter-Inlet Heightr() 0.04295
Combustor Heightr() 0.024
Quarter-Inlet Area ifn*) 0.0016106
Fuel Hole Area (per holeng’) | 314 10°

T The spillage region is also extended 0.0375rhérspanwise direction

The fuel delivery system of the experimental apjperanjects choked gaseous

hydrogen at a 45° angle (relative to the surfac@pffour discrete holes located on both
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the upper and lower surfaces of the first inlet pagection upstream of the combustor
section. Due to the imposed bi-lateral symmetmyly dawo holes are used in the
computational model. Keeping the fuel hole areassistent with the experimental
dimensions, the fuel injectors are modeled as mgctar holes rather than the elliptical

holes used in the experimental apparatus.

5.3.2 Computational Grids

The grids used in this research were generatedgusRIDGEN’, a
commercially-available grid generation package.e ghds are simply connected, multi-
block, structured meshes. Both two-dimensional dhtee-dimensional meshed
geometries are presented herein. Figure 5.2 réltest the three-dimensional quarter-
symmetry computational mesh, including the spillaggion which accommodates the
spillage through the V' cut sidewall previously ni®ned. The computational model is
decomposed into 50 blocks, Figure 5.3. Each btmskains the same number of cells.
A grid refinement study is also performed on thee¢hdimensional model to help
understand the effects of sidewall refinement. Buseline grid dimensions are
532x81x81 for the scramijet itself, and 296x81x1i7 thee external spillage, yielding a

total interior cell count of 3,776,000 cells. Eaxtthe 50 blocks has grid dimensions of

60x81x17 nodes, Figure 5.3. For the lower wajll,, = 50 10°m, and for the

sidewall, z_. = 50° 10°m. The Refined-Grid increases thelirection grid count and

reduces the minimal grid spacing normal to thewgade The Refined-Grid dimensions

are 532x81x116 for the scramjet itself and 296x&1ik® the spillage region, for a total
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of 5,428,000 interior mesh cells. Each of the B@ks has grid dimensions of 60x81x24

nodes. The Refined-Grid minimum wall grid spaciiog the lower wall isy,,, =

50°10°m, and for the sidewall isz,, = 50 10°m. Figure 5.4 compares

representative near wall velocity plots for a Bamebrid versus a Refined-Grid case for
simulations of Run #7675, varying only the gridmement. For both the Baseline mesh
and Refined-Grid mesh, the ratio of adjacent gefeat ratios is kept below 1.2, and

each fuel hole is resolved using 14x9 = 126 cells.

Nozzle

Figure 5.2 Quarter-Symmetry Model with Spillage Region
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Figure 5.3 Decomposed Computational Grid (50 Blocks)
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—+——— uvs z(Refined Grid Resolution

=
=T

. 1 . . 1 . .
0.035 0.04

y(m)

[

Figure 5.4 Baseline and Refined-Mesh Three-Dimensional Wall Resolution
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The baseline two-dimensional grid was extractethftbe centerline£=0) grid
plane of the refined quarter-symmetry three-dimamai grid. Several two-dimensional
simulations were performed at different grid retiohs and different levels of local
refinement in order to better understand the compdationship between the grid
resolution and the solution. The two-dimensiona-gefinement methods used can be
classified as being either global or local. Globad refinement refers to a general
refinement of the mesh in all directions. Locafimement refers to regional grid
refinement. Table 5.2 lists dimensions of the thrmensional refined meshes in terms of
an interior cell count. Visual illustrations ofettgrids are shown in Figure 5.5. The
Quad-Refinement doubles the number of grid poimteach coordinate direction, while
the Inlet Refinement 1 and Inlet Refinement 2 eefomly the inflow normal grid spacing
in the streamwise direction. Figure 5.6 illustsatke variation in inlet grid spacing for

the baseline mesh versus the two inlet refinemamisshows that both of the streamwise

refinements achieve a minimum inlet grid spacinggf » 1.0 10°m.

Table 5.2 Two-Dimensional Grid Refinement

Grid Size Cell Count | y_. (m)
Baseline 531x80 | 50” 10°°
Quad-Refinement 1071x160| 25" 10
Inlet Refinement 1 550x80 | 50" 10°°®
Inlet Refinement 2 658x80 | 50° 10°°




a) Baseline Resolution (531 x 80 cells)

b) Quad Refinement (1071 x 160 cells)

c) Inlet Ramp Refinement 1 (550 x 80 cells)

d) Inlet Ramp Refinement 2 (658 x 80 cells)

Figure 5.5 lllustrations for Grid Refinement Study

esas

[] Baseline Resolution
O Inlet Ramp Refinement 1
[] Inlet Ramp Refinement 2

Figure 5.6 Inlet Grid Refinement Detail
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5.4 INITIAL AND BOUNDARY CONDITIONS

5.4.1 Initial Conditions

Both steady and time-dependent simulations are idemsl in this work.
Reference conditions for each of the cases arengiveTable C.11. For the steady
simulations, flowfield thermodynamic properties aet to the reference values. The
axial velocity k-direction) is set to the reference velocity, anel transverse components
of velocity are set to zero. The species densitiesset to their freestream value and the
temperature is set to the pre-test tunnel temperaf31K.

The initial conditions for the unsteady simulatiomse somewhat more
complicated. For the non-combusting unsteady sitimuls, the pressure within the
domain is set to ~1orr, corresponding to the near vacuum pre-test camditi The
initial velocities are all set to zero and the temgpure is set to the pre-test tunnel value of
310K. The initial density of each species is specifiedording to the ideal gas law.

Initialization of unsteady combusting cases takeso iconsideration the
experimental fuel delivery system, since this gystdlows the scramjet model to fill
with fuel for approximately 0.B¢ before the slug of air is ingested into the model.
Thus, a fuel initial condition must be generatélthe fuel initial condition is started by
setting the initial conditions in the computatiosahulations to those prescribed for the
non-combusting simulations, above. Then, the foglctors are allowed to fill the
domain with hydrogen for a predetermined amouritroé. Since in the experiment the

fuel is allowed to fill the domain before the agaches the model, an extrapolation
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boundary condition is used at the inlet to allow thel to exit the domain. Once these
simulations reach their desired fill times, theusioh is saved. This solution is then used
as the initial condition for subsequent transieémiLgations.

For all simulations, the initial turbulence paraemstare set as follows. The

freestream turbulent kinetic energy and turbuleineguency for the airstream are given

by:
k, =2(TI*U, ) (5.4.1)
k¥
W, = (5.4.2)
’ kscal£¥

while for the fuel-on simulations, the turbulenhé&iic energy and turbulence frequency

for the fuel jet are given by:

Ko =3(T1*U , J (5.4.3)
kjet

Wig, = (5.4.4)
10,

In these expressions, the initial turbulent visiyos given as a multiple of the kinematic

Viscosity:

n
/7-|—¥ = kscalt.ﬂ¥ = kscale/,_¥ (545)

¥

The turbulence intensity Tl anll,,. are among the parameters varied as part of the

validation effort discussed in Section 6.2.
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5.4.2 Boundary Conditions

The boundary condition locations for the presembgatational model are shown
in Figure 5.7. Depending on the simulation, flonwgerties at the inflow plane are either
fixed to freestream values (most cases) or exteapolfrom the interior (see Section
5.4.1). Since the entire flowfield is supersonibg outflow boundary condition
extrapolates all flow properties from the interior.Bi-lateral symmetry of the
computational model, Figure 5.7, is enforced thtroggmmetry (reflection) boundary
conditions. The ‘V’ cut portion of the sidewale$ between the scramjet volume and the
spillage volume and is treated as a block interfaCieat is, flow is allowed to propagate
in and out of this portion, Figure 5.8. The inatusof the ‘V’ cut is essential to start
both the experiments and the simulations proped8j.[ The sidewall in the spillage
region that is adjacent to the scramjet modelaatéd as either an interface condition
corresponding to the ‘V’ cut sidewall, or a no-shll (due to the coarser grid resolution
in this domain) and the top plane is a symmetrynblagy condition. On all other planes,

flow properties are extrapolated from the interior.
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solidwall

z inlet

outlet

outlet

symmetry

Flow Directionalongx - axis

Figure 5.7 Computational Model Boundary Conditions
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solidwall

Figure 5.8 Sidewall vV’ Cut Detail

A partial list of initial and boundary condition tdafrom each of the three
experimental runs investigated herein is givenabl& 5.3 and a complete list is given in
Table C.11. Details of the inlet boundary conditind the wall boundary conditions

follow.



Table 5.3 Patrtial List of CFD Initial and Boundary Conditions

Parameters Run #7676  Run #7678 Run #7680
f 0 0.51 0.59
H, "] 4.1 4.1 4.08
M 6.25 6.42 6.36
p[Pa] 10230 8958 9215
T[K] 487 412 433
rlo] 0.0732 0.0758 0.0742
ulw] 2766 2612 2651
pback[torr] 1 1 1
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As alluded to in Section 5.4.1, the inflow boundeoynditions are time dependent
for the transient simulations. The experimentaéhaes not include enough information
to determine the inlet profile shape or its tempoegaponse. Therefore, the inlet variable
profiles assume uniform properties that are lifeactions of time. The time period that
the variables are linearly varied over can be apprately determined from the
experimental data, and lies somewhere betweemf.2sd 0.5ms. Section 6 will detall
the effects that the modeled rate of inlet air stge has on the solutions. The flow

properties at the inflow plane are defined usirgftiilowing linear functions:

Iy :Yninitial [(1_ Y)* L i + Y * f¥] (546)
T :[(1' Y)*Tinitial +Y *T¥] (5.4.7)
u= [(1' Y )* Upnigar +Y u¥] (5.4.8)

where T

initial

, is the pre-test temperature of &lGand u,, IS zero. p,,, Of the near
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vacuum pre-test conditions is set tadotr, and r,,,,, IS obtained from the equation of

initia

state. The initial mass fractions at the infloan® are:

Y,, =0233 (5.4.9)

and:

Y,, =0.767 (5.4.10)
The scale factory , determines the linear relationship, and is given

t

Y =min 10,max o.o,t'm't'—start (5.4.11)

S

For non-combusting cases,,,, is zero, and for combusting cases (using the ifugl

condition), t.. is set to the time elapsed during the filling loé device with hydrogen

start

(0.5ms). The parametet, corresponds to the amount of time over which tileti

variables are to be linearly varied. Figure 5.9veh the inlet air ingestion profiles
implemented in the present investigation. Detaiilthe formulation of the fuel injection

boundary condition is given in Appendix C.
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Figure 5.9 Inlet Air Ingestion Profile for Axial Velocity

The current research implements four different syjpé solid-wall boundary
conditions: an isothermal wall, an adiabatic waltransient heat conduction wall and an

isothermal ghost-cell wall. Each is described weld-or all no-slip walls the following

holds:

u=v=w= 1P _ (5.4.12)
fin

for N being the normal direction to the wall.
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For a cell-centered finite volume representatiom, igothermal (constant

temperature) wall is given by:
Ty =2 - T, (5.4.13)

where the subscripyy represents the ghost cell value, the subs@ipefers to the first
cell adjacent to the wall ang,,, is the specified temperature at the wall. Theifiee

wall temperature is usually experimentally deteedinand for the present cases is

assumed to be the pre-test tunnel temperafye= 310K . Care must be taken when

implementing this boundary condition in a cell-aet finite volume formulation. The
heat-flux discretization must be modified closetbhe wall in order to account for
unrealistic ghost cell values. Appendix E givetade of the proper formulation for an
isothermal wall boundary condition.

For an adiabatic wall, the temperature gradientmabtto the wall is zero, and is
given by:

ﬂ:o

7 (5.4.14)

c]Wall = k

For shock-tunnel flows this condition usually prods unrealistically large wall
temperatures. As such, this condition is only usetlustrate the effects of an extremely
hot wall on the scramjet flow path solution.

The transient heat conduction wall boundary coodits predicated on the idea of
the wall time constant. The time constant is ihticed to help describe the amount of

temperature rise that could be expected from atheappeat flux [28]. The time constant
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is a rough measure of how long a material (mildcarsteel in this case [38]) would take
to reach a steady-state temperature distributiadherpresence of a constant heat flux and

is given by:

erCp
t, = (5.4.15)

where, d is the thickness of the wall; is the density of mild carbon sted, is the

specific heat of mild carbon steel akdis the thermal conductivity of mild carbon steel.
Details of the time constant calculation for thevéo wall is given in Appendix F, where
it shows a value of approximately d0for the wall material and thickness used for the
experimental test model. Thus, the shock tunnelldvbave to run for 48 before the
metal walls would approach a steady-state temperatistribution. Although the run
time required to reach a steady wall temperaturaush larger than the tunnel test time
of 5mg, the heat flux due to shock wave / boundary lagtaractions and heat release
due to combustion may be sufficient to raise thdl vemnperature enough to result in
some changes in the boundary layer and thus afiectombustion pattern or pressure
distribution. Secondly, using the tunnel testimget of 5ms, the time constant for the
wall could give an effective penetration distantattan applied heat flux would
influence, as discussed later.

Thus, the idea of implementing a conjugate heastea wall model is introduced.
A proper implementation of a three-dimensional ugaje heat transfer model would
require the coupling of the aforementioned Naviek8s solver with a three-dimensional

structural / heat transfer model for the materf@rinal response. A transient one-
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dimensional heat conduction wall boundary condit®opresented as a compromise.
Since the flow developing in the engine has theeqil to deliver a large heat
flux to the wall within a relatively short time, esgal attention needs to be given to
ensure the proper heat conduction equation iszedilin the transient wall boundary
condition. It is has been well documented that foost practical engineering
applications, the standard Fourier heat conducttmation is quite suitable [29, 40, 41].
However, the classical Fourier heat conduction gguanodels the heat conduction as a
diffusive process (parabolic mathematical charaatdrere thermal gradients propagate
at an infinite speed through the medium of intere$tus, Fourier's heat conduction
equation does not account for sharp temperaturdiems over extremely short time
periods. So for such situations where there amemely short transient thermal loads or
where the temperatures under consideration areatsatute zero, heat conduction takes
place at a finite speed of propagation, rather twannfinite one. Such cases include
micro-scale laser heating of thin metal films [@ulsed-laser processing of semi-
conductors, and micro-scale laser heating [58]. these cases the following heat

conduction equation has been proposed to modélghetransfer [29]:

t +—=aN°T, (5.4.16)
qt

g

where a is the thermal diffusivity of the medium ard is the thermal relaxation time.

The thermal relaxation time can be related to geed of heat propagation by:

c= % (5.4.17)

r
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For metals, the typical speed of heat propagasooni the order ol0° T [41].
For the mild carbon steel used in the experimestaamjet model [38], the thermal

diffusivity is on the order 010'5"‘{ (Appendix G). This would give a thermal relaxatio

time on the order oftl0 s for the present experimental configuration. ThES,
(5.4.17) would reduce to the classical Fourier lseaduction equation.

The current implementation of the transient heabhdoction equation (the
classical Fourier heat conduction equation) as andary condition sets up a one-
dimensional grid within the solid walls at everyfage cell, and solves the heat equation
in this mesh.

A further simplification could be made by formulagi an exact solution for the
one-dimensional transient heat conduction equatMany exact solutions (usually in the
form of an infinite series) exist for this probleimjt they have three main limitations.
The first limitation is they require that only osiele of the wall have an applied heat flux,
the other must either be adiabatic or at a constamperature. Another drawback is the
solutions require the thermal conductivity of thaterial to be a constant, where it is
widely known that the thermal conductivity of metak a function of temperature.
Lastly, the infinite series solution would not beech more computationally efficient than
solving the time-dependent one-dimensional heaatamu at every wall cell boundary.
Thus, the present research uses the more robustaappof discretizing and solving the
time-dependent one-dimensional heat equation. AgqigeG gives the full details into
the formulation, discretization and solution prasedfor implementing this boundary

condition.
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The final solid wall boundary condition used in tipeesent research is a
simplification of the transient one-dimensional theanduction boundary condition
described in Appendix G. Appendix F shows thattlfier 5ms testing time, the effective
depth that an applied heat load will penetratensttee order of one-hundredth of the
thickness of the wall. Thus, to model the effécsaving the heat conduction equation
within the wall in a steady-state (non-time-acogyaimulation, it maybe feasible to set
the ghost cell temperature value (one cell withia wall) to the wall temperature value
instead of setting the cell face temperature. a@H@wvs the actual wall temperature (the
cell face temperature) to vary in response to ph@ied heat load. Since it is based on
setting the ghost-cell temperature to a constdneyé# is called the isothermal ghost-cell
boundary condition. It is a very simple modificatito the cell-centered isothermal wall

boundary condition mentioned above. The ghostteriperature is defined by:

T, =T (5.4.18)

5.5 SOLUTION CONVERGENCE

Convergence of the calculations is assessed ie theys. First, for the steady
simulations, thd,norm must converge two to three orders of magnitutleis residual
convergence requirement is coupled with a mass flemitor and a centerline pressure
measurement monitor. Axial mass flow is monitoegdour locations throughout the
domain: one plane near the scramjet inlet, one theascramjet outlet, and two at the
entrance and exit of the combustor section. Tlersk convergence criterion is met

when these mass flow measurements stop changingdne iteration to the next. The
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third criterion is to monitor the centerline pregsérom iteration to iteration. When the
centerline pressure profile stops changing, thesnilmsv is steady, and the residual
reaches an acceptable level, then the steady siondare deemed converged.

The convergence criteria for the transient simafetiare somewhat different. In
that the sub-iteration-horms must be reduced to an acceptable toleraricen (2 orders
of magnitude) at each time level to maintain tinceusacy. The transient simulations
that eventually result in a steady solution usentlags flow monitoring and the centerline
pressure monitoring as described above. For #wesignt combusting simulations, an
exit plane combustion efficiency monitor is alseds For transient simulations that lead
to engine unstart, there is no steady-state sol@m the simulation is simply run long

enough to compare with the transient experimerat.d
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6 RESULTS AND DISCUSSION

6.1 EXPERIMENTAL DATA REVIEW

It is advantageous for discussion purposes toldbaexperimental measurement
results used for comparison in this work. Full aiggions of the procedures used to
reduce the experimental data are given in Appefidand Appendix D. The following
section will discuss the non-injection, non-comngsexperimental run, herein referred
to as Run #7675 (Fuel-Off), and the hydrogen imectsteady-combusting experimental
run, herein referred to as Run #7678 (Fuel-On)scission of the experimental results
for the last combusting case used for comparisam (R7680) is deferred to a later
section. Run #7680 does not provide a steady cstiaou process; rather the
experimental data shows this run actually unstarts.

The centerline static pressure measurements fofueoff experimental Run
#7675 are given in Figure 6.1. Figure 6.1 givesdtatistically-steady solution discussed
in Appendix D, with variation bars denoting the poral variation over a the time
interval. The figure is also divided into the integion, the combustor region and the
nozzle region as described in Section 4.2. Belbes ¢enterline pressure plot is a
numerical representation of the shock structuragakhex-y centerplane of the model.
This illustration is a grayscale coloring of thegndude of pressure gradient and was
generated from one of the fuel-off simulations. pRessure gradient magnitude plot is
similar to an experimentally produced Schlierengmaand is used onlgs a reference

for the experimental centerline pressure discussidiote: The vertical lines shown in
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the pressure gradient plot are artifacts of postgssor plotting limitations.)
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Figure 6.1 Fuel-Off (Run #7675) Experimental Centerline Static Preage

Measurements

Key flow features are labeled in Figure 6.1 witte tbapital letters A-K, as
follows:

A. Firstinlet ramp shock (9° ramp).
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B. Second inlet ramp shock (12° ramp).

C. Corner expansion fan arising from the flow nearwlal turning to enter the
combustor section.

D. Wall interaction with the transmitted shock frone thpposite wall of the first
inlet ramp shock (after passing through a comptatrray of shocks and
expansion fans.)

E. Wall interaction with the transmitted shock frome tbpposite wall of the
second inlet ramp shock.

F. Wall interaction of the expansion fan from C traitted from the opposite
wall.

G. Wall interaction with the transmitted combined ghetructure of D and E.

H. Wall interaction of the expansion fan from F traitsed from the opposite
wall.

I.  Wall interaction with the transmitted shock struetof G.

J. Corner expansion fan arising from the flow nearwad turning to enter the
nozzle section.

K. Final transmitted shock system of | from the opogiall.

The experimental model was equipped with the méaredjust the combustor
height from run to run. This was done to ensua the complex transmitted shock
structure resulting from the two inlet ramp shoeksuld impinge downstream of the

combustor entrance. If the shock wave systemateiti from the inlet were allowed to
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impinge on the inlet ramp surfaces, the resultimyaase in temperature could elevate a
fuel-air mixture to temperatures hot enough to gedpremature ignition within the inlet
region. This could result in both a substantialirmtary layer growth and subsequent
reduction in flow area, which could ultimately lefadunstarting the device as happens in
Run #7680.

Figure 6.2 details the centerline static pressusasurements for the fuel-on
experimental Run #7678. Figure 6.2 gives the Siedilly-steady combusting solution
discussed in Appendix D, with variation bars demptihe temporal variation over ank
time interval. Below the centerline pressure ga numerically generated illustration of
the representative shock structure alongtgeenterplane of the model.

Key flow features are labeled in Figure 6.2 witle tbapital letters A-K, as
follows:

A. First inlet ramp shock (9° ramp).

B. Slight expansion due to fuel injection shock stuuetinteraction with the inlet

ramp boundary layer.

C. Second inlet ramp shock (12° ramp).

D. Wall interaction with the transmitted shocks frohe topposite wall of the
combined first inlet ramp and fuel injection bowoshk structure. Unlike the
fuel-off simulations, the transmitted shock struetdrom the opposite wall
impinges at the corner of the combustor sectiomiehting the expansion
fan.

E. Slight expansion fan resulting from flow turningdhbgh the shock structure
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at D.

F. Wall interaction with the transmitted shock frome tbpposite wall of the
second inlet ramp shock.

G. Slight expansion resulting from a combination @& flow turning through the
shock-wall impingement of F and the transmittedaggoon fan of E from the
opposite wall.

H. Oblique shock structure formed by interaction ofjioes of supersonic
combustion with transmitted shock structures fromam F. This shock
structure is highly three-dimensional, resultingniany pressure peaks and
valleys.

l.  Corner expansion fan arising from the flow nearwadl turning to enter the
nozzle section.

J. Further expansion of the supersonic flowfield doethe increasing area

change of the nozzle.

Several main flow features are prominent in thd-&ureresults. The first is the
sizable influence of the off-centerline hydrogeslfinjection. The bow shock resulting
from the fuel injection into a supersonic flowfidltteracts with the other waves to form
a complex array of shock patterns not presentenfulel-off simulations. Secondly, the
design intent of ensuring that the inlet shock eystimpinges downstream of the
combustor entrance, is further complicated by tlweeanentioned fuel injection. The

combined transmitted shock system impinges uporcdnebustor section wall near the
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combustor entrance, possibly making the scramjeteinmore susceptible to premature
ignition in the inlet for small perturbations inettilowfield. The most discriminating

difference in the fuel-on centerline pressure trige® in the doubling of pressure in the
combustor section resulting from the supersonicletion process [39]. The rise in
static pressure is a combination of supersonic faghtition and boundary layer
thickening [38, 64] due to volumetric expansionheTatter acts to narrow the effective

area that the core inviscid fluid passes through.
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Figure 6.2 Fuel-On (Run #7678) Experimental Centerline Static Pressa

Measurements
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6.1.1 Radical-Farm Theory

To realize sustained, steady supersonic combusti@ny scramjet design is a
remarkable accomplishment unto itself, but to aahisuch combustion without flame
holding or flame anchoring devices is exceptionghe explanation of this success lies in
the idea of forebody fuel injection. Forebody fugkction allows for adequate mixing
and preheating of the fuel and air prior to entgtime combustor. Odam and Paull [39]
and Odam [38] have theorized that ignition and aastibn within their configuration is
the result of a “radical-farm” effect, which allowlse combustion process to occur even
though the static temperatures in the inlet streasenquite low (30K - 40K). In this,
ignition may occur first in a region of slow-movifigw adjacent to the walls, following
a strong shock interaction, but that there is moiugh residence time for combustion to
progress to completion. Instead, the slightly te@danixture is frozen until it can pass
into another region amenable to radical formatidine frozen mixture can start reacting
again as soon as it reaches the next high tempenagion. This process will continue
until there are sufficient concentrations of theessary radicals and the temperature is
large enough to sustain combustion to completion.

Odam and Paull [39] base their radical-farming thiem the idea that the flow is
at least partially premixed before it enters thebastor, due to fuel penetration into and
mixing with the air stream. As will be discusseatel, even though the current
simulations do not show complete fuel penetratido the core air stream, some mixing
within the outer part of the boundary layer dod® talace, and the current simulations do

provide some support for the radical-farm effect.
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6.2 TWO-DIMENSIONAL FUEL-OFF SIMULATIONS

In this section, two-dimensional simulations of tbel-off (Run #7675) case are
presented to determine the effects of parametéatiaars in the numerical approach and
the physical models on the results. Informatiomeg will be used to narrow the scope
of the three-dimensional studies.

Lessons learned from previous validation effort3] [bave been used to narrow
the focus of the present work. Previous studi8$iftvestigated effects of wall boundary
conditions, slope-limiter procedures, and turbubemeodels. Based on the trade-off
studies performed in [53], the present simulatiotiize the van Albada TVD limiter as
the second order slope limiting procedure, andn the pressure limiter described in
Appendix B is set to a nominal value of 1000. TEhetudies also showed a slight
improvement in the use of Menter's Shear-Stresasprart (SST) hybrid model over the
Baseline (BSL) model in the capturing of the nozaetion shock structures; therefore,
the SST model is implemented in this research.

The most important conclusion drawn from the presiavork concerns the
numerical solution dependence on the thermal walhdary condition. In has been well
established that the boundary layer thickness aatdra (e.g., laminar, turbulent or
transitional) can greatly influence the locationd astrength of oblique shocks. The
boundary layer thickness for supersonic or hypecstiows is strongly affected by the
wall temperature [4, 13]. Thus, the proper hargdbh thermal wall boundary conditions
at the wall is of the utmost importance in sucadssimulations of hypersonic engine

components.
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Table 6.1 gives a detailed list of the two-dimensiofuel-off simulations,
corresponding to the experimental Run #7675, ptedeherein. The two-dimensional
parametric study currently presented focuses omafitrementioned importance of proper
wall boundary conditions as well as turbulent Ptandmber effects, inflow turbulence
parametric effects and grid resolution effects. pfeviously mentioned (see Section 2.1)
all of the simulations presented herein use a lamPrandtl number of 0.72 and a
laminar Schmidt number of 0.5. Referring to Tahl, the simulations using a boundary
condition labeled “Iso-310K” enforce a constant pemature wall equal to the pre-test
tunnel temperature of 3K0 The simulations labeled “Adiabatic” implementadiabatic
wall and those labeled “Iso-Ghost” use the isotl@rghost-cell boundary condition,
which sets the “ghost cell” temperature to R10All three of these types of simulations
are run as steady-state simulations. The labelriSient” implies that the transient heat
conduction wall boundary condition is applied, tlagquiring a transient solution. The
transient simulations apply an inlet air ingestiate of 0.5ms, as determined from
experimental observations, and were run until theye determined to be converged (see

Section 5.5), which was arounar2 for all cases.
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Table 6.1 Two-Dimensional Simulation Case List

Case Name BC Pr TI k
Case2D-001 Iso-310K 0.9 0.05 0.001 Baseline 50 10°
Case2D-002 Is0-310K 0.7 0.05 0.001 Baseline 50 10°
Case2D-003 Iso-310K 0.5 0.0 0.001 Baseline 50  10°
Case2D-004 Adiabatic 0.9 0.0 0.001 Baseline 50" 10°
Case2D-005 Transient 0.9 0.q 0.001 Baseline 50  10°
Case2D-006 Transient 0.7 0.C
Case2D-007 Transient 0.5 0.4 0.001 Baseline 50  10°
Case2D-008 Iso-Ghost 0.9 0.05| 0.001 Baseline 50  10°
Case2D-009 Transien 0.9 0.05 0.01 Baselines50” 10°®
Case2D-010 Transien 0.9 005 o041 BaselinE 50 10°

5

1

Grid Size | vy, (m)

7N 7N

0.001 Baseline 50 10°

Case2D-011 Transien 0.9 0.C 10 Baseline 50" 10°°
Case2D-012 Transien 0.9 0. 0.001 Baseline 50 10°
Case2D-013 Transien 0.9 0.0pb.001 Baseline 50" 10°
Case2D-014 Transien 0.9 Lam Lam Baseline 50" 10°®
Case2D-015 Iso-310K 0.9 0.0 0.00Duad-Refine| 25" 10°
Case2D-016 Adiabatic 0.9 0.05 0.00Duad-Refine| 25" 10°
Case2D-017 Transient 0.9 0.05 0.00Quad-Refine| 25 10°¢
Case2D-018 Iso-Ghost 0.9 0.05| 0.001 Quad-Refine| 25" 10°
Case2D-019 Transient 0.9 0.05 0.00mlet Refinel| 50 10°©
Case2D-020 Transient 0.9 0.05 0.00mlet Refine2| 50 10°©
Case2D-021 Transient 0.9 0.05 0.001Baseline* | 50" 10°

t
t
t
t
t
t

*Geometric dimensions for Case2D-001 are listedppendix C. Lam refers to a
laminar calculation.

Figure 6.3 through Figure 6.9 detail the two-dimenal computational
predictions for the fuel-off experimental Run #767bigure 6.3 presents the effects of
varying turbulent Prandtl number and the thermall veaundary condition on the

centerline pressure. The inset contour plot istafic pressure for Case2D-001 and is
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included as a visual aid to better understand #hation between the centerline wall
pressures and the two-dimensional shock structdre.general, all cases match the
experimental pressure trace within the temporalatian, with the two inlet ramp
pressures and the expansion fan at the leadingicofrthe combustor section resolved
especially well. The combustor entrance peak press underresolved for all cases, and
overall, the simulations tend to underpredict thespure levels in the combustor shock
train. The nozzle traces show a significant démmain matching the pressure profile
near the exit of the geometry. The effects of @hvariations in the turbulent Prandtl
number (0.5, 0.7 and 0.9) are shown for both tkadst isothermal wall cases and the
transient wall cases. The centerline pressure oiesppear to be affected by the change
in turbulent Prandtl number for any of the caseSigure 6.3 also shows that the
isothermal wall cases underpredict the initial castbr pressure rise and subsequently
miss the pressure peaks in the rest of the shadk. tr The transient wall boundary
condition cases also underpredict the initial costdupressure peak, but to a lesser
extent than do the isothermal cases. The cergepliassure trace corresponding to the
isothermal ghost-cell wall boundary condition liestween the isothermal solution and
the transient wall solution. It captures the alipressure rise and resolves the combustor
shock train better than the isothermal case. Alsmwn in Figure 6.3 is the result from
the application of an adiabatic wall boundary ctindi This condition provides an
upper bound for the wall temperature at a givemtpwmi the geometry, one that would
exceed the melting temperature of the wall matéfria@sidence times were long enough

for this condition to be reached. The adiabatidl wase tends to do a better job of
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matching the initial pressure rise and slope andyres less of an expansion fan near the

combustor entrance and a stronger initial compoessi
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Figure 6.3 Centerline Pressure Traces foPr, and Wall Boundary Condition

Analysis for Fuel-Off Run #7675 (2D Calculations)

Even though the adiabatic wall captures the shéaictsire more accurately, it

does it at the expense of producing a physicalttamable condition, as illustrated in

Figure 6.4. The melting temperature for mild cartsteel (used for the walls of the
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experimental model) is roughly 17R0(28], while the average wall temperature for an
adiabatic wall condition is around 310 Thus, an adiabatic condition can never be
reached in a shock tunnel experiment. Temperatistebutions as obtained from the
transient simulation and the isothermal ghost-sgtulation are also shown in Figure
6.4. Peaks in the distribution correspond to negjiof flow separation and reattachments
that result from shock impingements on the surfaBegions in which the temperature
decreases correspond to interactions of the refleBrandtl-Meyer (expansion) waves
with the boundary layer. Figure 6.5 illustrates tamperature distribution into the wall
for a simulation corresponding to a transient wsilhulation and shows that the
temperature levels are within the physical limifsttee wall material. Figure 6.4 also
shows a slight increase in wall temperature asutarth Prandtl number decreases. The
increase is expected since the turbulent Prandtiben is a measure of the relative
importance of momentum transfer due to turbuledie=dto heat transfer due to turbulent
eddies. Thus, the smaller the turbulent Prandtibrer, the larger the relative importance
of the heat transfer due to turbulent eddies &lilegy to an increase in the turbulent heat
flux vector via the turbulent thermal conductivigyg. (2.6.2) and Eq. (2.6.3). Although
the wall temperature is slightly affected, turbaldPrandtl number effects do not

appreciably influence the static pressure distitioudlong the wall.
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Figure 6.5 Wall Static Temperature Contours for Case2D-005

For fuel-off calculations where a steady-state tsmiu exists, the isothermal
ghost-cell simulation results provide a good compse between the fully transient
simulation results and the isothermal results. ngel steady simulation, the isothermal
ghost-cell wall simulation alleviates the compugaél costs associated with a transient
simulation, yet results in more accurate pressuoélgs and a more physically realistic
material temperature response compared with ahdsoal wall simulation. Of course,
this can only be said for short testing duratiotfsthe experiments were able to run for
times closer to the time constant for the wallse (8gpendix F), then the isothermal
ghost-cell simulations, which are not able to aotofor the changes in the metal
temperature, would begin to fail. Thus, for larga times, the steady-state limit of the

heat conduction equation presented in Ref. [53]l&vbe more appropriate.
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Since the turbulent Prandtl number had little dffec the centerline pressure
distributions, the results reported next utilizeoastant value of 0.9 for this quantity.

Figure 6.6 compares centerline pressure tracegsmmnding to variations in
inflow turbulence levels. All cases presented tiietransient wall boundary condition
discussed above. As the turbulence intensity (3¢e Section 5.4) of the inflow is
increased, the overall turbulent kinetic energyelaes expected to rise, leading to a more
turbulent flowfield, and perhaps leading to fastmnsition from laminar flow to

turbulent flow. Also ask...,. (Section 5.4) increases, the freestream dissipatite is

scale

expected to decrease, which could affect the tianstime scale. Thus, Figure 6.6

presents the effects of doubling and halving Tl amleasingk._.. by three orders of

scale
magnitude. Also shown is the solution from a plarainar flowfield. The only inflow
turbulence variation that contributes to any changde numerical solution arises when
the simulation is allowed to run as laminar. Aligb the laminar case matches the
pressure level in the expansion fan reasonably, wed laminar pressure distribution
shows a small pressure rise near the middle oéxpansion. The laminar case matches
initial combustor section pressure rise well, bue tombustor shock train is poorly
resolved. Inflow variations in turbulence levels dot contribute to a change in the
solution, leading to the conclusion that the tuebtilflowfield is well established using

the baseline parameters.
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Parameters for Fuel-Off Run #7675 (2D Calculations)

To complete any computational validation effortymgo consideration of grid

resolution effects must be determined. For someetdimensional geometries, critical
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grid independence studies can be performed in twmkions to help assess principal
areas of flowfield dependence on grid refinementhe current two-dimensional
simulation study uses four grid refinements to aeiee grid dependence issues. Visual
illustrations of the grids are shown in Figure Jhkd details of the grid refinements are
given in Section 5.3.2.

The centerline pressure predictions for the gritheenent study are shown in
Figure 6.7 for the four wall boundary conditionesented thus far. Grid refinement
produces no solution improvement in the inlet regoy near the combustor entrance.
The isothermal case shows the largest improvemenrteissure predictions, most notably
in the initial combustor pressure peak and the emtdr shock train. Although the
isothermal solutions show improvement with a qupliing of the cell count, they still
result in the poorest overall match with experimaédata. The isothermal ghost-cell wall
case shows a crisper resolution of the initial costtr pressure peak and shows
improvement in capturing the combustor shock traéaks for the Quad-Refinement
mesh. The transient wall also shows a minor imgmoent for the Quad-Refinement
mesh, but no improvement at all for Inlet Refinem#&nor Inlet Refinement 2. The

adiabatic case shows no dependence on the gnenedints chosen in this study.
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Initial ambiguities in the determination of the dinsions of the experimental
geometry lead to calculations being performed oo skightly different geometries.
Simulations presented thus far are based on dimesnsormulated from Ref. [39], while
the geometry used in Case2D-021 was determined fRefis. [36] and [38]. The
differences are very minor. For the geometry fiBef. [39] the inlet ramp was 8.9°
compared to 9° in the geometry from Refs. [36] E88], and the second inlet ramp angle
was 11.5° compared to 12°. The inlet ramp andferénces lead to a slight difference
in contraction ratio and therefore inlet area amdtiramp shock angles. The dimensions
of Refs. [36] and [38] have been confirmed as thkect ones and are the dimensions
reported in Sections 4 and 5.3 and Appendices CDanéfigure 6.8 gives the centerline
pressure measurements for these two geometriedrigace 6.9 gives an illustration of
the geometry differences. The slight change inpramgles, coupled with the increased
mass flow from the increased inlet area, provdsetof great importance. The solution
for the corrected geometric dimensions shows tmatprediction of the initial pressure
rise in the combustor section is greatly improveat] the combustor shock train is also
better resolved, although the nozzle trailing shpektern is still underresolved. The
previous two-dimensional validation results shoulill be applicable to the new

geometry and thus were not redone.
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In summary, the two-dimensional simulations havewsh that the centerline
pressure trace matches the experimental data fnbk iproper wall boundary condition
is implemented. Although the adiabatic-wall bounydaondition produces the best
match, it is physically unrealistic. For two-dinsgsnal fuel-off hypersonic flows, the
unsteady simulations coupled with the transient Wwalindary condition give the most
accurate predictions of the centerline pressuteilolision. For situations where a steady
solution exists (“statistically-steady” experimdntiata set) and for experimental run
times much less than the wall material time coristdre isothermal ghost-cell wall
boundary condition should be implemented rathem tha generally accepted isothermal

wall. Overall, for both the transient wall and tlsermal ghost-cell wall boundary
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conditions, the centerline pressure match was withie temporal variation of the
experimental data except for the trailing (nozakdck system which is underresolved.
This should be alleviated in the three-dimensiosalculations since the three-
dimensional case provides more blockage and hendarger trailing-shock peak
pressure. The two-dimensional simulations havegraiseful in reducing the number of
parameter variations that need to be investigatetthe three-dimensional calculations.
Changes in the turbulent Prandtl number, inflowbtlence intensity or inflow
dissipation rate produce inconsequential changethénresults. Although the grid
refinement study produced slightly improved pradits for a quadrupling of the global
cell count, performing such a refinement for theeéhdimensional simulations would be
prohibitively expensive. Along with the proper Inolary condition choice, a main
contributing factor seems to be slight geometryediinces in the published references.

Care must be taken to ensure the proper dimenarenscorporated.

6.3 THREE-DIMENSIONAL FUEL-OFF SIMULATIONS

Specifics for the three-dimensional fuel-off sintidas of experimental Run
#7675 are tabulated in Table 6.2. Although thenmiaient of this fuel-off study is to
determine what impact various types of wall bougdamditions have on the qualitative
comparison between computational solutions and rerpetal data, other factors are
also highlighted to underscore the lessons leamétle two-dimensional calculations.
Based on the two-dimensional simulation resultg three-dimensional simulations

discussed next set the turbulence intensity to 8b,the dissipation scaling factor to
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0.1%, and have a minimum grid spacing in yhdirection of 50" 10°m. Two three-
dimensional grid resolutions, detailed in Sectiof, Jre implemented in the present
study. The three wall boundary conditions impletednfor the three-dimensional
simulations are the transient heat conduction bagndondition, the isothermal ghost-
cell wall boundary condition and the isothermal Mmundary condition. As with the
two-dimensional calculations, the latter two bouydeonditions are applied to steady-
state simulations, while the transient boundary dd@n necessitates a transient
simulation. The following discussion will starttivia comparison of the fully-transient
numerical simulation data with the experimentabdatd will then discuss the effects of

varying certain parameters on the predictions.

Table 6.2 Three-Dimensional Fuel-Off (Run #7675) Simulation Case List

Case Name BC | Pr, | Geometry| Grid Size z..(m)
Case3D-001 Transient 0.9  Original Baselinel 50" 10°
Case3D-002 Transient 0.7  Original Baselinel 50" 10°
Case3D-003 Transient 0.9 Corrected Baseline 50 10°
Case3D-004 Transient 0.0 CorrectedRefined-Grid | 50° 10°
Case3D-005 Iso-Ghost0.9 | Corrected Refined-Grid | 50° 10°©
Case3D-006 1s0-310K 0.9 CorrectedRefined-Grid | 50° 10°©

6.3.1 Transient Comparison
Figure 6.10 presents snapshots of the centerliegsspre evolution for Case3D-
004 as compared with Run #7675. The inlet airstigae rate is set to the experimentally

observed time 0o0.5ms, as discussed in Section 5.4.2. The time intazkasen between
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frames is 0.12B¢. The first time frame shows that both the experitrand simulation
match, but as the time is increased to @25the simulation starts to lag behind the
experimental data. In the experimental data thi@irshock peaks form faster and have
larger magnitudes than in the numerical data. Sihalation results begin to match
better as the time increases tor@<5 Once the simulation has reached betweenrs75
and 1.0ns the numerical solution has reached a statistisabpdy state, but the
experimental data is still showing significant teorgd variation, especially in the
development of the combustor entrance expansioaridrthe shock wave that follows it.
Figure 6.11 shows the time history of the centerlbach number contour for Case3D-
004. The 0.Bns air ingestion rate is more easily observed throughalization of the
inlet region Mach contours. The inlet shock stiuetis well developed and steady after
0.625ms, while the rest of the shock system is unvaryitgra..Oms.

Referring to Figure D.14 , experimental Run #76ists to reach a steady-state
closer to 4ns, which is considerably slower than the computationThis can be
explained by the fact that the experimental dewies intrinsic variability in inflow
conditions due to the nature of the testing facilitComputational analyses, especially
RANS, will not have such variability unless it mposed directly as part of the boundary
condition. The inability of the simulations to rolatthe initial stages of the time history
of the experimental data suggests that the topptadtie imposed at the inlet and the
linear air ingestion profile of the inflow varialsldsee Section 5.4.2) are probably not
consistent with the actual process of air ingesitidom the inlet. Although this may be the

case, obtaining the necessary experimental datawitch to more accurately represent
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the inflow is extremely difficult and especially pmactical for short duration shock tunnel
facilities. Simulations of the blow-down of thennhel itself, along with the engine, could
be performed to better characterize the air ingesprocess, but this would entail
enormous computational expense and it still woulmt account for shot-to-shot

variability. As such, some inaccuracies in the eliog) of the air ingestion process must
be accepted.

For reporting completeness, temporal variation saeuld be included with the
numerical plots, as is done for the experimenttd appendix D). However, due to the
innate steadiness of RANS simulations, the tempweealation is minimal once a
statistically-steady solution is reached. In falbg temporal variation of the numerical
results is represented in the present results dyhickness of the lines used to plot the

centerline data.
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Figure 6.10 Centerline Pressure Time History for Case3D-004
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Mach

Figure 6.11 Mach Contour Time History for Case3D-004
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6.3.2 Steady Comparison

For the original geometry described in Section 6:Rjure 6.12 details how
changes in the turbulent Prandtl number affectcéirgerline static pressure distribution
for a three-dimensional simulation. As previoushtgntioned, the statistically-steady
solution presented corresponds to a time ofrtt.5 Below the centerline static pressure
trace is a numerically-generated illustration of tenterline plane shock structure for
Case3D-001. Figure 6.12 also includes the resiltee two-dimensional simulations,
Case2D-005 and Case2D-006, for comparison withthhee-dimensional simulations.
Overall the three-dimensional simulation centerpnessure traces compare well with the
experimental data in the inlet section up to arduiing the expansion fan originating
from the corner of the combustor entrance. Howetlee initial combustor section
pressure peak is underpredicted for all of the £gsesented. The combustor trailing
shock structure is better resolved for the threeedlisional cases than for the two-
dimensional simulations. This is expected sincedtdimensional calculations provide
more blockage due to boundary layer growth on itheveall leading to a larger pressure
rise. As noted in Figure 6.3, changes in turbulr@ndtl number have an insignificant
impact on the centerline pressure distributionstf@ two-dimensional cases. Figure
6.12 also shows that changes in the turbulent Branchber have a minimal influence

on the three-dimensional centerline pressure piieds:
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Figure 6.13 shows the centerline static temperataes along the wall for the
two three-dimensional simulations presented ab@ease3D-001 and Case3D-002. As
expected, Case3D-002 has a slightly higher temyreratinge since its lower turbulent
Prandtl number will lead to increased heat trandige to turbulent interactions. To
better illustrate the increased heating, a top-deiew (flow from left-to-right) of the
first cell within the bottom virtual wall (see Appéix G) is shown in Figure 6.14. There
is an increased heating of the bottom wall nearstdewall intersection due to vortical

structures present in the corner boundary layeomneg
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Figure 6.13 Centerline Temperature Traces foiPr. Analysis for Fuel-Off Run
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Figure 6.15 illustrates the effects of slight chesmin the geometry (Section 6.2)
and increased grid resolution in the spanwiBded(rection. All cases presented are

transient simulations utilizing the transient whtbundary condition, and all have a
minimum mesh spacing of_.. =50" 10°m. All cases have reached a statistically-

steady state, and the computational data corregmpial a time of 1.Bn¢ is presented.
All cases match the pressure trace well up throtigh inlet region, including the
expansion fan at the entrance of the combustorosectCase3D-001 (which uses the
original geometry that was previously determinedéan error and discussed in Section
6.2) underpredicts the initial pressure peak inahmbustor section, but maintains good
agreement with the rest of the combustor shock.traCase3D-003 and Case3D-004
implement the correct geometry as presented in AgligeD, and the distributions show
significant improvement in the prediction of theitiml combustor pressure peak

compared with that of Case3D-001. The initial castbr shock peak improvement is
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expected, since the corrected geometry has larget wall angles, thus producing a
stronger shock system. For the same freestredowinfilues, the stronger shock system
would result in a larger static pressure rise. lighs improvement is observed using the
Refined-Grid (refer to Section 5.3.2) as comparéith the Baseline resolution. This is
due to the increased flow blockage associated witietter resolution of the sidewall
boundary layer. The rest of the combustor shaaik fis well matched for the corrected
geometry. All simulations tend to underpredict tlwzzle trailing shock train, with the
Refined-Grid case matching slightly better.

Figure 6.16 shows a representative temperaturdgydhe first virtual cell within
the walls for Case3D-004 at I'@. As previously described, the shock structure is
reflected in the wall temperature contours.

Although the simulation on the grid refined in thganwise direction (Case3D-
004) is slightly better at capturing the centerlipeessure trace, it does so at a
considerably higher computational cost (~1.4 tittes number of cells). Even so, the
Refined-Grid mesh is preferred over the Baselinesimir two reasons. First, the
Baseline mesh simulations take almost twice as lmngeach a statistically-steady
solution than do the simulations performed on tredirfed-Grid mesh. Second, the
corner region between the bottom and top wallsthadidewall plays a vital role in the
ignition and flame stabilization of the fuel-on silations. This is due to elevated
temperatures resulting from three-dimensional gattstructures in the corners, which
trap hot gases and transfer the heat toward the Widle Refined-Grid resolves these

features better due to the improved spanwise gfidement.
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Figure 6.16 Virtual Wall Temperature Contour for Case3D-004 at 1.0ns

Figure 6.17 compares the transient simulation, 82£04 at 1.%n¢ with two
steady simulations, Case3D-005 and Case3D-006. e30a805 implements the
isothermal ghost-cell wall boundary condition onl &balls, while Case3D-006
implements a 31 isothermal wall boundary condition. Figure 6.1ibws that all the

simulations resolve the inlet flow region and thgpansion fan at the entrance of the
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combustor very well. The isothermal case undelvesahe initial pressure peak in the
combustor, but captures the combustor shock teasanably well. The transient wall
simulation and the isothermal ghost-cell simulatiath capture the shock structure well,
with the transient-wall results being slightly leett Figure 6.18 presents the centerline
wall temperature distributions for all cases. Ttamsient wall and isothermal ghost-cell
wall cases show more realistic temperature pattemshat they capture the thermal
response of the wall due to shock reflections. aitbin the visualization of the shock
wave / wall interactions, Figure 6.19 and Figur206show detailed wall temperature

contour plots for Case3D-004 and Case3D-005 reispéct
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Overall, for the non-combusting fuel-off cases edexed, the computational
solution produced by a steady simulation applying isothermal ghost-cell wall
boundary condition may be more desirable than omelyzed by a fully transient
simulation, particularly if the technique can bepnoved further by imposing a more
realistic distribution dictated by the time-condtaanalysis, Appendix F. The
computational cost associated with a transient Isitimm may outweigh the slight
improvement in the solution compared with the syeanulation, which on average
takes one-third of the computational time to predresults.

In summary, the transient simulations using anrajestion rate of Orhs were
shown to have some discrepancies near the beginoiinthe time history of the
experimental data. The predictions quickly equilib with the experimental data and
eventually agree quite well with it. Turbulent Rdd number effects have been shown to
be negligible for three-dimensional simulationstjas for two-dimensional simulations.
The effects of geometric differences have beenagx@tl and identified. The simulations
performed on the corrected geometry result in betedictions of the peak pressure rise.
Sidewall grid refinement was shown to produce ghslimprovement in centerline
pressure predictions, but more importantly, impsogenvergence behavior and overall
solution robustness due to the improved resolutbrthe sidewall boundary layer.
Lastly, it was shown that for fuel-off simulatiorthe solution generated by the steady
simulation implementing the isothermal ghost-cekllwboundary condition is very
comparable with the statistically-steady solutiobtained from a fully transient

simulation with coupled conjugate heat transfehud it may be beneficial to implement
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an isothermal ghost-cell wall steady simulationheatthan a transient simulation,
especially if quick turnaround is required. Thetlermal ghost-cell boundary condition
might be improved by considering the time-constaralysis (Appendix F) more directly
in the determination of the effective temperatuistrihution and penetration within the

wall.

6.4 THREE-DIMENSIONAL FUEL-ON SIMULATIONS

The main focus of the fuel-on simulations is to destrate the ability of the
current numerical algorithm to predict the timeelgsed experimental measurements for
cases that lead to stable combustion and thosdetiditto engine unstart. A secondary
focus is to determine the applicability of steathtes solution procedures to the
simulation of scramjet combustion in a shock tunn&llso of interest is a numerical
investigation of the “radical-farm” effect which sx&been proposed to explain the auto-
ignition of the hydrogen-air mixture for the presescramjet configurations [38, 39].
Based on results discussed in Sections 6.2 and tle3,following parameters are
implemented in the fuel-on studies. For the tramisisimulations, the transient heat
conduction wall boundary condition is implementedhile for the steady state
simulations, either an isothermal wall or the isothal ghost-cell wall boundary
condition is implemented. For all simulations, thebulent Prandtl number is 0.9; the

inflow turbulence intensity is 5%; the inflow dipation scaling factor is 0.1%; the

minimum bottom wall grid spacing i5.0° 10°m; and the corrected geometry (Section

6.3) with the refined sidewall mesh is used, givenghinimum sidewall grid spacing of
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50" 10°m. The three-dimensional grid details are giveBéation 5.3.

The discussion will begin with a comparison of yttifansient centerline pressure

predictions with the experimental data set from Ru678 (Appendix D). Numerical

evidence for the “radical-farm” theory is then dissed. The effects of varying turbulent

Schmidt number, inlet air ingestion rates, andrtarwall boundary conditions on the

obtained results are then presented. Finally, migaleresults will be presented for the

transient unstart process experimentally observedRun #7680 (Appendix D).

Conditions for the three-dimensional simulationdRois #7678 and #7680 are tabulated

in Table 6.3 and Table 6.4, respectively.

Table 6.3 Three-Dimensional Fuel-On (Run #7678) Simulation Case List

Case Name BC | Sc; Alr lg%?ft'on
Case3D-007 | Transient| 0.9 N/A*
Case3D-008| Transient 0.9 N/A
Case3D-009| Transient 0.5 N/A
Case3D-010| Transient 0.5  05ms
Case3D-011| Transient 0.5 025ms
Case3D-012| Iso-Ghost 0.5 N/A
Case3D-013| 1s0-310K 0.5 N7A

"Fuel-only run,*No inlet air flow for fuel-only simulation,
§Steady Simulationi,lnfinitely fast rate
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Table 6.4 Three-Dimensional Fuel-On (Run #7680) Simulation Case List

Case Name BC | Sc; Alr lg%?ft'on
Case3D-01% | Transient| 0.9 N/A*
Case3D-015| Transient 0.5 05ms
Case3D-016| Transient 0.5  025ms
Case3D-017| Iso-Ghost 0.5 N/A
Case3D-018| Is0-310K 0.5 N7A

"Fuel-only run,*No inlet air flow for fuel-only simulation,
§Steady Simulation

6.4.1 Experimental Run #7678 Transient Comparison

As discussed in Section 5.4, the initial conditifmm the fuel-on simulations
begins with a transient simulation of the injectafrhydrogen into the evacuated engine
geometry over 0.B1s. The proper equivalence ratio is given in TablelGs are the pre-
test tunnel conditions within the scramjet modeThis simulation uses a turbulent
Schmidt number of 0.5 as suggested by previous y&)rkDue to the relatively long fill
time of 0.5ms, practically the entire domain is filled with hydyen for any equivalence
ratio, as shown in Figure 6.21. Figure 6.21 alkestrates the spherical shock front
resulting from injecting pressurized gaseous hyenofuel into a near vacuum back
pressure. To be consistent with the air and fojglction simulations that follow, the

fuel-only transient simulation also utilizes thartsient wall boundary condition.



Figure 6.21 Fuel Initial Condition for Fuel-On Simulations of Run #7678

Once the fuel initial condition is attained, thansient simulation is continued by
proceeding to linearly vary the inlet air flow ovarpredetermined time, Figure 5.9.
According to Table 6.3, three air ingestion rates iavestigated for Run #7678 in the
present study. However, the discussion will omguis on Case3D-011, the 015 air
ingestion case which utilizes the transient heataotion wall boundary condition and a
turbulent Schmidt number of 0.5, as it produces Hest comparison with the
experimental data. Results for the other air itigegates will be discussed in the next

section.
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The centerline pressure trace comparison for Ca€d3Dis shown in Figure
6.22. The figure shows centerline static pressiis&ibutions at intervals of 0.128«¢,
starting at 0.6ns and extending to 2.3Bs. The first 0.6ns shows a flat centerline
pressure measurement and corresponds to the miciraage in static pressure resulting
from the fuel injection. The next snapshot showesihlet shock structure developing as
the air is ingested. A slight overshoot of pressisrobserved at the 0.8& interval,
although the general starting trend is well prestict As the simulation proceeds, the
initial large spike seen in the 0.86 snapshot begins to dissipate and move out of the
scramjet exit. Pressure predictions over the tintervals from 1.1@ns to 1.60ms
compare well with the experimental data. The tinterval from 1.72%ns to 1.975ns
shows a gradual decrease in the combustor prelelestarting from the entrance and
moving toward the exit. This trend is also obsdrvethe experimental data, as the flame
front begins to stabilize. For the last time imgdrof 2.10ms to 2.35ms, the simulation
shows the flowfield reaching a state where the agstdy pressure level becomes steady.
Overall, the final frame att= 235ms shows a well-matched comparison with
experimental data, even though some differenceslagerved in the initial parts of the
time history. Since the experimental data has rerttevariability in the pressure
measurements even for a “statistically-steady” temhu(see Appendix D), the temporal
variation of the experimental data must be includeddetermine if the prediction
produced by the numerical simulation is an accurapeesentation of the experimental
centerline pressure. To that end, Figure 6.23tihies the centerline pressure profile

from Case3D-011 compared with the experimental ttata Run #7678, but including
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the temporal variation bars discussed in Appendix Figure 6.23 shows that the inlet
pressure profiles are well matched, although thabestor entrance pressure profile is
slightly underresolved. Significant heat releaseuos near the middle of the combustor
in both the experiment and the computation. Téievidenced by the almost doubling in
pressure level from that of the combustor entraamakis a result of a thickening of the
boundary layer due to volumetric expansion of costbn products (see inset

temperature contours in Figure 6.23). The experialedata suggests that this
volumetric expansion is more abrupt, leading torgjer pressure gradients, while the
simulation indicates a more gradual heat-releagterpa The pressure levels at the exit
of the combustor and in the nozzle section ardtigoverpredicted, but the predictions
are within the experimental variation. Figure 6&80 shows the centerline shock
structure, static temperature contours and hydroaglical mass fraction contours for
t = 235ms. The hydroxyl formation is representative of flaene front, which is shown

to be anchored at the front of the combustor sectidhe flame front is lifted from the

combustor surface and propagates as a three-diomahdlame sheet throughout the
combustor section as shown by hydroxyl radical (@Bijitours in Figure 6.24. The

flame is localized near the wall and does not ceteh propagate across the vertical

extent of the combustor.



. 0.725m
0.0- 060ms ) S
600000 ‘GUOOOO F
2 w
£ g
@ 500000 [~ @ 500000 -
5 5
: :
& 400000 £ 400000 F
L E]
5 3
3 a00000f- & 300000
2 2
200000 - & 200000
£ =
3 8
100000 [~ 100000 [~
—rf/\ELED
N A 0 i s A
02 03 4 05 06 01 02 03 04 05 06
x{(m) x(m)
700000 700000
0.975ms 110ms
600000 600000
500000 - 500000 =
400000 400000 -

Centerline Static Pressure (Pa)

300000

200000

300000

200000

Centerline Static Pressure (Pa)

100000 100000
1 1 1
% 0.1 0.2 0.3 0.4 05 06 o
x{m)
700000 - 13&]’] S 700000
600000~ 600000 -
© T
= [
@ 500000 - @ 500000
5 5
g :
& 400000 & 400000
H g
5 a00000F 3 300000F
o [} @
£ £
& 200000 O S 200000
£ T
o o
o o
100000 |- 100000 |-
'—EEI\ETE\ —J-B-l\{j
1 1 1 1 1 1 L 1 1
o ] 0.2 03 04 05 06 0 01 02
x(m)
T 1.725ms [
600000 - 600000 -
T T
=) =)
© 500000 - © 500000 -
5 5
2 @
& 400000 & 400000
L L
3 3
i 300000 - & 300000 -
& 200000 & 200000 -
5 g o
Q Q hen ]
100000 100000 |-
0 1 | 0 1 1 1 | | |
01 0.2 03 04 05 06 01 02 03 "~ 04 05 06
iy Vi
700000 - 700000 -
210ms 2.225ms
600000 - 600000 -
= T
=) )
© 500000 - @ 500000
5 5
@ a
£ s00000F £ 00000 F
L L
3 8
& 300000 - & 300000 -
H 2
= oD = 0
& 200000 - O & 200000 o 4y
g 5
o 3 o u]
100000 |- = 100000 |-
0 1 1 1 1 1 1 0 L 1 1 1 1 1 1
01 0.2 03 04 05 06 01 02 03 04 05 06
x{m) x(m)

Figure 6.22

Centerline Static Pressure (Pa)

Centerline Static Pressure (Pa)

Centerline Static Pressure (Pa) Centerline Static Pressure (Pa)

Centerline Static Pressure (Pa)

152

700000

085ms

600000 i
500000
400000
300000
200000

100000

700000 -

600000

500000 [~

400000 -

300000

200000

100000

1
04

!
0.2

0 01 03 05 06
x(m)
700000
160ms
600000 |-
500000
400000 |
300000
200000 r%iz{
oo
0 u]
100000 -
o ST 1 | 1 | 1
01 02 03 04 05 06
x(m)
T 1.975m
600000 |-

500000
400000
300000 ;
200000

100000

500000 [~

8
g
s

T

300000

200000 -

oAl
0n fu} L
= il
100000 L
0 L 1 1 1 1 1
02 03 04 05 06
x(m)

Centerline Pressure History for Case3D-011 (Run #7678)



3000004
2500004

2000004

150000- Nozzle
Inlet E}% % :l; %
T

Static Pressure (F

500004

Combustor

0 T T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60

x (m)

You

0.020
0.019
0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.010
0.009
0.008
0.007
0.006
0.005

153

TIK]

2500
2347
2193
2040
1887
1733
1580
1427
1273
1120

813

507
353

Figure 6.23 Centerline Pressure Comparison for Case3D-011 versus Expeental

Run #7678



154

Figure 6.24 OH Mass Fraction for Case3D-011,= 235ms (Run #7678)

A key focus of the present research is to numdyidalvestigate combustion
initiation and stabilization within the scramjetogeetry of Ref. [38], which utilizes
“forebody fuel injection”. The main intent of tHerebody fuel injection concept is to
pre-mix and pre-heat the fuel-air mixture beforeefiters the combustor, effectively
shortening the required length of the combustol.[3%his idea is predicated on the
notion that the fuel penetrates through the boynidger and is able to use the horseshoe
vortices generated by the injection process, as$ agelbaroclinic vorticity generation
through shock interactions, to enhance the rateixihg with the air stream. The current
study corroborates previous numerical simulatioe$gomed by Mudford et al [36] that
showed the fuel does not penetrate in the corsti@am; rather, it stays in the boundary

layer very near the walls. Figure 6.25 illustrateat, although the fuel jet initially
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penetrates through the inlet ramp boundary layes, fuel is turned toward the wall
downstream of the initial shock impingement poimdl aesides within the boundary layer

before partially combusting midway through the costimn chamber.
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Figure 6.25 Streamlines of Hydrogen Fuel Penetration

The current experimental data suggests that theipeel fuel and air streams
could produce significant heat release in the catdsusection through a process called
“radical-farming”, even for core air temperaturassufficient to sustain complete
combustion. Previous simulations [36] have beeablento substantiate this theory.
Although slightly different than experimentally fothesized, the idea of a radical-farm is
supported by the current study. Odam and Pau]ll§@9ed their theory on the idea that

the flow is at least partially premixed before iters the combustor due to fuel
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penetration into and mixing with the air stream.support of this hypothesis, the current
simulations show that before the inlet core awflwas fully reached its freestream value,
the fuel penetrates fully into the domain. Butantrast, the simulations show that once
the air has reached its freestream value, thejétied forced over and penetrates only as
far as the outer edges of the boundary layer. Ttmasidea of pre-mixing a significant
portion of the core flow before the combustor emte plane is reached is not
corroborated by the current simulations. HoweWeese simulations reveal a slightly
altered fuel-air delivery and mixing method thasisl consistent with the radical-farm
theory and leads to eventual combustion initiatiod subsequent stabilization. To assist
in visualizing the combustion process, time hig®rof contours of hydroxyl mass
fraction, Mach number, and centerline static presswe included in Figure 6.26, Figure

6.27, and Figure 6.28 respectively.
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Figure 6.26 OH Mass Fraction History for Case3D-011 (Run #7678)
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Figure 6.27 Mach Number History for Case3D-011 (Run #7678)
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Figure 6.28 Static Pressure History for Case3D-011 (Run #7678)

As the fuel stream is bent over by the incomingecar stream, the fuel and air
are allowed to mix within the outer part of the hdary layer. This fuel-air mixture has
yet to reach its auto-ignition temperature and megd migrate downstream and toward
the corner between the bottom wall and sidewally tlBe time this fuel-air mixture

reaches the combustor entrance, two small rectionla&zones have begun to form
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slightly inside the entrance of the combustor sectFigure 6.29. The first recirculation
zone is oriented about the centerline, and extemtis about 2 fuel hole widths in the
spanwise direction and is formed from the firstadhoeflection off the combustor wall,
Figure 6.28 {=0.875ms). Just aft of the reflection point, the temperatis well over
the ignition temperature for hydrogen of 1K7Qiven by Mudford et al [36] at these
conditions. The second recirculation zone is ledatlong the corner between the bottom
wall (and top wall) and the sidewall and is a copussce of the wall boundary layer
interactions. The recirculation zones start ousesll regions of very slow-moving,
high-temperature (above 1IKPflow. Then as the heat-release increases, #es sif
these recirculation zones increase due to volumetxpansion. This expansion then
increases the recirculation zone size. Figure 8®ivs some detailed time history plots
of Mach number contours superimposed with iso-amst@f zero velocity flow which
characterize the recirculation zones. As suchfitberegions of radical formation are at
the combustor entrance plane, within recirculategions located downstream of the fuel
injection and also within the recirculation zonedted at the junction of the bottom wall
and the sidewall t(= 0.850ms and t =0.875ms). The recirculation zones pull high
temperature air into the fuel-rich boundary laykereby igniting the pocket of reactants.
Stronger shock interactions due to the startingcgse lead to higher pressures and
temperatures, enabling the individual regions ghhiadical concentration to merge with
one another. To that end, Figure 6.28 illustrélbed the centerplane static pressure is
strongest from 0.850sthrough 0.90s and gradually weakens thereafter. Due to the

small extent of the recirculation zone and the slesidence times, the combustion does



161

not progress to completion. Just as the radicat-féheory suggests, the radicals
generated in these recirculation zones are tratexpalownstream within the boundary
layer until concentrations have increased to thmtpthat the dominant heat-release
reactions commence. Thus, in the context of shiodiieed combustion of a premixed
stream, this period of radical growth can be vieveesdthe induction period. Once
significant heat release occurs (near the middl¢hefcombustor), the boundary layer
thickens due to volumetric expansion. The exceskdnd reaction products move away
from the wall and merge to form a more uniform spige reaction front as shown in

Figure 6.26 { = 0.975ms,1.35ms and 235ms).

Centerline
Recirculation Zone is only

~2 Fuel Hole Diameters Wide Corner Recirculation Zone

Figure 6.29 Combustor Entrance Recirculation Zone (Run #7678)
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6.4.2 Experimental Run #7678 Parametric Studies

Since the turbulent Schmidt number only affects tilmbulent diffusion terms
(Egs. (2.6.4) and (2.6.6)) which relate primarity mixing of chemical species, an
assessment of the effects of changes in this duasticonsidered in this section. As
shown in Table 6.3, values of 0.9 and 0.5 are t@isethe turbulent Schmidt number in
two different cases, Case3D-008 and Case3D-009etermdine its impact on the
centerline pressure predictions. The two simufstiomplement the transient heat
conduction wall boundary condition and do not véry inlet air ingestion rates (Figure
5.9). Both simulations are advanced in time wagproximately 2.5¢, and both reach a
steady-state solution around M8, similar to Case3D-011. Figure 6.30 shows the
centerline pressure profiles compared to the R&7&2xperimental data for two choices
of the turbulent Schmidt number. Also shown féustration purposes is the numerical
shock structure for Case3D-009. The only meanirdjfference in the two solutions lies
in the overall combustor pressure level. The dgheosmaller turbulent Schmidt number
results in a slightly higher pressure level, inth@of more overall heat release. Such an
influence is expected since the turbulent Schmiginimer is the measure of relative
importance of turbulent momentum transfer to tuebtiimass transfer. Thus, a smaller
ratio implies that mass transfer due to turbulatgractions will increase, which leads to
enhanced mixing of reactants. Provided that agridion occurs, this usually translates
into increased heat release, as the local reactantposition becomes nearer to

stoichiometric. Therefore, the choice 8, =  @d@r the previous transient analysis of

Case3D-011 is an appropriate choice considerirsgathd previously validated work [8].
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Figure 6.30 Centerline Pressure Traces foBc, Analysis for Fuel-On Run #7678

(3D Calculations)

The second parametric study focuses on differennoeshe wall boundary
condition implementation. Analogous to the fudl-simulation study, two steady-state

fuel-on simulations are compared with the transieet-on simulation detailed above,
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Case3D-011. The steady simulations utilize thehesonal ghost-cell wall boundary
condition, Case3D-012, and the isothermal wall lolauy condition, Case3D-013.
Figure 6.31 compares experimental data with théeckeme pressure profiles for Case3D-
012 and Case3D-013 and the statistically-steadytisal of Case3D-011. Below the
centerline pressure profiles is the correspondimagls structure plot for each simulation.
Results from the isothermal ghost-cell wall simolatcompare well with those from the
transient simulation and show only slightly lesegsure rise within the combustor
section. However, the isothermal wall case demmatest a substantial reduction in
pressure level throughout the combustor sectiontands to show that the combustion
front is stabilized further downstream than theeotbases and the experimental data
indicate. The reduced extent of combustion is tduacreased heat losses to the walls.
The numerical shock structure contours also indieatveaker combustor shock train for
the isothermal wall simulation. Table 6.5 showattthe combustion efficiency (see
Appendix H) of the isothermal wall is less than tiker two cases, further reinforcing
the conclusion of a less intense flame front fa idothermal case. Figure 6.32 shows
centerline temperature profiles and temperaturgéocms on the bottom wall for all three
cases. The temperature distributions shown inrgigu32 generally follow the same
pattern as the centerline pressures (Figure 6r81)at the temperature peaks when the
shock waves impinge the wall; however, unlike thel-foff simulations, the temperature
distribution along the bottom wall is not only an@ion of the shock wave / wall
interactions. Previously, it was shown that thetedine wall temperature distributions

for fuel-off simulations implementing either tharnsient wall boundary condition or the
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isothermal ghost-cell boundary condition were dlyea consequence of the shock wave-
wall impingements, as shown by comparing Figurgd @&idd Figure 6.18. For the fuel-on
calculations, both shock wave / wall interactiomsl deat release due to combustion
influence the bottom wall temperature distributionThe temperature distributions
(especially visible in the bottom wall temperataoatour inset of Figure 6.32) generally
match the outline of the flame front, Figure 6.2&oreover, Figure 6.32 shows a
pronounced increase in wall temperature near thieecoof the bottom wall and the
sidewall, corresponding to the corner heat relehserved in Figure 6.24. Also, the hot
region in the corner between the bottom wall aredsidewall is less pronounced for the

isothermal ghost-cell boundary condition.

Table 6.5 Exit Plane Combustion Efficiency for Simulations of Run #7678

Case Name BC h.
Case3D-011 Transient 90.5%
Case3D-012 Iso-Ghost| 90.3%
Case3D-013 Iso-310K 88.9%
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Figure 6.31 Centerline Pressure Traces for Wall Boundary Condition Angkis for

Fuel-On Run #7678 (3D Calculations)
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The last parametric study concentrates on diffengliet air ingestion rates and
their effects on the subsequent transient solutidivgo inlet air ingestion rates have been
previously discussed; a case with infinitely fastiagestion, Case3D-009, and a case
with a 0.25n¢ ingestion rate, Case3D-011. Both yield steadiesalutions. Due to the
difficulty in determining the exact inlet conditisnn any shock tunnel experiment, the
effects of the slower ingestion rate of % are investigated in Case3D-010. Figure 6.33
shows the centerline pressure predictions and ssiwakture contours for infinitely fast
air ingestion, 0.2f¢ air ingestion rate and Onmd¢ air ingestion rate. All three cases
implement the transient wall boundary condition aisd a turbulent Schmidt number of
0.5. Both the infinitely fast air ingestion an®®ms air ingestion rate cases produce
nominally the same solution aftet.5ms, with only a very minimal difference in
combustor exit pressure. However, the slowerrgjestion rate (plotted dt= 254ms),
produces significantly different results. In faCase3D-010 actually unstarts, indicating
that the engine starting process is profoundly igeitg to the modeled rate of air
ingestion. Since the experimental Run #7678 preslacstatistically-steady solution, it is
meaningless to compare it with the computationah dar this case. Therefore the
discussion is deferred until the following sectwhich will focus on simulations of an

experiment that also leads to engine unstart.
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6.4.3 Experimental Run #7680 Transient Comparison

As previously shown for Run #7678, the numericahwdations display a
significant sensitivity to the modeled rate of a@gestion with some ingestion rates
leading to flowpath stability and others leadingetmine unstart. Thus, it is necessary to
simulate an experiment that undergoes an unstaceps. To that end, experimental data
set Run #7680 is investigated herein, AppendixTable 6.4 labels the cases performed
toward this end.

As previously discussed and in accordance withetkgerimental fuel control
system, the initial condition for the fuel-on siratibns begins with the transient injection
of hydrogen fuel into the evacuated geometry. flleeonly run fills the scramjet model
with gaseous hydrogen for Grs. The only significant change in run conditionsnfr
Run #7678 is an increase in the overall equivaleatie, from 0.51 to 0.59, Table C.11.
To establish ingestion-rate sensitivities for tmstart data set, Run #7680, two different
inlet air ingestion rates were analyzed. A setstd#fady-state calculations was also
performed (Table 6.4).

Similar to the results found for the numerical siations of Run #7678, Run
#7680 is also sensitive to the modeled air ingastades. Figure 6.34 shows the final
centerline pressure traces for a transient sinmratvith a 0.9n< air ingestion rate
(Case3D-015), a transient simulation with a @r25ir ingestion rate (Case3D-016), and
two converged steady-state simulations, Case3Ddii¥ Case3D-018. Case3D-017
implements the isothermal ghost-cell wall bounda&ondition, while Case3D-018

implements a 31K isothermal wall boundary condition. Figure 6.3%bws that the
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faster ingestion rate of 0.P&, and the steady-state cases all produce a steady
combusting solution. Only Case3D-015 with the €lo®@.5ms air ingestion rate results

in an unsteady unstart process. Although not ptedein detail here, Case3D-016
follows the same ignition and flame stabilizatiorogess previously examined for
Case3D-011 in Section 6.4.1. These cases furgiforce the previous conclusions that
the numerical simulations presented herein arelyhggnsitive to the modeled rate of air

ingestion.
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Figure 6.34 Centerline Pressure Traces for Different Inlet Air Irgestion Rates for

Run #7680 (3D Calculations)
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The transient simulation that best matches the rempatal centerline pressure
data for Run #7680 is Case3D-015 which uses thiveeslmodeled rate of air injection of
0.5ms. Figure 6.35 shows centerline pressure trace€&se3D-015 over a temporal

span of 2.72&s. The time history starts at r@ with intervals of 257 until 1.10ms,

where the interval increases to M8 The initial time frames show that the simulation
results lag behind the experimental data, but WOrhs, the predictions and the
experimental data agree well. As described in Adpe D, there were large
inconsistencies in the readings for the last prest&ap located on the second inlet ramp,
x=0.196m (see Figure 4.5). The data-sampling instrumesmatruncates pressure
values that go beyond the limits of the presswestiucers. The pressure tap located at
x =0.196m had to be eliminated from the data reduction dua karge time span where
the pressure readings were truncated. This i€ quifortunate for the data comparison,
since as shown in Figure 6.35X105ms), the largest pressure spike in the predicted
distribution is located near the end of the secomet ramp. Since thex=0.196m
pressure tap is truncated, it is reasonable tonasshiat a very large pressure value would
have been recorded, if instrumentation calibratechigher pressures had been used. As
the simulation progresses, the peak pressure s$eef5ms begins to decrease, and the
simulation resolves the pressure trace well. Atuad the 1.781¢ time frame, the
pressure peak located near the combustor entrapgensbto propagate forward,
indicating the onset of unstart. This large presqeak, associated with a normal shock
wave, continues to propagate forward up throughfi&@ simulation time frame of

2.725ms. Once again, the experimental data does not shush a large pressure
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reading; rather, the pressure readings have beswcated. Overall the numerical
simulations match well with the experimental da@en that the modeled air ingestion
process is unavoidably inaccurate. Although th@eerental and computational
centerline pressure traces show the onset of wnsi@ exact process leading to this
phenomena is not easily explained based solelyhmndata. Numerically generated
contours of key variables can be used to betteenstahd the process leading up to

engine unstart.
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Figure 6.35 Centerline Pressure History for Case3D-015 (Run #7680)
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Figure 6.35 (Cont) Pressure History for Case3D-015 (Run #7680)
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Figure 6.36 and Figure 6.37 show a time historthoée-dimensional multi-slice
views of contours of hydroxyl radical mass fractimd Mach number overlaid with a
recirculation zone iso-contour. Figure 6.38 anduFé 6.39 show a side view time
history of the centerline contours of static tenapare and static pressure, respectively.
Since both shock wave interactions and combustifattachanges in temperature, the
hydroxyl mass fraction is included to help detemnwwhere the heat release due to
combustion is occurring and to help clarify thefetiénce between a temperature rise due

to combustion and a temperature rise due to shasie \whysics.
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Figure 6.36 OH Mass Fraction History for Case3D-015 (Run #7680)
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Figure 6.37 Mach Number History for Case3D-015 (Run #7680)
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Although the combustion ignition location for CaBe@15 is similar to Case3D-
011, in that it occurs in the entrance region of tombustor section, the flame
stabilization process is significantly differenRecall that in Case3D-011 (Figure 6.24)
ignition occurs in the corner between the bottonil wad the sidewall, and the flame
propagates through the recirculation zone presenigahe combustor entrance corner.
The faster inlet air ingestion rate of Case3D-0d&sdnot allow the hydrogen and air to
mix properly outside of the outer edge of the bauwgdayer. In fact, the mixture
propagates downstream within the boundary layeowaghly the same rate as the initial
inlet shock structure forms. Thus, the transmitbtique shocks emanating from the
first inlet ramp and the fuel injection bow shoakrh the opposite wall (point D of
Figure 6.2) reach the corner of the combustor an&at roughly the same time as the
fuel-air mixture. This is illustrated in Figure26. and Figure 6.28. Figure 6.28 shows
that att = 085ms the transmitted shock structure from the oppos@dl impinges the
fuel-air mixture at the combustor corner. Alsayu¥e 6.26 reveals that at 085ms the
OH mass fraction peaks near the combustor corrdicating the fuel-air mixture is
locally stoichiometric and the temperature rise tmehe shock wave impingement is
high enough to promote heat release. Unlike CasE3Dwhere ignition occurs in the
corner between the bottom wall and the sidewal§e3B-015 ignites in the center of the
flowfield first, Figure 6.36 {=1.025ms). The delayed air ingestion of Case3D-015
allows for the mixture of reactants to diffuse otithe boundary layer edge further and to
propagate to the combustor entrance faster tharshibek structure develops, thereby

forcing an ignitable mixture well into the combustentrance. Generally, the local
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temperatures behind the centerline shock stru¢hatintersects the combustor wall are
well above the auto-ignition temperaturel{K ) for hydrogen-air mixtures at these
conditions, Figure 6.38t(= 100ms). Thus, as the complex inlet ramp shock begins to
reflect from the centerline, Figure 6.3951.025ms), the local temperature and local
mixture equivalence ratios are appropriate fortigni The flame front then proceeds to
extend downstream and begins to diffuse into thraexcflow regions. A large pressure
and temperature rise occurs near the center afdhmbustor entrance plane, Figure 6.39
(t =1.025- 1.050ms), and as the corner combustion zone developsgea [aessure and
temperature rise occurs near the wak(.050ms). This is in contrast to Case3D-011,
where the large pressure and temperature spikenmagly located near the combustor
wall, Figure 6.28 {=0.875ms). As described previously, the fuel-air mixturer f
Case3D-011 is then frozen due to a decrease ilothétemperatures resulting from the
expansion fans following the shock wave / boundamger interactions. The frozen
mixture is then propagated downstream to a locatioare suitable for flame
stabilization. However, for Case3D-015 the mixtnever freezes. In fact, for Case3D-
015, the large center-plane pressure rise resuftmgp a combination of intersecting
shocks and combustion-induced volumetric expansibthe boundary layer, coupled
with the wall pressure rise, precludes the comglaxsmitted shock structure from
impinging upon the combustor wall. Rather, thengraitted shock structure impinges
upon the recirculation zone formed at the cornerth&f second inlet ramp and the
combustor entrance, Figure 6.38=(110ms). As the combustion intensifies, the

boundary layer grows further, effectively chokirg tflow near the combustor entrance
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and resulting in the formation of a normal shodkuFe 6.39 { = 1.75ms). The normal
shock thereby limits the mass flow, and increabesdownstream pressure to a point
where the entire shock system begins to propagasedeam. As the shock structure
travels upstream, the recirculation zone on thet irdmp further enlarges due to stronger
shock wave / boundary layer interactions, therabyhér reducing the effective flow
area. This further limits the mass flow, as shawfkigure 6.40. This chain reaction is

the process by which the scramjet model unstarts.
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Figure 6.38 Static Temperature History for Case3D-015 (Run #7680)
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Figure 6.39 Static Pressure History for Case3D-015 (Run #7680)
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Figure 6.40 Mass Flow History Comparison for Unstart (Run #7680)

6.4.4 Alternate Ignition Scenario

The following discussion focuses on an alternatétimn scenario, one that was
not investigated by the University of Queenslarngeagchers. In fact, the short testing
time allowable in a shock tunnel experiment preetuduch a study. The ignition
investigated follows a path more physically redligain actual atmospheric testing
situations and accounts for actual scramjet operatimodes [21]. Proposed scramjet
engines (see Ref. [46]) have a uniquely differgnition scenario than currently feasible
to test in shock tunnels. Scramijets, attachedypeivelocity vehicles, are designed to

provide propulsion once a certain altitude and sigjaare attained. Reaching these flight
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conditions is often the consequence of other psipualdevices (e.g., turbo-jets, ramjets,
rockets). As such, the scramjet engine may beatipgrat fuel-off conditions until the
proper flight conditions are reached, where thd fueuld then be injected into the
engine. The results presented next examine thistgin. Since the transient heat
conduction boundary condition has consistently shdle best results thus far, it is
implemented for the current investigation. The eugal calculations (Case3D-019, see
Table 6.4) start with the fuel-off conditions fouR#7680, Table C.11. The air ingestion
rate is 0.5hscorresponding to the previous fuel-off calculatigesented in Section 6.3.
Once the fuel-off flowfield has reached a statahesteady solution, the fuel is injected
into the domain at the conditions prescribed fon Bd680.

Although no experimental data corresponds to adéfetondition of Run #7680,
Run #7675 centerline pressure data can be usedldsetration purposes since the
freestream conditions are similar between the tases (Table C.11). Figure 6.41
illustrates the time history of the centerline wsthitic pressure profile starting ahand
ending at 0.62%s for fuel-off Case3D-019 versus experimental datemf Run #7675.
The predictions are similar to the transient fuélemmparisons discussed in Section
6.3.1. Initially, the predicted pressure spikedigative of a shock tunnel blow-down lag
behind the experimental data. The initial presqgaks in the experimental data form
faster and have larger magnitudes than the nunh@lata. As the simulation progresses
to 0.30ns the initial pressure peaks of the predictiongrbégincrease, and by Oristhe
simulation matches the experimental pressure prdfiite well. The final time frame of

0.625ns illustrates the statistically-steady solution bé tcalculations. The numerical
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simulation is allowed to continue untihiy but the predicted pressure profile does not
change from that presented at 0825 Figure 6.42 shows the statistically-steady
experimental pressure profile plot for Run #767Esue the predicted centerline pressure
profile for the transient simulation at the fuef-Blun #7680 conditions. Considering that
the experimental freestream conditions are sligtittierent for these two data sets, the
centerline pressure predictions compare well vhth éxperimental data. A key point is
that the same shock wave / expansion fan strugyseesent for both cases and as such,

the flowfields are similar.
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Figure 6.41 Centerline Pressure History for Case3D-019 (Run #7680), Fuel-Off

Conditions
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Figure 6.42 Centerline Pressure Trace for Case3D-019 (Run #7680), Fuel-Off

Conditions versus Run #7675 Experimental Data

Using the ins solution of the fuel-off Run #7680 transient siatidn as the
initial condition for a fuel-on simulation, the btsient simulation is continued. Figure
6.43 describes the time history of the centerliladl static pressure profile for the fuel-on

Case3D-019 calculation over a time of 0.885 The time labels for Figure 6.43
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represent the fuel-on time only; therefore, thaltetimulation run-time corresponds to the
listed time labels plusmis Corresponding to the bow shock resulting fromitijection

of the fuel, the pressure spike located at apprataiy x = 0.1m is present at 0.0285
while the remainder of the pressure trace mainttiesfuel-off profile given in Figure
6.42. By 0.0|s the predictions suggest that the transmittedgtrem bow shock from
the opposite wall begins to impinge at the combusitwrance corner, and at 0.07&the
inlet region shock profile is well established. eThumerical calculations indicate
ignition occurs in the separated boundary layeuded by the fuel stream penetration.
Similar to the stable combusting flowfield discusspresented in Section 6.4.1, the fuel-
air mixture is frozen and propagated downstreans. thee fuel-air mixture reaches the
combustor corner, the flame front is anchored agdificant heat release is realized

further downstream as discussed earlier (Sectidri)pand as suggested by the radical

farm theory. From 0.278s until the last time frame shown, the combustortisac
pressure level continues to settle, and becomasd\stey the last time frame of 0.67S

To ensure the predictions are statistically-stedly, transient fuel-on simulation was
computed for a total ofris past the fuel-off initialization, giving a totaihsulation time

of 2ms Figure 6.44 compares the centerline pressurdgwdor the statistically-steady
solution of Case3D-019 with those of Case3D-01l6ecaR that Case3D-016 uses a
slower air ingestion rate for the simulation of tipeoper fuel-on shock tunnel
experimental data set, Run #7680. This sloweriragestion resulted in a stable
combusting flowfield. For the transient simulasothat predict a statistically-steady

combusting solution, Figure 6.44 illustrates thg two centerline pressure contours are
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well matched. Due to the starting differenceshiese cases, the pressure profiles are not
identical, but would appear to approach the samstglgtion given enough time.

It was suggested in Section 6.4.3 that the locatioth perhaps intensity of the
initial pressure spike for the fuel-on simulatioms)ich is due to a combination of heat
release and the transient inlet section shock fooms, is a leading factor in determining
whether a calculation predicts stable combustiomnalergoes an unstart process. To that
end, Figure 6.45 describes the locations of th@lmressure spike for three simulations
of Run #7680. Recall, Case3D-015 and Case3D-0p&iment the experimental startup
and fuel injection of the shock tunnel experimeatsl that the former predicted an
unstart process while the latter predicted a steamtgbusting flowfield. The pressure
spike associated with Case3D-015 occurs atmis@nd appears near the middle of the
second inlet ramp. The pressure spike for Casel3e@curs at 0.88sand appears near
to the combustor entrance. A corresponding presstafile is given for Case3D-019 at
0.3ms (fuel-on time only), although the pressure levale much lower. Figure 6.45
shows that the pressure spike for Case3D-019 qgmnelng to combustion ignition is
roughly half the level of the combustor sectionsgtge once the combustion process has
stabilized. In fact, Figure 6.41 shows that thespure spike at 0.8%for the initial fuel-
off calculation of Case3D-019 is almost twice theagmitude of any pressure
measurement for the subsequent fuel-on calculatidthough the initial pressure levels
and the ignition scenarios are very different, bGdse3D-016 and Case3D-019 show

very similar statistically-steady pressure disttitos.
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Figure 6.43 Centerline Pressure History for Case3D-019 (Run #7680), Fuel-On

Conditions
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Just because the simulations predict that a stafigtsteady combusting solution
can be obtained in approximatelgn@does not imply that experimental tests conducted

in shock tunnels could implement this altered ignitscenario. Recall that the fuel-off
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shock tunnel data presented, Appendix D, does euathr a statistically-steady solution
until closer to 4ns which would leave insufficient time for fuel imggon and sustained
combustion to be realized.

In summary, the engine model does not appear toahgrally unstable at this
equivalence ratio. Thus, an actual engine wouldtiermally choke, but would yield
stable combustion if a different starting processla be utilized. Two different fuel-on
simulations for Run #7678 and Run #7680 have sheemsitivity to the modeled rate of
air ingestion employed in the present study. Qe ingestion rates do not allow the
engine to start, but if the engine does start,stieady solution, does not appear to be
dependent on the path taken. The engine procesdbeanodeled as either a time-
dependent calculation with the proper air ingestimethod or as a steady-state
simulation. It has also been shown that if thd fuas injected into a well established

fuel-off flowfield, that nearly the same steady dmmsting solution could be achieved.
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7 CONCLUSIONS

Three-dimensional calculations of reactive flowd®lwithin a scramjet-like
device incorporating hydrogen fuel injection intbetinlet air stream have been
performed, and the results have been comparedprgitsure measurements obtained in
the University of Queensland’s T4 shock tunnel.e nedictions for both fuel-off and
fuel-on conditions were observed to be sensitivéhto choice of the wall temperature
boundary condition. Overall, setting the wall tergiure to the pre-test tunnel
temperature consistently produced the poorest matithexperimental data. The best
match was achieved through the implementation obrgugate heat transfer approach
that involves the time-dependent coupling of thee-dmensional heat conduction
eqguation within the geometry with the evolving i@ flow simulation. This approach
is able to predict heat loads on the walls of tbeamjet model due to shock wave
interactions and due to heat release. As sudh aible to more accurately represent the
physical temperature response of the engine moA&do shown to produce very good
agreement with the statistically-steady experimedéda is a wall boundary condition
based on a simplification of the time-dependentjugate heat transfer boundary
condition. This boundary condition is applicalbetihe steady-state simulations of short
duration shock tunnel experiments. This simplifiiedindary condition assumes a linear
temperature distribution within the wall based ba éffective depth that an applied heat
load would penetrate, thus, it also allows the @oiall temperature to vary in response

to the applied heat load. Since it is based otingethe ghost-cell temperature to a
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constant, it is called the isothermal ghost-cellrmtary condition.

Fuel-off results showed a marked improvement imlsg shock locations and
pressure levels when the time-dependent heat cboduequation was used as a wall
boundary condition. Also, it was shown that foelfoff simulations, the solution
generated by a steady-state simulation implementiney isothermal ghost-cell wall
boundary condition was very comparable with theistteally-steady solution obtained
from a fully transient simulation with coupled heainduction within the walls. Further
refinements of the isothermal ghost-cell tempeetuwundary condition could lead to
even better agreement.

When integrated in a fully time-accurate manneg, ftrel-on simulations showed
a striking sensitivity to the modeled rate of amgestion into the engine. For
experimental data that showed steady combusti@nfrénsient simulations resulted in
either a steady combusting solution or a progressiward engine unstart, depending on
the modeled rate of air ingestion. Also, for expental data that showed an unsteady
thermal choking event leading to eventual unsthd,transient simulations were able to
predict both unstart and steady combustion, onegnadepending on the air ingestion
rate. Slower ingestion rates lead to longer mitinges, which tend to result in choking
at the combustor entrance and eventual unstarstefFagestion rates did not allow
combustion to occur in the inlet section and evalhtwyielded a steady-state solution.
This level of sensitivity is not seen in the experntal tests. In all cases, the modeled air
ingestion process is an approximation of the aaMpkerimental process, in that uniform

conditions are imposed as linear functions of tower the inlet plane. Only simulations
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of the complete blow-down of the shock tunnel wquidvide a better model.

Thus, the prediction of engine operability limitzsied on design parameters such
as fuel equivalence ratio and inlet contractionorahay be overly conservative for
scramjet engines that use forebody fuel injectidnonly shock tunnel results are
considered.

Lastly, the computational predictions provide supplor the “radical-farm”
theory, proposed to explain auto-ignition of thedtogen stream at low flowpath
contraction ratios. In the calculations, continsiaeaction fronts (characterized by
significant hydroxyl production) are present jusside the combustor entrance, but
significant heat release only occurs after furthbempression and heating within the
combustor section

The high level of sensitivity of the predictionsttee inflow boundary condition
indicates that a more complex treatment, invoharghaped inlet profile and a non-linear
air ingestion process might be necessary to moearately predict shock tunnel data.
Particularly, simulations of the actual shock tunblew-down process could benefit

future predictions of such data.
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APPENDIX A: THERMODYNAMIC CURVE FITS

The McBride [30] curve fits for the specific heatcanstant pressure are used as
the basis for calculating gas-phase thermodynanoiggsties. The form for a curve fit of

specific heat for a particular speciess:

Pn

Cp = fa, +a,,T+a, T2 +a, T +a,,T'] (A1)

Wh

Using the definition of enthalpy from Eq. (2.1.20):

h,=h, + TCpn(TG)dT¢, (A.2)

T

the static enthalpy for speciess calculated from:

2 3 4 5
hn = :i\;luniv ainT + a2,n T? + a3,n % + a4,n TT + a5,n % + a6,n (As)

Wh

The curve fits are divided into two temperaturegesto more accurately model
the thermodynamic properties of the species. Tist ftemperature range is
200K <T <100K and the second temperature rangel@®X <T <600K . The

coefficients, on a per kilomole basis, used ingtesent research are given in Table A.1.



Table A.1 McBride Polynomial Curve Fit Coefficients

204

2.50000000E+00

2.50000286E+00

0.00000000E+00

-5.65334214E-09

0.00000000E+00

3.63251723E-12

0.00000000E+00

-9.19949720E-16

0.00000000E+00

7.95260746E-20

2.54736599E+04

2.54736589E+04

-4.46682853E-01

N, O, H,' H,O OH o) H
200K<T<1000K 3.69161480E+00 3.78245636E+00 2.99142300E+00 4.19864056+00 3.9920154BE+00 3.1682610E+00
B 1000K<T<6000K 2.85457610E+00 3.66096083E+00 3.29812400E+00 2.67703787E+00 2.83864607E+00 2.54363697E+00
200K<T<1000K -1.33325520E-03 -2.99673415E-03 7.00064400E04 -2.03643410FE-03 -2.401317%2E-03 -3.27931884E-03
o 1000K<T<6000K 1.59763160E-03 6.56365523E-04 8.24944100E04 2.97318329-03 1.10725586E-03 -2.73162486E-05
200K<T<1000K 2.65031000E-06 9.84730200E-06 -5.63382800E;08 6.52040211[-06 4.61793841E-06 6.64306396E-06
%o 1000K<T<6000K -6.25662540E-07 -1.41149485E-07 -8.14301500E107 -7.73769690FE-07 -2.93914978E-07 -4.19029520E-09
200K<T<1000K -9.76883410E-10 -9.68129508E-09 -9.23157800E112 -5.48797062FE-09 -3.88113333E-09 -6.12806624E-09
e 1000K<T<6000K 1.13158490E-10 2.05797658E-1]L -9.47543400E;11 9.44336689-11 4.20524247E-11 4.95481845E-12
200K<T<1000K -9.97722340E-14 3.24372836E-1p 1.58275190E415 1.77197817[-12 1.36411470E-12 2.11265971E-12
% 1000K<T<6000K -7.68970700E-15 -1.29913248E-15 4.13487200E13 -4.26900959F-15 -2.42169092E-15 -4.79553694E-16
200K<T<1000K -1.06283360E+03 -1.06394356E+(03 -8.35034000E+02 -3.02937267E+04 3.61508056E+03 2.912225392E+04
o 1000K<T<6000K -8.90174450E+02 -1.21597725E+03 -1.01252090E+03 -2.98858938E+04 3.94395852E+03 2.92260120E+04
200K<T<1000K 2.28749800E+00 3.65767573E+00 -1.35511010E+00 -8.49032208E-01 -1.03925458E-01 2.05193346E+00
o 1000K<T<6000K 6.39028790E+00 3.41536184E+00 -3.29409400E+00 6.88255571F+00 5.84452662E+00 4.92229457E+00

-4.46698494E-01

" These coefficients are from the Chemkin [25] dasab This fit seems to capture the response of
hydrogen gas at very low temperaturds<(200K ), which are encountered during the initial
injection of hydrogen into the near-vacuum condisio
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APPENDIX B: SPATIAL SECOND ORDER EXTENSIONS

A major challenge of modern computational sciensethe ability to develop
higher order schemes that are physically consistevén in the presence of
discontinuities. For computational fluid dynami¢SFD), flow discontinuities are
commonly present and can range from simple shockesvand contact waves to the
multi-phase flow physics of contact waves and phaswactions. These flow features
need to be resolved to the same order of accumemaoth flow physics and need to
maintain solution procedure robustness.

One avenue of previous and on-going research [@8]oeen the development of
monotone schemes, which provide the ability to ensiiat flow discontinuities behave
physically and that entropy conditions are satisfié discretization scheme is monotone
if no local extrema are allowed. In the early depment of monotone schemes, it was
proven that for a scheme to be monotone implietlith@as at most first order accurate
in space. To that end, it is certainly possibleléwelop a higher order upwind scheme,
but normally such a scheme is not going to be nmmin discontinuous flow regions.
To help overcome this limitation, many researchkeve developed higher order
extensions based on monotone ideas while ensurayltehave properly in the presence
of flow discontinuities. Some of the more popuétensions are: Total Variation
Diminishing (TVD), Essentially Non-Oscillatory (ENQand Discontinuous Galerkin
(DG), although most are at best first order aceuratthe vicinity of discontinuities.

Since hypersonic flows, and more importantly contibgs hypersonic flows, are
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inherently plagued with flow discontinuities, ite$ the utmost importance to implement
higher order extensions that maintain high fidetigar discontinuities.

The accuracy of the inviscid flux representatioDASS, of the current research is
extended to second order through slope-limited, ingniased interpolations of the

primitive variable vector:

~
zI oY
)

<
I

(B.1)

S  hs <t @

to the cell interface, using either a Van Albada, [39] total variation diminishing (TVD)
interpolation procedure or a SONIC-A essentiallynqoscillatory (ENO) interpolation
procedure [55] to preserve formal second order racguat solution extrema. The
interpolation procedures are performed in componali space. Details of the
formulation for both second order extensions awermgibelow for one spatial direction.
The other two directions follow similarly.

The higher order extensions used in this reseasehthe idea of slope limiting,
whereby the adjacent cell variable reconstructmsed to determine the current cell

value. Most TVD and ENO schemes can be writtethém following form:

1 -
=G +), [6.] (B.2)
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1 -
Or = Gisy - Eyiﬂ[qR] (B.3)

where q is any arbitrary flow variable and, and g, are left and right states of the cell
interface located at+%. The pressure limiter introduced in [16] is reymeted by
Y., andq, and(qjy are functions of adjacent cell slopes.

The pressure limiter is implemented to give contreér the relative importance
of the order of accuracy very close to discontiegitand the sensitivity of numerical
stability. The limiter is given by:

|Ei+1 B l_oi—l|

y,=d1- — — —
|pi+1' pi-1|+5p¥

(B.4)

For a strict first order interpolationy is set to zero, otherwise it is unity for a second

order limited interpolation. Alsop, is the freestream static pressure ands a user

defined constant that controls the sensitivity loé fpressure limiter. Namely, as
increases the pressure limiter tends toward a ns@eond order capturing of
discontinuities (e.g., the peak pressure of shocig be better resolved) at the expense
of numerical stability. Ase decreases toward zero, the pressure limiter wailit [the
solution towards a first order interpolation.

The first higher order extension used in this pmeséudy is a TVD-type limiter.
In brief, TVD schemes maintain second order acguracsmooth regions of the flow
(continuous regions), while preserving monotoniaityar discontinuities (e.g., shock

waves, shear layers). This is achieved througlsidernng ratios of flow property slopes
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in adjacent cells (i.e., slope limiting). The faration of the adjacent cell slope

functions,q, andqg, used in Egs. (B.2) and (B.3) can be formulated as

g, = limiter(a, ,b, ) (B.5)

g, = limiter(ag,by) (B.6)

where, a, , and b_, are adjacent interpolation slopes for the left agtt states of the

computational cell, respectively. The lett,, and right, R, interpolation states are

defined as:

a =0G,-G¢, b =0¢g-q, (B.7)

8 =0, Oy, br=0,-0q (B.8)

Thus, the left and right states can be written as:

1
A =G+, [limiter(q..- g6 - g.,)] (B.9)

1 .
Ok = G - Eyiﬂ[llmlter(om2 - GG~ G ) (B.10)

The function, limiter(a,b), helps alleviate spurious oscillations, wuthi are

artifacts of second order spatial discretizatiolose to discontinuities. The current
research investigates the TVD scheme of Van Alp&agh which tends to be a little more
dissipative rather than compressive allowing fon@e stable scheme for flowfields with

sharp discontinuities. The Van Albada TVD schensyroe written in the following
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form:

. 2 b2
limiter(a,b), » = (@ ;f})bzg-z;rS)a

(B.11)

where for three-dimensions, is a constant which is a function of the areahef ¢ell
face which is orthogonal to the corresponding ti@mnsed coordinate direction, yet it has
the same units ag’. The general form fos , for the x -direction is given by:

Rixj

s =kap* gfactor 5 (B.12)

where, gfactor is the square of the characteristic value forvidugable q. For example,

for the x -direction and forg = U, the constanf is given by:
~ 3
N
s =kap*U; [N (B.13)

whereU,, is the freestream velocity. The parametap, is a user defined variable that
controls the behavior of the Van Albada limiteror kap large, the limiter reverts to a
Fromm interpolation [23], thereby effectively add®al limiting effects. Foikap small,

the limiter reverts to a minmod [23] limiter, which more dissipative in behavior. For
the present studkap is unity, which gives a reasonable balance betveeeond order
accuracy and solution stability.

The second extension to second order is achievedgh the implementation of

an Essentially Non-Oscillatory (ENO) second oraiter scheme. Most ENO schemes
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are somewhat extensions of TVD methods, and thelbogen for this research is second
order accurate in space in smooth regions. Theyead one of the main drawbacks of
the TVD schemes, that being TVD schemes usuallyifmeden smooth extrema. ENO
schemes, in general, do not have to maintain three srict total variation diminishing
criteria of TVD which gives them the ability to keelesired solution extrema without
letting new extrema appear and grow. ENO scherhesse, in an adaptive manner, an
interpolation stencil that gives the smoothest Iteswithout losing accuracy. Although
ENO type limiters possess the ability to captusedintinuities more crisply, it is done at
the expense of possibly being slightly less nunadlsicstable. The ENO limiter used in
this research is referred to as SONIC-A [55]. SOM ENO schemes are neither the
most compressive of the ENO methods, nor the mssipative. In much the same way

as the TVD schemes, the left and right interpolastates for ENO schemes are given

by:

1 -
q. =G +§J/i [qL] (B.14)

Or =G - %yiﬂ[aR] (B-15)

where adjacent cell slope functiortg, and g5, are defined as:

Gy + O
Shess ™ ) ] (B.16)

q. = sigr(l.O,q%)min ,max{z‘minmoo(qi%,qi_yj, Oy,
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Og = sigr(l.o,q+%)min ] (B.17)

Ors, + O ~
5 Gissy

, ma><{2‘minm0({qi+% 1Oy l

where,q,,, is defined as:

ai+}/2 = minmodqi:-}/z’qi;}/z) (B.18)

and q,,;, is found through an index shift® i +1. Theq™ states are defined as:

qi—"}/z = q”/]/z +%minm0({(qi+}/2 B qi-}/z)’ (qi+% - qi+;/2)] (B.19)
Oy = Gy - %mi”moo[(qn% - qi.yz), (OIH% - qi%)] (B.20)

The cell interface states, (e.g,,,) are given by:

qi+}§ =00 (821)

The other interfaces are found through similar xnsleifts. The minmod limiter function

(23] is defined by:
minmoda,b) = %[Sigr(l.o, a)+sign(1.0,b)] minQa],|b|) (B.22)

where as beforea, and b are adjacent cell slopes of the variabde, As previously

mentioned, the other coordinate directions are fated similarly.
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APPENDIX C: INITIAL AND BOUNDARY CONDITIONS

FOR EXPERIMENTAL RUNS

This appendix describes the test conditions forekpeerimental data taken by
Odam [38]. In order to simulate the experiment@s; the test conditions are converted

to initial and boundary conditions for use in tladcalations.

C.1 INTRODUCTION

The experimental data was received from Michael i§naaurrently a faculty
member of the University of Queensland’s HyShotgpam. The experimental test
conditions can be found in Reference [38]. The eexpental data used in the
computational investigation corresponds to a gegmeith a combustor section height
of 24mm Referring to Figure 4.1, the detailed dimensiohthe experimental scramjet
model are given in Figure C.1. The following s@eisons describe the data reduction
procedure for the experimental data. The testitiond correspond to experimental Run

#7675, Run #7678 and Run #7680.
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(0.0,0.04295) (0.180,0.030947) (0.430,0. 030947) (:625,0.04295) .
Centerline
5 (z=0)
(0.0,0.0) (0.625,0.0)

4(0.132,0.04295) 'Q
" (0.180,0.030947) (0.430,0. 030947) (:625,0.04295)

obonzy {1y _ Side Wall
b T (2=0.0375)

(0.0,0.0) (0.625,0.0)

\ V' cut sidewall Edge of Spillage
(z=0.075)

(0.0,0.0) (0.430,0. 0)
*Not to Scale

Figure C.1 Detailed Experimental Geometry
(X and Yy cooidinates, all units in mete

C.2 CONSISTENCY CHECK & DETERMINATION OF CFD
CONDITIONS

Care must be exercised when recasting experimédalconditions into CFD
initial and boundary conditions, so the procesdescribed in detail in this section. The
experimental test conditions for a combustor he@fh24dmm are given in terms of the

experimental inlet conditions for the scramjet nadel are: equivalence ratié,, total
specific enthalpy,Ht[MJ ng, Mach numberM , inlet static pressurep[Pa], inlet static
temperature,T[K], inlet static density,r[‘%sj, and inlet velocity, u[%] A full

description of the experimental measurement praseggen by Odam [38].
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The following steps are used for each experimetd#d set in order to check for
consistency. For completeness, each step listethios information for the three
experimental runs considered herein. For conveerieRun #7675 is termed “COLD”,
while Run #7678 and Run #7680 are termed “HOT”.e ‘€nd of the appendix will list

the final outcome of these steps on each of theetbata sets. To perform these checks

and to allow for a more streamlined analysis foltiple test cases, EXCEL is utilized to

perform the calculation.

1) List Experimental Test Conditions

The experimental test conditions are listed in &abI1, where air is the test gas

(inlet gas).

Table C.1 Experimental Test Conditions

Test Conditions Run #767% Run #7678 Run #7680
f 0 0.51 0.59
H "%, 4.1 4.1 4.08
M7 6.25 6.42 6.36
plPal’ 10230 8958 9215
T[K]" 487 412 433
rlo] 0.0732 0.0758 0.0742
ul] 2766 2612 2651

'Used in the initial conditions input file for thé=D code.

For the transient simulations, the initial and daundary conditions for

the entire domain are determined by the back pressuthe tunnel before the

initial slug of air reaches the experimental mod€he experimentally measured
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back pressure is given as:

Poack = ltorr =133322Pa (C.1)

Consistency Check of Test Conditions
This step checks the gas constant, the ratio ofifspeheats and the
specific heat at constant pressure to be sureateegonsistent for a test gas of air.

The ideal gas law is used to check for the consistef the gas constant:

p=rRT (C.2)

where R is the gas constank%ng for air. Knowing the inlet pressure,

temperature and density from Table C.1, the gastaan for air is calculated

using Eqg. (C.2) and is given in Table C.2 for tleeé experimental cases

presented.
Table C.2 Gas Constant Consistency Check
R=P T Run #7675| Run #7678 Run #7680
Rl kg«] 286.97 286.84 286.82

R for air is typically tabulated a87.074%, , thus, the gas constant given in

Table C.2 is consistent.
Next, using the definition of the speed of sounda ideal gas, the ratio

of specific heats can be calculated as:
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a=RT (C.3)

wherea is the speed of sourd], and is given by:
az Y (C.4)

and g is the ratio of specific heats. Knowing the inletocity and Mach number
(Table C.1), the inlet speed of sound can be catedlusing Eqg. (C.4). Then,
using Eg. (C.3) and knowing the inlet temperatdrab{e C.1) and gas constant
(Table C.2), the ratio of specific heats can be&wated. Table C.3 gives the

values forg.

Table C.3 Ratio of Specific Heats Consistency Check

g=2a4 Run #7675| Run #7678 Run #7680
a] 44256 406.85 416.82
9 1.401 1.400 1.400

g is typically tabulated as 1.4 for air, therefdne tratio of specific heats for the
listed experimental runs are consistent.
Finally, the specific heat at constant pressmgl%(gK] can be checked

using the following definition:

c,- & cs
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Table C.4 lists the specific heat at constant pireséor the three experimental

runs. C, is typically tabulated asl004.76) for air at standard day

(59 F» 288K), andC  varies little over the range of temperatures fetandard
day (288K) to the inlet temperatufd12K - 487K ), therefore, referring to Table

C.4, the specific heat at constant pressure iSsiens.

Table C.4 Specific Heat at Constant Pressure Consistency Check

c,=%/ 1 | Run#7675| Run#7678 Run #7680

Co Yo 1001.79 | 100276 | 1005.68

Total Enthalpy Check

It is also important to check the total enthalpyegi as one of the test
conditions, in Step 1). Although Eq. (C.6) holdslyofor calorically perfect
gases, it can be used as a rudimentary check dotdieenthalpy. First define the

static enthalpy, assuming a constént

h=C.T (C.6)

p
then the total enthalpy is defined for a one-din@rd flow as:

H :h+1u2:C T+1u2 (C.7)
t 2 L2

Due to the calorically perfect gas formulationjstnot expected that the total

enthalpy should be the exactly the same value asetlgiven as the test
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conditions, Table C.1. Understanding these linates, the total enthalpy is given
in Table C.5 and it corresponds well with the datzeived from the experimental

investigation.

Table C.5 Inlet Total Enthalpy Consistency Check

H =C,T +%u2 Run #7675| Run #7678 Run #7680
SR 4.31 3.82 3.95

4) CFD Geometry Specifications
Some essential experimental geometric specificatjd@, 36] are given in
Table C.6, referring to Figure C.1. These are s to convert the
experimental test conditions into initial and boand conditions for the flow

solver.

Table C.6 Experimental Model Specifications

Geometric Information Experiment CFD Model
Model Length {n) 0.625 0.625
Model Width n) 0.075 0.0375

Inlet Height () 0.0859 0.04295

Combustor Heightr() 0.024 0.024

Inlet Area (m?) 0.0064425 | 0.0016106
Fuel Hole Area (per holeng’) | 314 10° | 314" 10°

TScramjet model only, not including spillage regioadeling. 8 CFD model
imposed bi-lateral symmetry.

It is important to note that the CFD simulations delo the fuel holes as
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rectangular holes, rather than the elliptical heltlapes used in the experimental
apparatus. The CFD simulations match the fuel hoda, thus preserving the

correct fuel mass flow rate. It is also importentecall that the CFD simulations

run a quarter-model due to the inherent symmetth@experimental model. The

experimental model has four fuel holes on bothughyger and lower inlet surfaces;

this implies that the CFD model has 2 fuel holes.

The fuel hole area listed above is the hole areealoto the flow of the
fuel injection. The fuel is fed into the domaira\a circular tube, but this tube is
actually sliced by the inlet ramp, leaving an ¢itpl shaped exit area. Thus, the
mass flow equation through a surface can be writtelerms of the normal area

(normal to the velocity vector):

m= ruA (C.8)

where the velocityu is normal to the are#. Since the velocityu is parallel
with the circular tube wallsA must be the area of the circular fuel tube, which
has a radius ofrim[38]. This normal mass flow is why the area a fhel hole
listed is just the area of a normal, circular, sresction rather than the elliptical
cross-section, although the fuel holes are repteden the CFD domain (grid) as

rectangular holes corresponding to the correct area

Stoichiometric Hydrogen Combustion
The stoichiometric fuel-air ratio must be deterndime order to work with

the experimental equivalence ratio, Table C.1. S$twéchiometric combustion
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reaction of hydrogen in air is given by:

H, +05(0, + 376N,)U H,O+188N, (C.9)
The stoichiometric fuel-air ratio is defined usiting stoichiometric equation, Eq.
(C.9) and is given by:

_ fuelmass_ 1(2(102)))

* airmass 05(2(16)+ 3_76(2(14.))):0'0291 (C.10)

The stoichiometric fuel-air ratio is used in comgtian with the
equivalence ratio to give the fuel-air ratio testedihe following definition of

equivalence ratio is used:

f=" (C.11)

The fuel-air ratio, f , for the given test conditions is listed in Tall&':

Table C.7 Equivalence Ratio and Fuel-Air Ratio

f=ff, Run #7675| Run #7678 Run #7680
f o 0.51 0.59
f o 0.14856 | 0.017186

*Note: Run #7675 is a COLD run, with no fuel injen, hencef =g.

6) Inlet and Fuel Mass Flow Rates
The previous steps have given enough informatiooatoulate the mass

flow through the inlet of the computational domaibising the inlet mass flow
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rate along with the fuel-air ratio, the fuel maksifrate can be calculated. The

inlet mass flow is calculated by:

m= ruA

(C.12)

Using flow information from Table C.1 and geometinéormation from Table

C.6, the inlet mass flow is given in Table C.8:

Table C.8 Inlet Air Mass Flow

m,, = ruA Run #7675| Run #7678 Run #7680
Myed| %] 1.3044 1.2755 1.2673
Myed|‘%] pervamoddi | 0.32611 0.31889 0.31682

'Since the CFD model has quarter symmetry, it iulide also calculate the
mass flow through the CFD model, which is one-fodinat of the full model.

The fuel flow rate is calculated using the defonitiof the fuel-air ratio:

f = fuelmasdlow rate
air mas:flow rate

and is given in Table C.9.

Table C.9 Fuel Mass Flow

(C.13)

M, = FUA Run #7675| Run #7678 Run #7680
Mya %] 0 0.018949 | 0.021779
Mye“% | per v4 model 0 0.004737 | 0.005445
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7) Fuel Injection

The maximum experimental fuel flow rate is obtaimdten the fuel holes
are choked. Choking implies that the fuel masa ftannot be increased without
a change in the upstream fuel reservoir presstifais, once the flow is choked
further decreasing the back pressure results ichamge in the mass flow. In
order to determine the correct fuel boundary coowt for the current
simulations, the choked exit conditions are essaklil first.

Some important information must first be given tetmine the choked
flow conditions. First, it is necessary to knove thuel type, the gas constant of
the fuel, the ratio of specific heats of the fuadaone of the thermodynamic

properties of the fuel. For the present invesiogatthe fuel is hydrogenH, .

The gas constant can be calculated using the walvgas constant, such that:

R, = Ry (C.14)
©MW,

whereR,,, is the universal gas constant and is equa3b493, 5 andMW,,_

is the molecular weight of hydrogen, and is equal 2(1.008)=2.016_

kmole *

Therefore the gas constant for hydrogen is

R,, =4124672 (C.15)

The ratio of specific heats for hydrogen can bentbtabulated in many

references and is given by the value typically fbtor diatomic molecules:
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g4, =14 (C.16)

The last bit of necessary information is one thaetymamic property of
the fuel. For several reasons, it is easier tostagnation temperature for this
experiment. The temperature of the fuel reserimore likely not to change
over the experimental testing (limited to abouhsh and it is a very easy
measurement to make accurately. The experimemhlstagnation temperature

is given as:

Toe =T, = 250K (C.17)

These three quantities, along with the area offuleé holes and the fuel
mass flow rate will be used to calculate the chdk®as conditions.
The choked flow conditions are derived from thenisapic flow relations

[64]. The relations for the total temperature sgrge and density are given by:

- 1+9° 1y (C.18)

g
p0: 1+g-1|\/|2 g-1

Po_ g, 9°1 C.19

. > (C.19)
1

Too 49y o (C.20)

r 2

where the subscriptQ() denotes a total property, and the properties owuitha
subscript are static properties. Other useful egus are the area ratio equation

and the mass flow equation, which are given by:
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- 2(g-1)
AL 2 4,9ty W (C.21)
A M g+l 2
%2 1, el
- 2(g-1
m=AMp L " 149 22 Y (C.22)
RT 2

where the superscript (*) denotes a critical floargmeter. A critical flow
parameter can be thought of as a choked flow paeapane that is derived when
the flow velocity is equal to the speed of soume (bcal Mach number is unity).
The choked flow equations can be found by settimgiMnumber equal to
unity in Eqg. (C.18) through Eq. (C.22) and doingngorearranging. These

choked flow equations yield:

T = giﬂ T, (C.23)

r
o = ﬁ " (C.24)

E
. g%l o (C.25)
U =a = (RT) = % " giﬂ ; (C.26)

where:

a, =/RT, (C.27)

The critical mass flow is given by:
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o= GAP _GAp (C.28)
®1)> %
g+l
2  dlg-1)

The following steps are used to determine the athdlel flow conditions:

Calculate the critical (static) temperatuiie,, from Eqg. (C.23), using the

fuel stagnation temperaturg,, (Eq. (C.17)).
Calculate the total speed of sourd, from Eq. (C.27), usindl, from
Step 1,9 from Eq.(C.16) andR from Eqg. (C.15).

Calculate the critical velocityu™ from Eqg. (C.26), usingg from Eqg.
(C.16).

CalculateC from Eq. (C.29), using from Eg. (C.16).
Calculate p, from Eq. (C.28), whereA = A for choked flow and is the

fuel hole area calculated in Table C.6, andis the mass fuel mass flow

given in Table C.9 (make sure to use consisteza and mass flow).

Calculate the critical static pressune, from Eq. (C.24)

Calculate the critical static density, from the mass flow equation:

m=rpT (C.30)
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8. Notice that the ratiopo/p* Is 1.892929 (a well known parameter for

9g=14)

Following the steps listed above, the choked flosl fequations which are

used as CFD boundary conditions are given in T@ul®.

Table C.10 CFD Fuel Boundary Conditions

choked FUell run#7675| Run#7678  Run #7680
po|Pal N/A’ 1224835 1407767
p'[Pd] N/AT 647058.2 743697.7
rly] N/AT 0.627531 0.721254
T'[K] N/AT 250 250
T,[K] N/AT 300 300
u'[w] N/AT 1201.484 1201.484

"For Run #7675 the choked fuel conditions are ngbirant, since there is
no fuel flow.

The fuel boundary condition in the code takes intmsideration the

downstream pressure when the fuel mass flow isitzdkd. If the pressure ratio,
po/p* , is less than the choked flow condition (thathis low may not be at the

maximum, critical mass flow), the fuel mass flowcalculated using the non-
choked flow equations.

For the experimental geometry given in Figure €hé,fuel is injected 45°
with respect to the first inlet ramp, which itsel,at 9° to the horizontal plane.

Thus, the simulation injects the fuel at 54° witlspect to the horizontal.
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The complete list of CFD initial and correspondbmundary conditions derived

from the experimental data is given in Table C.A4d &able C.12.

Table C.11 Complete List of CFD Initial and Boundary Conditions

Parameters Run #767 Run #76Y8 Run #7680
f 0 0.51 0.59
H. "%, 4.1 4.1 4.08
MT 6.25 6.42 6.36
p[Pa] " 10230 8958 9215
T[K]" 487 412 433
rl| 0.0732 0.0758 0.0742
u[] 2766 2612 2651
pback[torr] 1 1 1
f 0 0.14856 0.17186
Myed| %] 1.3044 1.2755 1.2673
Mye[%] perva | 0.32611 0.31889 0.31682

"Used in the initial conditions input file for CFDms.

Table C.12 Complete List of CFD Fuel Initial and Boundary Conditions

Fuel Boundary

Condition: Run#7675| Run #7678 Run #7680
p|Pal N/A 1224835 | 1407767
p'[Pd] N/A 647058.2 | 743697.7
] N/A 0.627531 | 0.721254
T'[K] N/A 250 250
To[K] N/A 300 300
u'[m] N/A 1201.484 | 1201.484

Myo|%] 0 0.18949 | 0.02722
Myu|%] per v 0 0.004737 | 0.005445
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APPENDIX D: EXPERIMENTAL DATA REDUCTION

The following appendix centers on the centerlinespure data reduction of T4
shock tunnel experimental data taken by Paull addn®[39], and Odam [38]. The
following discussion is divided into two sectionghe first section focuses on creating a
statistically-steady data set with which to comp#re numerical simulations. This
section discusses what criteria the data must meebe determined to have a steady
solution, and then how the steady solution datompiled. For the three experimental
data sets investigated herein, two runs have statatly-steady solution associated with
them. These are Run #7675 (hon-combusting) and#R6A8 (combusting). The second
section focuses on the reduction of transient expital data sets, one to which
transient numerical simulations can be comparedagaThis procedure is useful for all
time-dependent data sets, but especially thoseriexgretal runs where the flowfield does
not produce steady combustion.

Section D.1 gives an explanation of the reductibthe T4 shock tunnel data for
Run #7675 and Run #7678 into a statistically-steéadygraged” data set that can more
readily be compared with a steady-state numerigkitisn. Section D.2 gives a brief
overview of the data reduction process for a tetssolution. This section will give
details of the data reduction for an experimental (Run #7678) that has a steady
combusting solution and an experimental run (Ruf88y that undergoes an unstart

process.
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D.1 STEADY-STATE DATA REDUCTION

Experimental Run #7675 (non-combusting) and Rur78{6ombusting) are the
experimental data sets used to illustrate the iqoks of steady-state data reduction.
Table D.1 describes the experimental centerlinesune data files received from Michael
Smart (currently a faculty member at the University Queensland) for the two
experimental runs listed above. The first columirhe table lists the axial distance of
the pressure taps from the leading edge of the hadeillustrated in Figure 4.5); the
second column lists the experimental file name restten (e.g., 7675.111.txt,
7678.111.txt); and the third column gives a brie$atiption of the pressure tap location.
The pressure tap data files listed in Table D.® givvomplete time history of centerline
pressure. Each experimental data file includegithe (ns) and pressurekfa) history
for each pressure tap. The time history begirsnaarbitrary starting reference time of
6ms. The axial locations x=0.14Y x=0.196n and x=0.40¢ not only have the
centerline pressure tap location but also haverakspanwise pressure taps:

x = 0.14m, 3 transducers spaced@napart (transducer 122 on the center-line)

x =0.196n, 5 transducers spacednrhapart (transducer 133 on the center-line)

x = 0.404m, 5 transducers spacedmrhapart (transducer 332 on the center-line)



Table D.1 Model Pressure Tap Location Information

Axial distance from

File extension

leading edgenim) number Comments

43 111 Intake
68.6 113 Intake
121 114 Intake
147 121 Intake
147 122 Intake
147 123 Intake

0 124 Pitot pressure
196 131 Combustor
196 132 Combustor
196 133 Combustor
196 134 Combustor
196 211 Combustor
209 212 Combustor
222 213 Combustor
261 231 Combustor
274 232 Combustor
287 233 Combustor
300 234 Combustor
313 311 Combustor
326 312 Combustor
339 313 Combustor
352 314 Combustor
365 321 Combustor
378 322 Combustor
391 323 Combustor
404 324 Combustor
404 331 Combustor
404 332 Combustor
404 333 Combustor
404 334 Combustor
417 411 Combustor
442 412 Thrust surface
455 413 Thrust surface
468 414 Thrust surface
481 421 Thrust surface
494 422 Thrust surface
506 423 Thrust surface
519 424 Thrust surface
532 431 Thrust surface
545 432 Thrust surface
558 433 Thrust surface
571 434 Thrust surface

0 710 stagnation pressure

0 720 stagnation pressure
235 731 Combustor
248 732 Combustor

230
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DATA REDUCTION STEPS

Step 1) Unit Conversion and File Formats

A FORTRAN routine was written to change the unitsséconds ) and Pascal
(Pa) and to arrange the data in a format that is nawmeessible to EXCEL and
TECPLOT. To facilitate easier comparison with Cé&&la, the time step was referenced

to a start time of zero seconds, rather thamn 6

Step 2) Raw Data Plotting (EXCEL)

It is necessary to visualize the raw data; sometiare experienced eye is more
valuable than any number of statistical routin€ee observations and conclusions drawn
from the visual inspection of the data will also feenforced through statistical means
which provide further evidence of erroneous pressneasurements. The complete set
of figures used in the centerline pressure dataatemh study are Figure D.1 - Figure D.6
for Run #7675 and Figure D.7 - Figure D.12 for R{f#678. The first step in ensuring
that a statistically-steady experimental data set loe obtained is to perform a visual
inspection of the static pressure plots. Theséspb the experimental static pressure
temporal history are given in Figure D.la - Fighrég for Run #7675 and Figure D.7a -
Figure D.7g for Run #7678, where the axial distapges given in meters. There are
usually quite significant visual cues that detemniha pressure tap is giving erroneous
readings. The following section describes the fr@dsure taps for each of the two runs.

Run #7675:

Figure D.la presents the first three axial statiesgure taps for Run
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#7675. From a first glance, it is evident that firessure tap at x=0.1@ilis
giving a bad reading since it reads zero pressurle three spanwise static
pressure traces for pressure taps located at x#&®,1Bigure D.1b, all show
reasonably good pressure measurements. Figuredlsddeatures the pressure
trace for multiple spanwise static pressure tapatéd at x=0.196. This axial
pressure tap location is near the leading edgéetombustor inlet, where it is
expected that an expansion fan might exist. Tleegirce of an expansion fan at
the combustor entrance is determined by the comgéexerline shock structure
interactions. For the fuel-off, Run #7675, corahs, the centerline interaction is
a consequence of the first inlet ramp oblique shdétom the upper and lower
walls) transmitting through one another as thegrsgct near the centerline of the
model. Once the transmitted shocks pass throughcémterline plane, they
intersect the second ramp oblique shocks, andphmragate toward the opposite
combustor wall. The shocks then impinge the opgposall, reflect back toward
the centerline and the process is continued. ®batibn of the first combustor
wall reflected shock structure determines the exd@ed strength of the expansion
fan. Further details of this process are give®dation 6.1. Figure D.1c shows
that the pressure traces at x=049€ave a larger variation in peak-to-peak values
than the other static pressure taps, (e.g., FiDute). Larger scatter in the data
could be expected due to freestream disturbanatsa@rid be slightly magnified
in the expansion fan region. Thus more peak-td&p@aation is expected at the

x=0.196n location. Completing the visual inspection ofthata set, Figure D.1d
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- Figure D.1g, shows that four other centerlingiciaressure taps have given bad
readings. The rest of the bad pressure taps eateld at x=0.318, x= 0.339n,
x=0.532n and x=0.57in. With the exception of the four pressure taptedis
above, the remainder of the axial pressure tapitotaprovide reasonable static
pressure data.

Run #7678:

The static pressure tap measurements for Run #&6§8nuch better
behaved, Figure D.7a - Figure D.7g. There are niewsler bad pressure taps to
be removed from consideration. The axial statiespure measurement at
x=0.545n, Figure D.7q, is erroneous, and therefore willehminated from any
data reporting. All other axial static pressuream@ements are deemed

acceptable.

Along with the static pressure measurements mesdicaabove, two stagnation
pressure measurements and one Pitot pressure m@@siiiround out the complete set of
experimental data. For Run #7675, Figure D.2afandRun #7678, Figure D.8a show
two stagnation pressure measurements that areetbcegar the throat of the nozzle
leading into the test section. For both of theegkpental runs, one of the two stagnation
pressure taps gives highly fluctuating readingsultang in abnormally large peak-to-
peak variations, which precludes any reliable agsiohs from being drawn based on
these two measurements. Finally, Figure D.2b agdr& D.8b show the Pitot pressure

measurements taken near the throat of the nozzleRém #7675 and Run #7678,
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respectively. The Pitot pressure measurements dhetigrmine when the steady-state
interval begins. Both plots show that the Pitatgsure is relatively flat after ~h&
This, combined with the relatively flat pressuradigs from the stagnation pressure
histories, gives insight into the determinatioriteé steady-state interval, and is discussed
further in Step 4) below.

Aside from getting a time history pressure tracéhese runs, several other points
can be made. Overall, both data sets are very lvatlaved. The general fluctuation
level is small and within expected and acceptablends [38], and the region of steady
operation of the tunnel is well defined. The twms appear to have very favorable
“steady-state” regions of operation, from which seable data set can be extracted to
compare with steady-state CFD simulations. Byrgjahat Run #7678 has a steady-state
region of operation implies the combustion procdess not lead to unstart. It is
important to keep this in mind when comparing themarical simulations to the

experimental data.

Step 3) Data Response and Tabulation

Some of the pressure taps have a higher respotesehan others. A higher
response rate (more signals recorded / unit timegn® that the pressure traces have a
higher temporal refinement. For the data redugbi@sented herein, the data is tabulated

for the coarsest response, which igs8 Thus, for the pressure taps with a higher
response rate (four of them), the data reporteddsst the &8s intervals is ignored. This

happens to be an acceptable procedure which carolien by coarsening the data even

further than the &s and considering how much error exists betweernwloedata sets.
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Although this will never exactly prove that the a@ahat is ignored from the four higher
response rate pressure transducers is inconsegjy@ndit least may give comfort in the
data reduction. Once the steady-state data $etnmilated, the coarsening procedure is

performed.

Step 4) Determination of the steady-state range

Four things need to be determined in order to giveliable steady-state data set.

i) The minimum starting time (the tunnel must be gitieme to ramp up to
full pressure and mass flow)

i) The duration over which to average the data setqtéady interval)

iii) The maximum stopping time (the driver gas will @ninate the model
flow and render pressure measurements unreliabis; is especially
important for combusting cases)

iv) From the above three items, it is necessary tormiete the time frame

over which the data will be averaged to give adstestate data set

The following is a list of how the above four itean® resolved.
i) A visual inspection of the data plots presented tlam gives a reasonable
answer to the minimum starting time. Pitot pressoreasurements in
Figure D.2b and Figure D.8b, (corresponding to RI®%75 and Run
#7678, respectively) show that the minimum startinge to use would be
around 1.&sfor both data sets. Data from before this timey have

more deviations from steady flow, depicted in thkotpas larger
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oscillations.
For shock tunnel experiments of this high calidens seems generally
accepted as the time frame to average a data setvadwen trying to
determine a steady solution [38]. Smaller timemndls may not provide
an adequate temporal span over which to averagée Wdrger time
intervals may begin to show traces of driver gasmtamination
prematurely.
Since the effects of driver gas contamination naleta little longer to
reach the wall static pressure taps, it is necgskailook at the Pitot
pressure readings (Figure D.2b and Figure D.8l@gnsttion pressure
measurements (Figure D.2a and Figure D.8a), ahid pt@ssure readings
near the front of the model (Figure D.1a - Figurdddand Figure D.7a -
Figure D.7g) to determine the maximum stopping tinEhe stagnation
pressure traces start trailing off aroumdsas do the axial static pressure
readings from the front of the model. It appedrat tthe maximum
stopping value where the driver gas is not contatmg the air sample is
around 4-fns This is inline with previous published experirta@mesults
obtained from the T4 shock tunnel [38]
Thus far it has been established that in ordeet@ag accurate steady-state
data set the following must be met:

a. Minimum starting time of 118s

b. Steady-state sampling duration ohd
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C. Maximum stopping time ofrs

Now it is important to use some statistical tool$iélp determine whichmstime
interval to use. For this research, a running ayerstandard deviation plot is
used to determine which time sample (interval) pgprapriate to use for a
“steady” solution. A running average standard deen plot is created by
determining the standard deviation for each presgp over fhstime intervals.
Since the standard deviation levels differ from @nessure tap location to the
next due to the pressure levels differing, the ddiash deviation over eachnis
interval is divided by the average of the pressuymghat tap, over the same time
interval. The “running” nature of the plot is bek&scribed by a brief pictorial of

the data set given in Figure D.13.

To finalize the determination of the steady-statadet, the proper time interval
must be found. Figure D.3 and Figure D.9 are p&dtshe running average standard
deviation for a fnstime interval for Run #7675 and Run #7678, respelst The
abscissa is just an index that is a list of the Imemof running averages taken for the data
set. Upon inspection there are several time iaterthat seem appropriate and have a
low value of the standard deviation over timstime interval divided by the average of
the data over themisinterval (standard deviation / average). The timerval from 4ns
to 5Bmswas chosen as the steady-state data set for R&irB#&vhich is inline with
previously published data [39]. For Run #7678, sit@ndard deviation / average is

reasonably flat for all times aftemfd therefore a time interval fromn&to 3ms was
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chosen as the steady data set. Finally, the guaflithe steady-state data sets must be
investigated. This is discussed separately for #6Y5 and Run #7678, below.

"Note: Even though the time interval ah&3msmay seem to be the best choice
at first inspection, a different interval is chogenreport against for the
current research. Upon further investigation ais lhecome apparent that
previous findings from the University of Queenslasdgpport a time
interval that more closely matches thmsbmstime frame [38]. Thus,
this is the data used in the current investigatidhe main difference in
the two data sets is the existence of an exparfiaionear the entrance of
the combustor section for theng5mstime interval, where then2s3ms

interval shows no such flow feature.

Run #7675 Steady-state Data Set Quality:

Figure D.4a shows the standard deviation dividethbyaverage over the interval
for the data set betweemd and 3ns with the bad pressure taps not removed. Figure
D.4b is included for completeness, and includessgpienwise averages for the pressure
readings at the axial locations x=0.121x=0.14m and x=0.40. Figure D.4c shows
the running average standard deviation plot for‘tteady” data between 4ms and 5ms,
with the pressure taps at x=0.121x=0.313n, x= 0.339n, x=0.532n and x=0.57fn
excluded as previously mentioned. Finally, Figireld gives the running average
standard deviation plot for a case that only usescenterline data for the pressure taps at

x=0.121Im, x=0.14t and x=0.40/. The visual inspection used to help determine the
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pressure taps which need to be excluded is furtbemked up by the graphical
representation of the statistical methods usetercurrent research and can be found by
comparing Figure D.4a with Figure D.4d. This congmn shows that by excluding the
“bad” pressure taps, the overall standard deviatianerage is well below 6% for all
most all the points. However, special detail mbst given for the x=0.196
measurement. As mentioned above, the x=0rill®Gation is at the leading edge of the
combustor section, either an expansion fan or &kshaight exist, depending on the
instantaneous location of the impinging shock. sehescillations may help explain the
larger deviation for the x=0.186plot seen in Figure D.4d, although they are stithin

reasonable error bounds.

Run #7678 Steady-state Data Set Quality:

Figure D.10a shows the running average standartit@v plot for the final data
between thsand 3ns with the pressure tap at x=0.548xcluded. Figure D.10a shows
that the standard deviation / average is well be8&wfor all most all the points, with a
few exceptions. One of the axial static pressomations with more variation is the
x=0.12Im location. This is due its proximity to the fu@ljection sites; the x=0.121
pressure tap is located is just behind the fuectnpn ports. For combusting runs, the
fuel injected from the fuel injection ports willwse bow shocks to form around the jet of
fuel, which may cause unsteadiness in the pressaesurements close to the injection.
Much like Run #7675, for the axial locations withuliiple spanwise pressure
measurements, the spanwise average was used te Ergare D.10a. Removal of the

spanwise pressure taps at x=0h4¥=0.196n and x=0.40¢h results in a similar figure,
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Figure D.10b. As mentioned for the non-combusting, Run #7675, the x=0.186
location is at the leading edge of the combustoti@® where it is possible that either an
expansion fan or a reflected shock may exist. &tperimental data for Run #7678 does
not indicate that an expansion fan exists. Thiedihce arises due to the combustion and
fuel injection that is taking place, which altelng tcenterline shock system and moves the
shock impingement location further upstream. Farrtbxplanation of the combustor

entrance expansion fan is provided in Section 6.1

Step 5) Steady-State Data Set

As mentioned above, the steady-state dataset far#R675 is a time-averaged
data set determined over the time interval frams4o 5ms (for a zero reference time
frame) and is shown in Figure D.5. The variati@msbrepresent the range of temporal
variation over the msinterval. Figure D.11 gives a similar plot foethteady-state data
for Run #7678. These are the data sets for Ru@5#@éd Run #7678 with which the

present research will compare.

Step 6) Coarsened Data Reduction

In order to try and prove that using the tempagfihement in Step 3) is adequate,
the data sets shown in Figure D.5 and Figure Da\E been temporally coarsened, for
Run #7675 and Run #7678, respectively. Where up mow the data was tabulated
using an 8 response (an average of 125 time step%ys;), Figure D.6 and Figure
D.12 show what happens if the data is tabulated fb@0ns response (an average of 10

time steps), for Run #7675 and Run #7678, respaygtiv There is no appreciable
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difference in the two temporal resolutions; therefb is postulated that the four pressure
transducers that have a finer response compar#tet8,s response are probably not
going to significantly contribute to the steadyadsét.

Figure D.6 and Figure D.12 also give comfort in tiree interval chosen to
represent the steady-state solution for the exmeriah data. Since there is no
appreciable difference between the two temporahegients, the steady data set as

determined is a very good representation of a gtetde solution.

D.2 UNSTEADY DATA REDUCTION

No particular data manipulation is performed instisese. The data is taken
directly from the experimental runs and is conwetie the proper units for comparison
with the numerical simulations, those being secofwls and PascalsRa). Only a
simple time shift needs to be applied to the expental data so that the numerical
solutions line up with the start of the experimeitot only does the experimental data
arbitrarily start at én<, as mentioned in Section D.1, but once this ignakto account,
the experimental starting point still may not ling correctly with the numerical
simulations. This is because the pressure instmtatien starts recording data as soon as
the tunnel starts. Thus, the experimental datavsheery low pressures (near vacuum
conditions) up until the initial slug of air flowmgast the measurement locations. The
numerical simulations do not simulate the entist g=ction of the shock tunnel; rather
they simulate the test section model only. Thusg, time-dependent inlet boundary

conditions for the simulations are applied at tbeia entrance to the model, rather than
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some finite distance upstream. Therefore, thepataconsider the extra time associated
with the air traveling from the nozzle throat toetimodel entrance plane. The
experimental time the air takes before it impinges test model must be accounted for
properly. Since the numerical simulations do natdei the blow-down of the shock
tunnel, the experimental data is further time skiifso that the initial pressure rise of the
first axial static pressure tap location is coiecidwith the initial pressure rise of the
simulations. After this simple time match is penied, the data can be correctly
compared. Figure D.14 shows several time intergblhie time history for Run #7675,
while Figure D.15 shows the time history for Rur6#8. Similarly, Figure D.16 shows
the time history for Run #7680 for several timeemtls. Notice the large disparity in
these two data sets, especially as the test psag@s time. Run #7678 reaches a steady-
state combusting solution, while Run #7680 beginsaristart. Further details for these

two data sets are provided in Section 6.1.
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Figure D.14 Transient History of Centerline Static Pressure (Run #7675)



253

Figure D.15 Transient History of Centerline Static Pressure (Run #7678)
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Figure D.16 Transient History of Centerline Static Pressure (Run #7680)
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APPENDIX E: ISOTHERMAL BOUNDARY CONDITION

This appendix illustrates the proper implementatoéran isothermal boundary
condition, one which allows for the proper captgriof the wall heat flux. The
isothermal wall condition is implemented using aghcell approach for the current cell-
centered discretization. This implies that theggloell values must be defined so that the
half point value (the wall) will be the specifieehtperature of the isothermal wall. The

wall temperature is given by:

T =%(T1+T2) (E.1)

wall

where T, is specified andrl, is the ghost cell valueT,. Solving for the ghost cell

tem peratu re gives:
ST, (E.2)

One main drawback of this boundary condition ariése flowfield temperature
adjacent to the wallT,) is very large (as may occur for the present catibg

simulations), as it is possible to make the ghefit\value negative. Without care, this
implementation can cause problems in the calculagfidhe wall heat flux, namely in the
calculation of the laminar viscosity and specifeahat constant pressure at the surface.
The original method in the code for calculating beat flux at an isothermal wall uses

face-averaged viscosity and specific heat in theafation:
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m, :%(m +m,)fori=1 imax (E.3)
c, =X, +c, Jfori=1 imax (E.4)
P}/2 _E P Pis1 - ! '

The grid cell numbering scheme for the current celitered solver uses the=1 and

i =imax as ghost cells. If the ghost cell temperaturenagative, then the laminar
viscosity and specific heat are defined improp&rding to errors in the computed heat
flux.

The current implementation of an isothermal boupdaondition for the flow
solver treats the cell interfaces that lie on athisrmal wall differently when calculating
the heat fluxes. If the wall is an isothermal wallen the laminar viscosity and the
specific heat at constant pressure are calculaid) uthe wall temperature, and the heat
flux calculation is augmented to account for thigmge. For example the laminar

viscosity for an isothermal wall would be given by:

/73/2 = n(TwaII) (E5)

Thus, the heat flux is calculated using FouriersavLof Heat Conduction which

can be expressed as:
=-kNT (E.6)

The numerical heat flux is calculated at half pgiffaces) and is generally given by the

following equation (thex -direction flux for example):
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q,=C,|, /ZVr = fé (DT) |NJX| J (E.7)
where:

C, = specific heat at constant pressure

= laminar viscosity
m = turbulent viscosity
Pr = laminar Prandtl number
Pr. = turbulent Prandtl number
DT  =temperature gradient in-direction =T, - T,
J = inverse of local cell volume
@ = metric information (akin to the spatial gradientx -direction)

Thus, for the walls, the heat flux reduces to:

/7I N
” (DT) INA J (E.8)

=C 1
% % Pr J

p

As mentioned above, the current implementationthashalf point values forn
andC, calculated using the isothermal wall temperattive falf point, face, value). For

this implementation, though, the temperature gradieeds to be adjusted. For example,
along thei=1 BC, the ghost cell values are given by ith# index, thus the heat transfer

would be given by:
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m_ [N
=, — (T,-T,)J E.O
qxl P Pr J l( 2 1) ( )
where as before:
T, =T, (E.10)

For an isothermal wall the ghost cell temperatargiven by:

T, =2T

g wall

- T, (E.11)

This implies that the temperature gradient at th# is given by:

(Tz - Tl) =T, - (2Twall - Tz) = 2(T2 - Twall) (E.12)
thus, the heat transfer at the wall reduces to:
_c MmN
qxwa” _Cp1 Pr TXI 1[2(T2 - Twall )]‘] (El3)

The i =imax face would be treated similarly for an isothernvall, as would the

other coordinate directions.
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APPENDIX F: WALL TIME CONSTANT

F.1 WALL TIME CONSTANT

The time constant [28] is a way to measure how ntirdle it will take for a
substance will reach a steady-state temperatutebdison when a heat flux is applied.
Although this is an approximation since the tramspooperties (which are assumed to be
constant) used to calculate the time constantaeixeally are functions of temperature, it
gives a good rule-of-thumb to use.

The time constant for a 20m mild carbon steel wall (like the upper and lower

wall of the scramjet model presented herein) isneefas:

t, = P (F.1)

where, 7 is the density of mild carbon ste€l, is the specific heat of mild carbon steel
and k is the thermal conductivity of mild carbon stedlhe productrC, is also called
the volumetric heat capacity. The following val(ies28, 50]: d = 002m, r = 7801%,

C, =473 ¢, k=43- 28 (Note: - =1L) are pertinent to the steel walls used in

this investigation. Two values are given for each corresponding to the minimum and
maximum tabulated temperature values in Ref. [2Bdth the density and specific heat
of most metals are constant until the metal beimaelt. The units for the time constant

are:
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mzngn{sK) — [S] (F.2)
m°kgKN

Thus, the range for the time constant for the upperlower walls is:
For the lower temperatures (the larger thermal ootidty):

‘o (002)*(7807)(473

c (43) =342s (F.3)

For the higher temperatures (the smaller thermadlgctivity):

F (002)*(7801(473
i (28)

=527s (F.4)

So it will take somewhere between Flahd 52.8 for the 20nmwall to reach a
steady-state temperature distribution due to adieapfheat flux. The shock tunnel
experiments lastris at most, which is well short of the time requirext the wall to
reach a steady-state temperature distribution rdifte from the pre-test tunnel
temperature of 3K Although the above analysis is useful, it does preclude the
layer of metal close to the flow from being affettey large temperature changes over

short time scales.

F.2 EFFECTIVE WALL THICKNESS

An effective distance of penetration of an appheat load over a given time can
be obtained by re-arranging the time constant emuaEq. (F.1) and solving fod .
Thus, for the Bisexperimental testing time, an effective penetratistance is given by:

For the lower temperatures (the larger thermal ootidty):
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t,=0005= d*(7803(473 (F.5)
° (43)
Solve ford:
d =2414 10*m=0.2414nm (F.6)
For the higher temperatures (the smaller thermadlgctivity):
d =1.948 10*m=0.1948mm (F.7)

Therefore, the approximate wall thickness that wdwt affected by the heat flux that
occurs over therBstesting time is on the order of ten Thus, the effective depth that
an applied heat load will penetrate is on the ood@mne-hundredth of the thickness of the
wall. To model the effect of solving the heat coctibn equation within the wall in a
steady-state (non-time-accurate) simulation, it beayeasible to set the ghost cell
temperature value (one cell within the wall) to thall temperature value instead of
setting the cell face temperature. This allowsdbwial wall temperature (the cell face
temperature) to vary in response to the applied loed. Since this boundary condition
is based on setting the ghost-cell temperatureevi@a constant, it is called “isothermal
ghost-cell”.

A simple analysis can be used to determine thedimons of such an approach.
Rather than using the effective wall thickness @mésd above, the isothermal ghost-cell
boundary condition assumes that the effective wegtaof an applied heat flux

penetration,d, is the normal spacing of the wall ghost c&j; For the present cell-

min *

centered implementation, the ghost cell size i$ gusnirrored image of the first cell
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within the interior of the flowfield. As presenteéd Section 5.3.2, the minimum wall
spacing for the lower wall is given &0” 10°m. Thus, the isothermal ghost-cell wall
boundary condition assumes thaitis 50" 10°m rather than the effective penetration

distance shown to be on the order2®” 10*m. To determine if this is an appropriate
simplification, the temperature distribution throuthe wall can be assumed to follow a
linear distribution between the first interior celithin the flow field, and a point within

the wall. The general form of a linear temperatlistribution is constructed by:
T(n)= A+Bn (F.8)

where n is the normal distance and and B are constants. The following boundary

conditions can be used to determine the constants:

T(h=a)=T, (F.9)

T(n=b)=T, (F.10)

Using the above, the constardsand B are given as:

A=T, - A (F.11)
B=a (F.12)

where the slope is defined as:
g=1o gb (F.13)

As a results, the linear temperature distributggiven by:
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T(n)=T,- d(a- n) (F.14)

An illustration of the temperature distribution Ween the first interior cell and the ghost
cell is given in Figure F.1. The red line reprdsem linear distribution, given by Eq.

(F.14) using the boundary conditions representatitee interior and ghost cell points:

T(h=Dy,,)=T, (F.15)

T(n=-Dy,,)=T, (F.16)

where, Dy,,;, is the first grid cell spacing in the interior tfe flow solver,T, is the

min

corresponding temperature within the first grid aelthe interior, andT; is the pre-test

tunnel temperature of 3KO Thus, the temperature distribution is given by:
T(n)=T, - Dy, - ) (F.17)
where:

T -T
R (F.18)
2|:).Ymin

Doy, =

The green line represents a linear distributiomgighe effective penetration
distance,d, as the ghost cell point. The boundary conditiogisresentative of the

interior and ghost cell points are given by:

T(N=Dy,)=T, (F.19)

T(h=-d)=T, (F.20)
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Thus, the temperature distribution is given by @gl7) and:

_ T, 'Tg

(F.21)

The exact solution of the one-dimensional heat gotidn equation with constant
temperature boundary conditions on either sidehefwall would result in a parabolic
temperature distribution [28]. The parabolic digition would be positioned somewhere
between the two linear distributions given by thed rand green lines. Thus, a

representative parabolic distribution is shownhasiiack line in Figure F.1.
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Figure F.1 Temperature Distribution Through Wall Thickness

Analyzing the slopes given in Eq. (F.18) and Eq21F; it is expected that the
isothermal ghost-cell boundary condition would updedict the surface temperature

compared with a boundary condition based on a meadistic effective penetration
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distance determined from the time constant of tla#l waterial. This is shown by

evaluating Eq. (F.17) at the surface<0, T =T, ), resulting in:

T

wall

=T, - ch (F.22)

Comparing the red line (code implementation) gignEq. (F.18) and the green line
(effective penetration distance) given by Eq. (fF.2fid using the fact thaby,,, <d,

gives:
Ay, >y (F.23)
thus:

<T

wall

(F.24)

Toa|
wall [b=- Dy b=-d

More practically, it may prove beneficial to altédne isothermal ghost-cell
boundary condition to take into consideration tfiective penetration distance. Perhaps
this would increase the surface temperature, aoduyge simulation results closer to the

transient heat conduction wall boundary condition.

F.3 NOTES ON THERMAL PROPERTIES FOR METALS

o k is a measure of the amount of heat flux that fiaiiv through a substance when
a certain temperature gradient is applied.

o C, is a measure of a substance’s ability to stose, per unit mass

o The volumetric heat capacity for metals is usuallgonstant, until the melting

temperature is reached (Dulong-Petit Law).
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o The ratioa :% Is called the thermal diffusivity. The largerghialue the

Iy

more quickly a substance will adjust itself to gypleed heat flux, because it

conducts heat quickly.
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APPENDIX G: ONE-DIMENSIONAL UNSTEADY HEAT
CONDUCTION BOUNDARY CONDITION

This appendix describes the implementation issoeghe unsteady (transient,
time-accurate) one-dimensional heat conductiontemjuas a boundary condition for the
solid walls of a fluid flow solver. The formulatigpresented here is for a wall that is an
h =constan surface but it can be easily applied to the othwer coordinate directions.
The general form of the one-dimensional unstea@dy benduction equation in Cartesian

coordinates is given by:
f——- — k(T)— =0 (G.1)

The numerical simulations of the flowfield have beeeshed with zero-thickness
walls. In order to implement this boundary coraditia virtual wall is used to solve the
heat equation through the walls, Figure 5.7. Ejl) must then be discretized and
solved on this non-uniform virtual wall mesh aswhan Figure G.1. The following
formulation is derived fof =1 associated with the scramjet side of the wall|evhi N
is associated with the tunnel flow (reservoir) sidéigure G.1 illustrates that the
boundary cell for the virtual grid is the first drcell within the flowfield grid. Thus, to
preserve the grid cell aspect ratio, but to minertize number of grid cells needed, the
boundary condition solver must be able to handbirary grid cell sizes. Thus, much
like the Navier-Stokes equations (Section 2.4) &31) can be extended to generalized

coordinates by applying the chain rule in one-disnem
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L L (G.2)
which results in:

(G.3)
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Figure G.1 Virtual Wall Cell Numbering
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G.1 FORMULATION AND DISCRETIZATION

The usual practice of converting an equation frostaamdard coordinate system
(e.g., Cartesian, cylindrical) to a generalizedrdotwte system involves the inclusion of
a Jacobian of the transformation. This aids indégermination of the inverse metrics
from known grid coordinates. For one-dimensiormansformations, a generalized
coordinate transformation reduces to a simple umeNgcretization of the untransformed
coordinate system. Thus, the above equation willdiscretized according to a cell-
centered finite volume method. For an example disaretization ofN =12 cells, the

cell-centered cell and node numbering is givenigufe G.2.

First cell of scramjet internal flow

w NPk o

IS

®5 n., (Node numbering)

® s———T, (Cell numbering)

n

First cell of external flow

Figure G.2 Cell Centered, Cell and Node Numbering foN=12 Example
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Thus, for a second order accurate cell-centeredratization Eq. (G.3) is
discretized as:

Crm™-CoT" 1 Tw-T T -T,

=0 G4
Dt rib g rog, (©4)

where the subscripts denote spatial discretizadiwhthe superscripts denote an implicit
formulation of the temporal discretization. Thédgunctions which are independent of

the temporal discretization are given by:

b =n-n_, (G.5)

1 1 1
g —E(nm +ni)' E(ni +ni-1)_§(ni+1 : ni-l) (G.6)

In this, n, is the virtual coordinate of grid nodgnot the cell center, but the cell face),
Figure G.2, wheren, corresponds to the wall surface. This is akimatg-direction

dimension.
Also, the thermal conductivity is a function of ttesnperature at the cell faces,

thus:

T +T,
L G.7
5 (G.7)

Kivy, = k(Ti+}/2)= K

and the specific heat at constant pressure isgalen as a function of temperature:
c, =c,(T) (G-8)

To be completely consistett must be evaluated at the{1) time level. This
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would result in a system of nonlinear equationsctviivould require an iterative solution
procedure (e.g., Newton-GMRES). For this applaratk will be lagged one time step
behind to allow the system of nonlinear equatianise solved using a direct linear solver
such as Thomas’ algorithm. Thus, the discretizegtdimensional heat equation is given

as:

(C;i+l-|-in+1 ] CgiTin) 1 T o

_ _n i+1
Dt r'b Ko g

T T
9.

K, =0 (G9)

Rewriting Eq. (G.13) in a form more easily applieato a tri-diagonal solver:

n+1 n n n n n
T C& L “gu‘;y +‘I'if‘Il-—r,!(;2 +T - ,'?;jzg =%Ti“ (G.10)
i ™i | i-1 i Yidi-1 i Midi

The system of equations defined by Eq. (G.10) hdaisthe interior cells,
(i=1, ,N). To properly formulate this system of equatiotg boundary conditions
for i =0 andi = N +1 are necessary.

The boundary condition for the scramjet flow paitles(assuming =0 is the
first cell inside the scramjet) is imposed suclt tha heat flux through the fluid adjacent
to the wall and the heat flux through the wallre surface match. This is discretized as:

e
—~ k

T,-T
Fuia [Tl B TO] - kfwa” % (Gll)

wherek; s the wall thermal conductivity just adjacentte surface interface at grid

node 0, Figure G.2, and is given by:
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ke =k e (G.12)

The scramjet side BC is determined by implementihg above heat flux
constraint in the one-dimensional time accuratet lmeaduction equation, Eq. (G.1).

Thus, the one-dimensional heat conduction equaaorbe rewritten as:

’ ﬂ(cp(T)T) ) 1(

- =0 G.13
T Ty qy) ( )

where, g, is the heat flux given by Fourier's Law.

Using the grid functions defined previously, Eq.%5and Eq. (G.6), a second

order accurate cell-centered discretization ofhe(G.9) is given by:

n+l

NA
Cn+1Tn+l _ CnTn _ ‘ ‘
. I Dt = B r I’?-b kfwal\ 1[T2 Tl] ) / ffluld = O (G'14)
P E(nz - no)

where the heat fluxes are defined as:

Gy, =Ky, 1 [T, - 11] =k, r.-n] (G.15)
*(n2+n1)' §(n1+no) E(nz' no)
and:
\“’V |

-0y = fﬂu,d[ 1" T (G.16)

and:
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T, +T,

. (G.17)

ki =k(i)._ =k@)=k

To facilitate the tri-diagonal solver form of E@5.(10), Eq. (G.14) is rearranged to a more

amenable form, using the fact that:
1
9= 5~ o) (G.18)

which yields a boundary condition equation for thel cell:

N#A ‘

n+l
1, [
Dt ,-:{'lbl g]_ fluid v

+TM™ G.19
0 r'b, ¥ ( )
Cn
FT ':(1) = oo
rl lgl u

The boundary condition for the reservoir side (asag i = N +1 is the first cell
inside the reservoir) is treated a bit differentRor the current research the external flow
is not modeled, rather it is assumed that thentggime is short enough that the wall
temperature on the external flow side is fixed, @etl equal to the pre-test reservoir
temperature. This is an adequate assumption giecentire shock-tunnel testing time is
on the order of s while the time constant for the top/bottom walbpproximately 4€)
Appendix F. For the implementation used hereia,réservoir side is assumed to be at a

constant temperature over the short testing timikus, the boundary condition for the
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heat equation on the reservoir side is given by:

Ty =T

s = fixed (G.20)
Rearranging Eq. (G.27) in form similar to the indewirtual grid cells, Eq. (G.14):
AT, , +BT, +CT,,, =0 (G.21)

where, for the above equation to be correct:

A=0,B=1,C=-1 (G.22)

G.2 IMPLEMENTATION AND SOLVER STRATEGY

The solution of the system of equations definedqy(G.10) for the interior cells
and the boundary condition equations, Eq. (G.20)He scramjet side and Eq. (G.21) for

the reservoir side is aided by rewriting the equatia as matrix system:

a(L2) a(13) T " cgdl
a(21) a(22) a(23) T o
a(31) a(32) a(33) (G.23)

ali1) ali2) alid) T = BT

a(N-11) a(N-12) a(N-13) T, %T
aNy)  a(N2) T, D Mt

dN

where:

a. The coefficients of the first row € 1) are given by:

a(11) = 00 (G.24)



o1 k()
all2)=—2-+— +k;
( ) 1 bl % ffluld
k(1)
a\l3)=-
1) rybg,

b. The coefficients of the last row£ N ) are given by:

i. Referring to Option 1):

a(NDy =0

a(N 2)

a(N 3)

c. The coefficients of the interior row& £i £ N - 1) are given by:

1

0

I. the sub-diagonal entries are:

a(i ,1):-

ribg.,

ii. the diagonal entries are:

C, kb, k"
ali2)=—"+ r:]" ey Ik
Dt ri'b g g.

iii. and the super-diagonal entries are:

a(i 3)

K"

i+%,

ri'bg,
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(G.25)

(G.26)

(G.27)

(G.28)

(G.29)

(G.30)

(G.31)

(G.32)
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d. The boundary conditions, which show up on tgketthand side are given by:

i. First BC:

W
o ke, ‘
dl - &Tln +-|-n ffluld A

G.33
Dt °r'b, V¥ ( )

The flowfield temperature],’, is lagged one time step, which is

in-line with the linear solver implementation, wheT,” = the

current temperature solution from the flow solver the cell

adjacent to the wall.

ii. Last BC:
a. Option 1)
oy =Tyu (G.34)
where,
Tyy =T, = fixed (G.35)

One implementation issue is the determination efghd function,g,,. The last
point, n,,, does not come directly from the cluster routiteista simple remedy

is as follows:

Ny =Ny +(nN - nN—l): 2nN - Ny (G-36)
Dn

thus:
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1 1
In ZE(nNﬂ - nN—l)ZE(ZnN } 2nN—1): Ny - Nyog (G.37)

The linear system is solved using a direct metBodh as Thomas’ algorithm to
obtain the solution of the temperature distributibrough the wall for each time-step of
the flow solver. The temperature distribution thigh the wall is vital in two respects.
First, it gives the temperature in the first celhich corresponds to the temperature in the
ghost cell of the fluid solver. This temperatwsdhen integrated in the flow solver as the
wall temperature BC. Secondly, the wall tempemttistribution could be monitored
over time to determine its characteristics. Ofeliast, is when the temperature
distribution reaches a statistically-steady sohytib it does at all. Also, a comparison
could be made with typical analytical solutionsth@ one-dimensional heat equation.
Although these “exact” solutions are not adequataigh to use in place of the procedure
outlined above, they may allow for some simple carigons.

Once the solution within the virtual wall is detened (by solving the Thomas’

algorithm), T,"** can be used as the ghost cell value for the ortéidw solution:
T, =T (G.38)

Notes:
For the present implementation, both the thermaluaotivity and specific heat
are functions of temperature, although for metal $pecific heat is a constant
value up until the melting temperature is reachethe thermal conductivity

follows the curve given in Figure G.3.
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Figure G.3 Thermal Conductivity for Mild Steel Versus Temperature

The current numerical simulations use 10 virtuad gells within each scramjet
wall. The first cell within the wall has the samamal cell size the adjacent fluid
flow cell. Analysis was performed, but not presehhere, for 50 and 100 virtual
cells to compare the temperature variations witthi@ wall. No appreciable

difference was realized between the three resaisitior the first virtual grid cell.

The above procedure does not take into accounttieateat conduction through
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the wall may evolve at a different time scale thawse present in the flow solver.
The time step chosen for the flow solver dependgherflow characteristics and
is not a function of the wall characteristics. @lshe flow solver uses a sub-
iteration procedure to help maintain time accuracyhe time-accurate heat
conduction equation outlined above will update wal temperature distribution

every sub-iteration step, giving""**

as a result. The entries of Eq. (G.23) are
to be updated every sub-iteration step, while titees on the RHS of the matrix
system are to be updated every time-step. As stpewiously, theC,']i+l term
was not factored out of the time discretization.eating this term in the

coefficient matrix, Eq. (G.23), allows for it to @zen over sub-iteration steps.

This also allows theC; to be updated in the solution vector regardless of

whether the matrix entries are updated.
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The combustion efficiency can be calculated in maays. The following is a

widely accepted method used in aircraft enginegissi The combustion efficiency is

given by:
h o= Yoo~ Yy
‘ YHZO
where:
Y. = allotherCompound€ontainingH

H

thus for the 7-species reaction mechanism usetkeipresent research:

Y. =Y, Yo Y

(H.1)

(H.2)

(H.3)



