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The progress for this period of the grant is best described in the
sttached capers and abstracts which.have teen preparad.

The first attachment is AIAA paper 8:3-0331, entitled "A Finite Volume
Method for Calculation of Compressible Chemically Reacting Flows." It is
to be presented at the AIAA 23rd Aerospace Sciences Meeting in Reno in
January 1985. The previously reported algorithm for solving the stiff set
of equations for chemically reacting flows is reported in detail. The
computations have been doie for a two-dimensional ceometry and, as we
expected, show the_ excellent coﬁputational efficiency obtained in the one-
dimensicnal case. These calculations are for the Euler equations with the
Rogers-Chinitz hydrogen-oxygen model.

The second attachment is an abstract submitted to the AIAA CFD Conference
to be held in Cincinnati in July 1985, The finite volume method has been
extended to viscous flows. Our results verify the accuracy of the non-
reacting case by comparison with Carter's calculation. The reacting case
for the attached boundary layer appears to be satisfactory, although there
is no comparison case for validation. The calculaticns for recirculating
flow are preliminary. o 7

The third—attachment is an abstract submitted to the AIAA 21st Joint-
Propulsion Conference, also in July 1985. It is the start of our study to
investigate the effect of parameters such as fuel/air ratio, geometry, etc.
on the physics of the flow.

During the reporting period, Mr. Thomas Bussing spent about two months

at -NASA Langley Research Center during the summer of 1984,



A FINITE VOLUME METHCD FOR THE NAVIER-STOKES
ECUATIONS WITH CHEMICAL REACTION

Thomas R. A. Bussing*
Earll M. Murman**

Massachusetts Institute of Technology
Cambridge, Massachusetts (2139

ABSTRACT

Sver the past two decades Supersonic Combustion Ramjets (Scramjets)
have received considerable attention. One critical elemeat in the design
of a Scramjet is the detailed understanding of the complex flow field in
the engine during various phases of operation. One area of interest is
. the cemputation of ¢! hemically_reacting flows in the vicinity of flame
"holdars. The purpose of this proposed paper is to studv the characteristics
of a method for solving the Navier-Stokes equations with chemical reaction.

The flow field in a Scramjet is governed by the Navier-Stokes equations
courlied to the finite rate chemistry equations. These equations represent
different crccesses which can have their own characteristic time scales.
In tne croklems of interest the time scales can be orders of magnitude
different (stiff) leading to severs time step restrictions on the compu-
taticnal procedure. If only the steady state solution is desired several
sters can be taken to accelerate the iterative solution. The details of
these steps for the Euler equations with Finite Rate Chemistry are given
_in reference [1].__The numerical procedure is based on a point imglicit_
version of *he Jameson, Schmidt and Turkel [2] finite volumo/multlsta
scheme.

Sriefly the idea tehind the voint implicit method involves modifving
the :riginal stiff set of cogquations to another set where the time stiff-
ness associzted with the chemical time scales has been removed. This can
be accomplished by mulsirlving the unsteady terms by a scaling matrix.

For 2xample, instead of solving the stiff equation system given by

5C 3P -
— = e e—-— - — +
*t X oy (1)
'we:cduld solve
= 0 3F =
S =— = = o - + H <
~ ° ot X - - - ~—! )-

is ricked *to :te the desired scaling matrix. A convenient choice

un

where
for 53 is the matrix cbtained by numericallyv treating the chemical source
terms implizitly. Her:e, the name point implicit. The technigue trans-
lates to sclving the 2quaticns in sseudo time, marching each physical
proc: S at its own rasrective characteristic time scale. Note equations
(1) and (2) have the same steady state solutions.

The method is_being applied to reacting boundary layer and rearward

facing step flows. The full Navier-Stokes equations with Hz-Air finite
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rat:: chemistry are used. The chemistry medel was develcned by Gecgers and
Chinitz (3] and corsists of the following two stops:

2 K
! i
2 + 20H
H2 + O2 - CH HZ OH - 2 HZO
Ko kb
1 2

Tentatively we expect to applvy the method to chemically reacting flows
over flat plates and rearward facing steps. A few preliminare axamples of
these types of flows will now be given.. The first examgle comgares the
predicted non-reacting solution to -a numerical data set generated by Carter
[4]. The results are for supersonic flow over a flat plate. As the figure
illustrates, our computed velocity profile aqiees well with Carzer's data.

- - - 1If-chemfcal reagctierir iF alldwed to occur, then an H_ | species contour like
that shown in Figure 2 is produced. Note as expectéd the reac=tion is
largest next to the surface where the static temperature is highest.
Firally a chemically reacting flow over a rearward facing stez is shown in
Figure 3 (M, =3, T. =900K, T,k =1000K, 9=90.1). Each of thess examples
would be considered tn qreaterlqdetail in the proposed paner. WwWith the
nethod rrovosed in this abstract, convergence to steady state was achieved

in aprroximatelv 5C0 1iterations ccmrared to aprnroximately 5x 198 for a
purelv exnlicit scheme.

[o5

- - - . o
HR j (e Y. BT Y3A/(Cv. 7. + .5 U)
b in -
2 giochlomatrlic mixture ratlo
Yi ¢ cf species 1/mixture density
HE Heat of Icrmaticn -
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NUMERICAL INVEEZTIGATION OF 2-DIMENSICNAL H_~AIR
FLAME HOLDING OVER RAMPS AND REARWARD FACING STEPS

Thomas R. A. Bussing*
Earll M. Murmanw

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Over the zast two decades Supersonic Combustion Ramjets (Scramjets) have
received considerable attention. One critical element in the design of a

Scramjet is the detailed understanding of the ccmplex flow field in the

engine during various phases of operation. One area of interest is the conm-

14

putation of chemically reacting flows in the vicinity of flame holders. Tk

7]

purrose of this proposed paper i3 to study the flame nolding characteristicz
of simgle ramps and rearward facing steps. Both of these configurations are
considered candidates for Scramjet flame holders.

.. _The flow field in_a‘Scramjet_is'gggggned by the Mavier-3tokes eguations
coupled to the finite rate chemistry equations. These ecuations represent

different processes which can have their own characteristfic time scales.

In the croblems of interest the time scales can be orders of magnitude

different (Stiff) leading to severe time step restrictions on the conmrutational

procedure. £ only the steady state solution is desired, several steps can
be taken to accelerate the solution procedure. The detzils of these steps

are givern in Reference 1. The numerical procedure is based on a point

-4mplicit versicn—of the-Jameson, Schmidt and Turkel [Ref.2] finite volume/

multistage scheme coupled o a point implicit version of the Jameson
multigrid method.
Briefly the idea behind the point implicit method involves modifying

the original stiff set of equations to another set where the time stiffness

*Member AIAA. Research Assistant, Dept. of Aero and Astro
#Associate Fellow AIAA. Professor, Dept. of Aero and Astro
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[ Two-flane -holder configurations are consicderec in thi

o

associated with the chemical time scales has been removed. This can be
accomplished by multiplying the unsteady terms bv a scaling matrix. For
example, instead of solving the stiff given by

3U 5F 3G =

== -z -t H
ot 3X oY (L)
wa cculd sclve
= 30 3F 3G | = i
- = - =xT - = +H - 2
S ot uX Y )

where 3 i3 cicked to be the- desdired -scaling matrix. A convenient choice
for S is the matrix obtained by numerically treating the chemical source
terms implicitly. Hence the term point implicit. The technique translates
ts solvinc the egquations in nseudo time marching each state gquantity at its
own respective characteristic time scale. Note eguations (1) ang (2) have

the same steady state solutions.

s study using -

the comprzssitle flow eJuations with H.-air finite rate chemistrv. The

2

first uses 2 walil-generated, coblique sheck {ramp) to initiate ané nhold a
fiame. Exzmrles of this type of reacting flow are shown in Figures 1 and

2. Figure . shows the H, species contours for a reaction initiated by an

-

oblique shacck (M., =3.3, HR=0.026, 9=0.1, T. =90CK, T, =1000X, with 627
in in ig

of the available HZ burned). Note the flow is entirely supersonic, 1f as

shown in Fizure 2 the Mach number is reduced to 2.6 (HR=0.1, ¢=0.1, 89%

Hé‘burn) the-finwfield takes on a different phencmenology. "Here a subsonic

bubble forms benind the normal Mach stem., The calculations were done inviscidle

PO

as the Reynolds number typical of the ramp flows of interest is 107. Using

the point implicit/rescaling method discussed above, convergence was achieved

. .. 8 .
in 200 iterat ons compared to 2 x 10~ iterations for a rurely explicit scheme.

|



The second class of problems involves flame holding behind a rearward
facing step. Here the recirculation zone acts to anchor the flame. 1In this
case the viscous effects are significant and the full Navier-Stokes equations
are needed, At the time of the writing of this abstract the rearward facing
step cziculations were not completed, but they would be included in the paper
For bo:tx flame holder configurations many chenomenologies are egpected, and

an attempt will be made to characterize them.

Table ¢f Symbols

.- 2
HR ) YXHF /(Cv, xT. + 0.8 x1U")
- i in in
i
o} Stochiometric mixture ratio
Yi p of species i/mixture density
HF Heat of formation
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