
U rcas-Sified
CURITY cFCLA O oF T- PAGE

REPOn C ATION PAGE. 4 Form Approved
A OM8 No.0704-0188

a. REPORT SECURITY' CLASSIFICATION l6O LIb. RESTRICTIVE MARKINGS:,

uncassified A% EL[7CTE
a. SECURITY CLASSIFICATION AUTHW FEB 1 5 199tJ 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for Public release;
.ER i distribution is unlimited.

4 (91W S~~. MONITORING ORGANIZATIO REPOU U 8kS

AD-A21 750AFOSR*TR. t-U4 (I~25
AD A 3 5 b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION-

Calitornia Institute Of (i applicable) AORN
Technology IFSRIN
ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, 3tato. anld ZIP Code)

Pasadena, CA 91125 Building 410, Bolling AFB DC
~'~AJING/PONSRING20332-6448

NAME OP "NIGISOSRN 8b. OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGAN IZA1-- N' (if applic F49620-86-c-01]13
AFOSR/ 021.<_________________

ADDRESS (City, Stateand' ZIP Code) 10. SOURCE OF FUNDING NUMBERS

,idn 41,Boiling AFB DC ELEGRMEN NO. ROEC TASK WORK uNIT
PROGRA48ELM NO ONO ACCESISION NO.

03264861103D 3484' Al

*TITLE (Irtlude Security Classification)
U) ' vestigation-s into Shock-inudeed Enhancement Of Mixing and Combustion in
U)Supersonic Burners

PERSONAL AUTHOR(S)
Frank E. Marble

a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, onth.Oay) 15. PAGE COUNT
Final Report FROM 10/l/86T09/30/90 11/30/90 21

SUPPLEMENTARY NOTATION

*COSATI CODES 18. SUBJECT TERMS (Continue On reverse if necessary and identify by block number)

FIELD GROUP SUB-cROUP Supersonic Combustion Scramjet Vortex Shock Baroclii

*ABSTRACT (Continue on rovers@ if necessary and identify by block number)

Experiments were carried out in the GALCIT 17" shock tube to investigate the
effectiveness of shock enhancement on the mixing rate of a cylinder of helium gas
into the surrounding air. Laser induced fluorescence was employed to trace the time~

develonment oi mixing using byacetal dye to mark the helium. The concentration c

helium was reduced below 20Z of its initial value over 0.6 of the helium volume
within less than one ms by a weak (M=1.1.) shock. The results corresponded well to

results of computational analysis. Details of the combustion within the vortex

were investigated in large vortices, created by a pulsing technique in the Unste.' !v
Combustion Facility. The results of this program were sufficiently promising to

encourage the design, construction and test of a scramjet injector using Ithe

technique.

3 DISTRIBUTION/ AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFiCATiON

CRUNCLASSIFIED1JNUIMITED CR SAME AS RPT 1/ Q TIC USERS Unclassified7_
aNAME OF RESPONSIBLE INDIVIDUAL 22 rELEPNYNL(,n1id ,4rea Cod r

Julian M Tishkoff 0427Th f!65 A~,4KO

SECURIT' Ct.MS4'CAt'CN OF s
)FOrm 1473. JUN ~4PrevrouS editioMS are obsJlete



FINAL REPORT

(URI) INVESTIGATIONS INTO THE SHOCK-INDUCED ENHANCEMENT

OF MIXING AND COMBUSTION IN SUPERSONIC BURNERS

CONTRACT NO. F49620-86-C-0113 10/1/86 to 9/30/90

EXECUTIVE SUMMARY

The Department of Defense, under its Universitv Research Initiative Pro-
gram, administered by the Air Force Office of Scientific Research, established.
in October 1986, a three-year research program at The California Institute of
Technology, to address the problems of mixing and combustion in a supersonic
air stream related to the technological issues which face the propulsion svytm
for hypersonic and trans-atmospheric aircraft. Our research efforts focused on
the very rapid controlled mixing of hydrogen and air that may be induced in
a supersonic air stream by the interaction of weak shock waves with the
unmixed gases. The aim was to make creative use of available facilities to
obtain information which, for lack of conventional facilities, would be unobtain-
able for some years.

Shock tube experiments have demonstra+ed that, using shock enhance-
ment techniques, an acceptable degree of mixing can readily be obtained
within less than one millisecond after shock impingement, a time we consider
acceptable for scram.iet burners. The shocks employed are sufficiently weak
that negligible losses would be imposed on the scram jet performance. These
results have been very satisfactorily compared with detailed computational
analyses. Having established that confidence, we are able predict mixing re-
sults for different gases and for different strengths of shock employed in the
enhancement process. Additional experiments have been carried out on timo
pulsed vortices of sufficient size to allow examination of the combustion detik1
within Lhe vortices.

Our results have been very encouraging, not only to us but to the
NASP engine community which we keep informed of our progress. The promi-,
shown by our experimental and computational results were a major factor in
obtaining additional funds from the NASP Technology Maturation Funds. admin-
istered through NASA Langley Research Center. Under this grant we have
been able to design and fabricate a primative "practical" hypervelocity inier-
tor and mixer, for wind tunnel experiments at Langlev. This model has been
ruin in the Langley Mach 6 tunnel during the suimmer of 1990 and the result,
have not onlv confirmed our shock tube experiments but have demonstrated
the possibility of practical implementation of the shock enhancement technique.
We have benefited greatly from the support and encouragement we have re-
ceived from indulstry, NASA and Air Force Laboratories. nnd other reqeArrh



In spite of the success of this program, one must resist the Presumption
that the mechanism and its technological application are completely understood.
Rather we believe that our results should encourage pursuit of significant and
unexpected issues that have arisen in our work, and one of them is an isstw
of practical technology. A scramjet engine must be able to adapt its internal
fluid mechanics to a wide range of internal Mach number, air pressure and
temperature, and hydrogen velocity ratio. At each of these states, the combus-
tion heat release pattern along the engine must be carefully controlled. It is
clear, therefore, that the technological importance of mixing and combustion
enhancement by shock interaction is not only to minimize the residence time,
but to control the heat release pattern to near optimum over a wide range of
engine operating conditions. This requirement extends the need for under-
standing the basic shock enhancement mechanism through a search for princi-
ples by which data may be "scaled" with respect to the controlling physical
parameters.
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1. INTRODUCTION'

During the past five years of active work on the National Aerospace
Plane the key issues for hypersonic flight above a Mach number of six have
been quite clearly recognized and delineated, e.g. Nortnam & Anderson (1986)
and Van Wie et al (1987). A recent evaluation, Kerrebrock et al (1989), of the
problems and current state of technology was completed early in 1988. As a
result of the constraints imposed by the entire NASP system, the high speed
scramiet propulsion system poses very difficult problems related to the injec-
tion and combustion of hydrogen fuel, Anderson et al (1987).

These constraints may be seen qualitatively as follows: Above a Mach
number of 8 active cooling, using hydrogen as the coolant, is required over
parts of the airframe and over a major portion of the engine. There is good
reason to believe that in the higher Mach number range, say above M 14,
the cooling requirement will produce more hydrogen vapor than required for
combustion in the engine. Because this vapor can not be recycled, it must be
disposed of in a manner which effectively reduces the fuel specific impulse of
the engine and increases the hydrogen required for a given mission.

The effect of this augmented hydrogen requirement is striking. Because
liquid hydrogen is a very low density liquid, the volume of the airplane its -lf
is to a considerable extent determined by the fuel volume. As a consequence,
the cooling requirement, over and above that necessary for stoichiometric
combustion, is possibly the highest leverage factor affecting the size and
take-off weight of the airplane for a given payload.

Now because the preponderant fraction of the cooling load occurs within
the engine itself, it is extremely important to minimize the length of the
engine. Within the engine, length translates into time: time required for injec-
tion and mixing and the time required for chemical reaction. For a combustor
Mach number of six (which might correspond to a flight Mach number of fif-
teen) the gas travels between two and three meters in one millisecond. Most of
this time, or distance, is taken up by the hydrogen-air mixing process and
the reduction of required mixing time directly implies a ma.ior reduction in
system take-off weight.

Because many of these factors were recognized by some of the Caltech
Faculty, we have, with the financial support of the subject contract over the
past three and one half years, undertaken a major investigation into the baci,
mechanisms of enhancing the mixing rate and burning of hydrogen with air.
The gasdynamic mechanism and the status of the experimental and computa-
1ional investigations has been discussed in some detail by Marble(19R5), Marhlr(
et al (1987), Marble et al (1990). At this point it is sufficient to say that
promise of our basic concept has been recognized to the point that, through
the NASP project office and NASA Langley Research Center, Techlulogy: Mati-
ration Funds were provided for us to design and build a primative "practiral
injector," which embodies this concept, for experimental evaluation using the
Mach 6 High Revn, ',- -!'mn -r tunn-! !t thz L, ,, ±esearch Center. We are
carrying out this program at the present time and it will be discussed later in
this report.
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The successful results of our experimental and computational program are
most gratifying, but one must resist the temptation to conclude that the
mechanism and its technological application are understood. Rather we believe,
in view of the difficulties of the problem, that our results should be consid-
ered sufficiently encouraging to pursue the significant and unexpected issues
that have arisen in our work and will be described in this report. As in any
basic investigation, we have uncovered more unexplored issues than we have
clarified. A few, but certainly not all, of these must necessarily be settled
before the claim may be made to understand the later phases of our enhanced
mixing process. In addition, because any practical injector must function over
a wide range of combustion chamber Mach number, Reynolds number, and
hydrogen injection rate, the manner in which the shock enhancement phe-
nomenon scales must be examined in detail.
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2. REVIEW OF THE RESEARCH PROGRAM
AND ITS CURRENT STATUS

Beginning in 1986, with the technical and financial support of the De-
partment of Defense, under Contract F49620-86 C-0113, administered by AFOSR,
work began at Caltech to assemble the advanced diagnostic instrumentation
and to make extensive modifications to experimental facilities required for a
detailed investigation into the use of shock waves to enhance the mixing rate
of hydrogen and air. The major part of the work was to be carried out in the
GALCIT 17" shock tube and in the Unsteady Combustion Facility of the Jet
Propulsion Center.

The concept of this program was to utilize existing facilities in a creative
manner to obtain information which otherwise would await the development of
new facilities. The concept is illustrated in Fig.1 where we picture a cylindri-
cal stream of hydrogen, flowing parallei with the supersonic air stream, inter-
sected with a relatively weak oblique shock wave.

Distorted Jet

Hydrogen Jet Sok

Combustor Wall

1. Distortion of Hydrogen Jet in Hypervelocity Air Stream.

As a result of the differences between the properties of gaseous hydrogen
and air, strong streamwise vorticity is generated at the interface between thp
hydrogen and air. This vorticity rapidly distorts the cylindrical cross section
as shown by the sketch and computation in Fig. 2. A shadowgraph of the
actual process is shown for comparison. This distortion not only extends

2. Vorticity Distribution, Computation and Shadowgraph
of Distorted Hydrogen Jet
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enormously the interface between hydrogen and air but the shear laver crent-
ed bv the vorticity rapidly leads to instability of the interface. The extension
and instability of the interface promotes very rapid mixing to the molecular
level which, in turn, allows chemical reaction.

The possibility of examining a streamwise developing process in terms of
one that develops in time allows a difficult continuous hypersonic flow experi-
ment to be replaced with a time resolved shock tube experiment having the
advantage of superior diagnostic access. The use of the 17" shock tube for
this investigntion was stimulated by experiments performed by Sturtevant in
the early 1980's, described in a recent papei, Haas & Sturtevant (1986), con-
cerning the scattering of shock waves by gas inhomogeneities in the atmos-
phere.

Our program, undertaken in 1986, focused on the distortion and rapid
mixing of the inhomogeneity itself, interpreting time elapsed in the shock
tube experiment as the distance downstream of injection, as detailed above.
The principle quantitative technique employed has been the laser induced
fluorescense of biacetyl. Using this technique, Marble et al (1987), it was
possible to record light gas density distributions (implying the degree of
mixing between fuel and air) within a one millimeter thick cross section of the
cylinder with a time resolution of a few microseconds.

We have carried out a program of shock tube experiments in which a

cylindrical jet of helium, convecting vertically in the working section of the
shock tube, was used to model the hydrogen cylinder. A shock wave was
produced in the tube which propagated in a direction normal to the axis of
the cylinder, as shown in Figure 3. During the ensuing interaction process the

PCB Pressure Transducers

..- Cylindericoi Lens

ITT 7€ Spherical LensesIntensif ied 7
Video Camera m ./] odl

L. rSLL-IO050 M

Fiashiomp Dye
IBMtanford Research Laer

With Digital Delay / L se

Poynting Products Generator J at 4 nP

Frame Grabber I Joule at 425um

3. Sketch of Shock Tube Experiment.
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concentration of helium was determined by measuring the laser induced fluo-
rescence of bv~cetal dye which was mixed with the helium. The intensity of
the fluorescence was measured with an enhanced video camera and calibration
of the camera-shock tube system allows quantitative determination of the local
dye concentration. In these experiments, the laser sheet cuts a cross section
of about 0.5 mm thickness, normal to the cylinder axis, with a time resolution
of about 2 microseconds and the interaction process could be followed for
times of up to two milliseconds after shock impingement. Details of the experi-
ment and experimental results, given in Jacobs (1988) and Jacobs (1990), are
reviewed here briefly.

A set of photographs illustrating the interaction process for a one
millisecond period is shown in Fig.4 where the region within which the
concentration of helium is above 20% of the original value is shown in black,
for the purposes of this report. Color enhanced treatment of this data, Jacobs
(1988), gives a much more detailed picture of the distribution of the dye than
can be given here in black and white.

The experiments show that the interaction process initially breaks the
cylinder of helium into a vortex pair connected by a thin umbilical cord that
soon mixes. As the flow develops, each vortex breaks up into two distinct
regions which can be clearly defined in the color photographs and in shadow-
graphs of the flow. We have designated one region the front lobe, which
develops into what appears to be a strongly stratified vortex pair, and the
back lobe which mixes rapidly with the surrounding air and disappears. By
the 0.988 ms time frame, about 60% of the initial helium has been mixed with
air to form . mixture with less that 10% helium concentration. We shall return
to these experimental results later in this report.

An extensive computational program was undertaken as a parallel
effort to allow analysis of flow field features, such as the pressure and
the vorticity, that were difficult or impossible to measure in the experiment.
The "verification" of our code was carried out utilizing the spark
shadowgraphs, mentioned earlier, together with the computed gas density
distributions. Even superficial comparisons, such as that shown in Fig. 2. show
a striking accuracy which is confirmed by detailed comparison. The advantufe
of this computational capability lies in the resulting ability to perform
numerical experiments, allowing a careful choice of the more expensive and
time consuming physical experiments. Extensive use will be made of this cod.
in Section 4 of this report in which we examine the outstanding problems thit
remain in this investigation.
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4. Laser Indticed F luorescence Imaees of Shock Enhanced Mixine.
Helium in Air
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The experimental portion of the program carried out in the Unsteady
Combustion Facility aimed to examine a different aspect of the combustion
phenomenon. The actual detail of combustion within the vortex structlre is
not specifically addressed in the shock tube study. The Unsteady Combustion
Facility, Smith & Zukoski (1985), Marble et al (1987), shown schematically in
Fig. 5, utilizes a pulsed flow over a downstream facing step to generate large
vortices in a combustible mixture. The spatial resolution of one millimeter
square within a five to seven centimeter diameter vortex allows determination
of the distribution of heat release through measurement of chemiluminescence
and ion concentration. Figure 6 shows a typical time resolved map of chemilu-
minescence along with the more familiar spark shadowgraph at a corresponding
time of the vortex burning period. We have just reached the point where
quantitative evaluation of these data are possible and this activity is continu-
ing.

Variable
20 to 100cm

2.5cm by 7.5cm deep

-SirCebunio Chamber5m 25

5. Schematic View of Unsteady Combustion Facility

'to

6. Hleat Release Map and Corresponding Shadowgraph
during Vortex Combustion.
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A detailed numerical analysis of the flow in bolth the Shock TI e and
the Unsteady Combustion Facility has been carried out, Hendricks & Marble
(1990) using the Flux Corrected Transport method developed by Boris & Book
(1976), and a modified form of the computational code developed by Picone &
Boris (1988). Because the time scales here .re a few milliseconds, viscous
effects do not play an important role in the evolution of the flow field and
hence the Euler code was considered satisfactory. The results of these compu-
tations have been very important in guiding the experimental work and in
explaining features of the flow field that could not be measured.

Computations have been carried out for a wide range of initial values
for the parameters of the system including: shock Mach number, specific heat
ratios, density ratio of light to heavy gas, initial thickness of diffusion layer
at the boundary of the light gas cylinder, and the initial geometry of the
interface. Only those c:nclusions drawn from calculations of the basic flow will
be discussed here.

As the shock passes the light gas cylinder vorticity is deposited at the
interface, increasing from zero at the initial point of contact to a maximum
where the shock passes the m: jor diameter, where the pressure and density
gradients are perpendicular, then decreasing to zero at the rearmost point.
Although some vorticity production does occur after passage of the shock,
calculations show that the circulation about the upper (or lower) half of the
flow is very nearly constant after the shock has passed.

The subsequent development of the flow distortions is thus almost toi-l-
ly due to the self-induced velocities produced by the vorticitv that has been
deposited at the circumference of the cylinder. One aspect of this motion is
that the distorted structure moves through the ambient gas with a velocity
which varies from about 75% of the gas speed behind the shock early in the
development to roughly 15% later on. This relative velocity is of little impor-
tance for the shock tube experiments but can be significant in fuel injector
design.

Results of a single computation for a Mach 1.10 shock strength at three
different times are shown in Fig. 7 for a flow similar to that shown in the
photographs of Fig. 4. Figures 7a, 7b, 7 c show the computed density field and
the lines of constant density correspond very nearly to lines of constant
composition. Figure 7d gives the pressure contours corresponding to Fig. 7u.
The mechanism by which the vorticity is redistributed during the development
to the later configuration is of particular interest. The two relevant are the
convective transport and the barotropic generation and annihilation. The first
is possible because the vorticity is initially deposited in the thin layer whero
the composition gradient is large. Because this may involve only a small frac-
tion of the helium, the helium carrying the vorticity may migrate toward the
front and leave the less vortical portion in the riar part of the structure.
The barotropic generation is important because significant pressure gradients
remain in the field after passage of the original shock. The relative stability
of the stratified vortex which appears in the late stage of development may he
inferred from the colinearity of the density and pressure contours in Figures
7c and 7d.

10
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7. Density and Pressure Fields Computed for Shock Mach Number of 1.10

The computations confirm that the light gas remaining in the front lobes

form- a strongly stratified vortex pair which continues to persist in an un-

m!xed condition for times larger than that available in the experimental appa-

ratus. Because these vortices are stratified, they are particularly stable and
we expect that continued mixing of this material with air will be slow. Hence,

we must rely on mixing due to either the longitudinal shear or another shock

interaction to mix this material with the ambient air. The influence of mixing
induced by shear and the possibility that a second shock can destabiize the
vortex pair arc being studied in experimental and computational programs.

11



3. TRANSLATION OF SHOCK ENHANCEMENT CONCEPT

TO A HYPERSONIC INJECTOR

During the initial phases of research on the shock enhancement of mix-
ing, the question was frequently posed as to whether such a concept could
indeed be accommodated in an engine or whether it was an entity quite apart
from engine technology. The opportunity to address this issue was secured
through the Technology Maturation Fund of the NASP program. Under a two
year NASA grant administered through NASA Langley Research Center, we have
the responsibility to design and build a hypersonic injector module, encorpo-
rating shock enhancement, and to conduct experiments with it in the Langley
Mach 6 one-foot wind tunnel. The model, design of which was completed in
early September 1988, is shown schematically in Fig. 8.

A A

F8
8. Configuration for Hypersonic Hydrogen Injector

The injector consists of alternating compression ramps and expansion
troughs located along one wall of the combustor. At the end of each ramp,
hydrogen is injected through supersonic nozzles (Fig. 8, Section B-B) parallel
with the new level of the combustion chamber. As the air flowing in an expan-
sion trough leaves the end of the ramp, it forms an oblique shock as it is
returned to the direction of the combustor wall, of about the same strength as
the shock at the leading edge of the ramp.

The adjacent slocks and expansion fans generated at the leading edge ,4
the ramp interact to weaken substantially the leading edge shock and to
produce a downward vertical velocity within the trough. Looking upstream int,
the injector discharge (Fig.8, Section A-A) one sees a vortex sheet generatol
at the boundary between the hydrogen and air, a feature which is the first
step in producing the streamwise vorticity essential to the mixing process.

We arrived at this particular design as the result of a detailed
computational study of the flow fields generated by similar geometries and 1
sample of these results clarifies the mechanism by which shock enhancemenl i,
produced. Figure 9 gives the computed density contours within a vertical
cross section of the flow at a station one inch upstream of the discharge. Th,
expansion around the ,ipper corners, where the ramp and trough join, is
followed by a pair of oblique shocks within the trough which allign the flow
with the veiLical walls of the trough.

12
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9. Density Contours 1" Ahead of Nozzle Discharge.

The density and vorticitv contours for a cross section one inch down-
stream from the end of the injector are shown in Fig. 10. The density con-
tours of Fig. 10(a) may be compared with the corresponding plot in Fie. 9 one
inch upstream of the discharge. Further, because the solid walls of the injec-
tor are no longer present, the expansion fans generated by the sharp corners
are attenuating rapidly. Strong density gradients now bound the hydrogen
stream, half of which appears on each side of the ramp region.

a) Density b) Pressure c) Vorticity

10. Field Contours 1 " Downstream from Injector Discharge.

The distinctly new feature which appears here is the shock moving

vertically upwards through the air within the trough. This shock is a

consequence of turning the trough air back in the streamwise direction by the.

combustion chamber wall. The essential point is that this shock establishes a

high pressure region within the trough air which causes the air to flow in

under the hydrogen and to lift the hydrogen jet off the wall. out into the ,ar

stream.
The mixing process develops as n result of stramwise vorticitv whih i-
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generated partly by the vertical velocity difference between hydrogen and air
at the discharge of the injector, but largely by interaction of the shock wave
with the density difference between the hydrogen and the air. The pressure
field in question here is shown in Fig. 10(b). Figure 10(c) gives the contours
of streamwise vorticity which is concentrated along the air-hydrogen interface.
The thickness of the vorticity distribution which appears in this figure re-
sults from the small-scale inviscid rolling up of this interface.

Figure 11 shows plots similar to those of Fig. 10 but at a distance of 6
inches downstream from the injector discharge. First, referring to Fig. 11(a),
note that the hydrogen jets have been indeed lifted off the wall and strongly
resemble the vortex pair configuration observed in the shock tube studies,
Fig. 4. Second, referring to Fig. 11(c), note the very large extent to which the
air-hydrogen interface has been rolled up and transported by the small-scale,
inviscid vortical motions.

0 W i

a) Density b) Pressure c) Vorticity

11. Field Contours 6" Downstream from Injector Discharge

On the basis of these studies, a model of the injector was designed for
installation in the Mach 6 high Reynolds number tunnel at the NASA-Langley
Research Center and fabrication was completed early in February 1989. An
extensive series of experiments was carried out by Caltech personnel with th"
technical support of Langley Research Center during the summer of 1990.
Although the results have not yet been analyzed thoroughly, it is clear that
the injector performed very much as predicted by the shock tube studies lr),f
numerical analysis. More experimental time at Langley has been scheduled and1
completion is expected by Spring of 1991.

This work constitutes both a "proof of concept" test and a demonstraton
of design problems not appreciated initially. There are basic issues involved in
this configuration in addition to those treated in the shock tube study among
which are the shear due to the difference between airstream and hydrogen
injection velocities and the effects of boundary layer structure at the dis-
charge nozzle. Some of these issues are described in the following section.

14



4. THE BASIC SCIENTIFIC AND TECHNOLOGICAL ISSUES

The extensive research program we have pursued over the past three
years has confirmed the potentiality of shock enhancement as a means of
controlling and accelerating the rate of mixing between gases of very different
molecular weights. Equally important, it has clarified and focused our percep-

tion of the basic issues, both scientific and technological, that control and
limit the mixing process, determine its scaling laws; issues that must be faced

in the process of transferring the concept to a practical hypersonic combus-
tor.

One of the most challanging of these is what we may refer to as stabi-
lized stratification. This situation is familiar from a variety of natural convec-
tion situations in which a gravitationally stable stratification (one in which the
density decreases as the altitude increases) is sufficiently strong to inhibit

instability of interfaces normal to the gradient field. In our situation, the
vorticity at the interface between hydrogen and air creates an unstable shear
layer which will, under usual circumstances, develop into a strong mixing
layer. On the other hand, the configuration of the vortex with the lower
molecular weight gas near the center tends to be stabilized against shear
instability by a strong centripetal acceleration associated with the circulation
of the vortex.

The laser induced fluorescence photographs shown in Fig. 4 provide vital
information in this regard. Initially the cylindrical cross section develops
strong mixing at the interface. As the motion develops, a change takes place
that can be most easily understood by examining the computations. Figure 12
shows density and vorticity contours at a time corresponding to
approximately .29 ms in Fig. 4 . At about .79 ms the same physical quantities.
Fig. 13, show that the vorticity has, to a remarkable extent, migrated to the
right-hand portion of the structure, leaving the left-hand portion largely free
from vorticity. For later times, these two regions behave in completely

1.8 /. IT _T I I I T

a [goo,.

0.01 L~
-2.0 -1.5 -1.0 -.5 0.0 0.5 1.0 1.5 .. .-1. - . 5 0 0 10 .

Density Vorticity

12. Density and Vorticity Contours .29 ms after Shock Impingement
different manners; the vorticity-free region mixes rapidly whereas the material
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containing the vorticity forms a symmetric vortex. The consequence is most
clearly exhibited by the rates with which the helium mixes in each of these
regions. Figure 14 shows that the region containing the vorticity mixes the
more slowly of the two, giving weight to the contention that mixing of the
region on the right is being retarded by the mechanism of stable stratifica-
tion. The computations from a later stage of the process, Fig. 13, confirm the
symmetric vortex-like configuration of the right hand portion of the structure.

16 8-1.8

I •

12.8 13.8 14.8 15.8 16 8 12 8 13 8 14 8 15.8 16.8

Density Vorticity

13. Density and Vorticity Contours .79 ms after Shock Impingement

One of the major thrusts of further research in the area of shock enhanced
mixing must, therefore, be an investigation into the utilization of shock inter-
action to destabilize this structure through redistribution of the vorticity. It
is essential to examine the strength of shock required and the stage of devel-
opment most suitable for this interaction.
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14. Mixing Histories for Non-Vortical and Vortical Regions
The experience gained in this program, in the conception, design and
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computational study of the hynersonic injector utilizing shock enhancement,
has provided the relevant framework within which to study basic issues of the
problem that are not evident in the shock tube study. The first and most
obvious of these, which was justifiably suppressed when the mechanism was
being confirmed in the shock tube study, was the shear layer that develops
when the hydrogen jet moves at a different velocity than the air. In an
engine, the difference between the hydrogen injection velocity and the air
velocity in the combustor will vary over the range of free stream Mach
numbers between 6 and 18 and, at times, the air velocity may exceed that of
the hydrogen jet. The interaction of the shear vorticity component, normal to
the direction of flow, with streamwise vorticity, which we have generated by
the shock interaction, is a fundamental issue that requires investigation.

The boundary layer, that develops along the inlet ramp and surface of
the combustor in which the inJector is installed, likewise introduces a vorticity
component normal to the flow direction, similar to that associated with the
shear created by the jet. The presence of the solid surface, however, alters
the situation considerably. One factor, of course, is the possible attenuation to
our mixina enhancement presented by the wall. Another is the r'ossibility that
the degree and scale of the boundary layer turbulence, which may have
developed over a considerable distance ahead of the injector, itself may play a
major role in the mixing and combustion processes.

A final point that has been mentioned earlier in this report is that a
scramjet engine, because of the immense difficulty of incorporating a variable
geometry structure to withstand its very hostile atmosphere, must be able to
adapt its internal flow mechanics to a considerable variety of internal Mach
numbers, air pressure and temperature and hydrogen mixture ratio. In partic-
ular, a fixed internal configuration has poor tolerance for uncertainties in the
heat release pattern along the flow path. There is, for minimizing pressure
losses and heat transfer rate, an optimum heat release pattern which is differ-
ent for different operating points and may be achieved only by carefully
controlled distributed injectors. It appears that shock enhancement, and some
variability of the injection nozzles, can provide a powerful means of control-
ling the heat release pattern with moving parts residing out of the high
temperature regions of the combustor.

From this viewpoint it is clear that the technological aim of mixing and
combustion enhancement by shock interaction is not to only mirimize the
required residence time, but to control the heat release pattern to near opti
mum over a rather wide range of engine operating variables. The consequn..
of this requirement extends the need for understanding the basic shock
enhancement mechanism through a search for principles by which data may t-
"scaled" with respect to the controlling physical parameters.
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6. ORGANIZATION OF AND PARTICIPANTS IN THE PROGRAM

The research was divided into three tasks grouped under the Principal
Investigator. Each of these tasks was coordinated by the faculty member most
closely associated with that particular phase of the work. For the experimental
investigations, each coordinator was the faculty member who has already held
responsibility for the facility involved. Each of the coordinators had both re-
search and fiscal responsibility of his task within his predetermined budget.
The Principle Investigator had overall technical and fiscal responsibility for
the contract.

Frank E. Marble Principal Investigator

1. Edward E. Zukoski Coordinator: Unsteady Combustion
Research

2. Bradford Sturtevant Coordinator: 17 inch Shock Tube
Research

Edward E. Zukoski

3. Frank E. Marble CoordinaLor: Analysis and
Computation

Toshi Kubota

The Principal Investigator was responsible for organizing research confer-
ences, for reporting, briefings, scheduling lectures, site visits including
meetings with Air Force Laboratories, NASA Research Centers, and Industrial
organizations. Contacts with and visits to other organizations were handled by
individual Coordinators. Stimulating interaction with the engine and airframe
competitors under the NASP Program was greatly facilitated by the participita-
tion of the Principal Investigator on the NASP review by the Air Force Stu-
duies Board and our contact with the NASP Technology Maturation Program
resulting from our research program carried out through the NASA Langley
Research Center.

Reeach Fellows: G. J. Hendricks
J. W. Jacobs

Graduate Students: J. T. Yang
J. Budzinski
T. Zsak
J. D. Sterling
I. A. Waitz

20



&0

Lectures, Seminars, Meetings

The group associated with this contract has participated in numerous
discussions, meetings and presentations during the four years since the work
was initiated. The timely nature of the work has also resulted in a great deal
more industrial interest and discussion than we have experienced with previ-
ous grants. The following lists the more formal of these interactions.

1. Formal Presentations

a) AIAA Joint Propulsion Conferences, 1987, 1990

b) American Physical Society, 1988, 1990

2. Formal Lectures

a) University of Rouen, 1987

b) Moscow Aviation Institute, 1989

c) W. R. Sears Distinguished Lecture, April, 1990

d) Parker Hannifin Distinguished Lecture,
Ohio Aerospace Institute, October, 1990

3. Seminars

a) California Institute of Technology

b) University of California, Irvine

c) NASA Langley Research Center

d) Massachusetts Institute of Technology
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