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ABSTRACT

Driven micro-cavities embedded in the wall beneath turbulent supersonic
boundary layers are analyzed using two-dimensional computatiordabdffnamics. This
concept is a passive flow control technique in which very smallieafdrmed by arrays
of thin vertical walls are oriented transverse to the flow toecand underlie the
boundary layer. The purpose is to reduce or eliminate skin frictian ®iaious micro-
cavity configurations were analyzed at locations (0.1 m and 1 mhstoyam of the
leading edges of flat plates, for free-stream Mach numbets202.0, and 3.0. Results
focus on net drag reduction achieved, cavity flow-field effects, @drtm effects in
vertical cavity walls, cavity scale effects, mesh rafieat issues, and the stability of the
solutions.

Skin friction drag was eliminated over micro-cavity regionsdibconfigurations
tested. Drag in these regions was due to pressure effects iocalwedlls and exhibited a
linear increase with downstream distance. Drag reductions asait®-20% (compared
to a reference flat plate section) were obtained for 52-cgeitynetries at Mach 2.0 and
Mach 3.0 downstream of the 10 cm and 1 m flat plates, respectivefgrd®en of the
cavity walls showed no effect on net drag reduction for these.catability issues were
observed when using a fine grid mesh for the Mach 2.0 case, withcaghibscillations
seen in the drag. A parametric investigation in which caviglesmmumber, and wall
configuration were varied was also performed for two freexstrMach numbers of 1.2
and 3.0. Drag reductions between 18-40% were seen for these casslsoWn that drag
reduction was reduced with increasing cavity length and thatstéediness of the

solution increases with the number of vertical cavity walls present.



ACKNOWLEDGMENTS

The author would like to thank Dr. David Riggins for his invaluable guidance,
expertise, and above all, patience in the completion of this workoWtithis constant
support and scheduling accommodations, timely completion of this work woulcawvet
been possible. The author’s gratitude for Dr. Riggins’ continued a@widefriendship
cannot be overstated. Further thanks go to Dr. Serhat Hosder and Bs. Daastimeier
for their contributions to the author’'s educational experience at botbréuriate and
undergraduate level and for serving on the committee to review this material.

Thank you to the Missouri University of Science and Technology Depat of
Mechanical and Aerospace Engineering for its financial supposugh the Graduate
Teaching Assistantship.

Finally, thank you to my family and friends for their unwaveringoemagement

and support throughout this experience.



TABLE OF CONTENTS

Page
N = ST I ¥ PSPPI i
ACKNOWLEDGMENTS ..ot e e e e e e e e e e aa e e e aan e \Y
LIST OF ILLUSTRATIONS ....oeiiiiieiiiiteite ettt e ettt e e e e e et e e e e s e nnnnneeaaees vii
LIST OF TABLES ....ccoo ittt e e e e e ettt e e e e e sttt e e e e e e s ennrenaeeeeaans Xii
NOMENCLATURE ..o e e e e e e et e e e e e eaan s Xiii
SECTION
1. INTRODUCTION ... .cutiiiieee ittt ettt e e e e e e et e e e e e e s s nnba e e e e e e e ansteeeeeeeeannes 1
1.1. CONCEPT MOTIVATION ..ottt ettt e e e e ananeea e e 1
1.2. THESIS OQUTLINE ... ..ot e et et e e e e e anans 5
1.3. LITERATURE REVIEW ...ttt 6
1.4. SCOPE OF PRESENT WORK ....cciiiitiiiiie ettt 13
2. CFD TOOLS, METHODOLOGY, AND PROFILE DEVELOPMENT ................. 14
2.1. VULCAN CFD CODE ...ttt eea e 14
2.2. UPSTREAM TURBULENT BOUNDARY LAYER GENERATION............ 17
2.3. MICRO-CAVITY REGION GEOMETRY AND
BOUNDARY CONDITIONS ..ottt e e ennnneeea e 21
2.4. GRID AND MESH SIZING .....coiiiiiiiiie et 26
3. 52-CAVITY REGION SMALL WIDTH BASELINE GRID RESULTS................ 28
3.1. GATED CAVITY REGION .....ciiiiiiiiiiiiiiiee et e eineeee s 29
3.2. UNGATED CAVITY REGION ....coiiiiiiiiiiiiie ettt 37
3.3. UNPERFORATED CAVITY REGION.....ccciiiiiiiiiiee e 42
3.4. COMPARISON TO FLAT PLATE RESULTS ... 46
3.5. REDUCED MACH NUMBER RESULTS ......cccoiiiiieiiiiiieice e 48
4. 208-CAVITY SMALL WIDTH BASELINE GRID RESULTS ......cccccceeeviiiiiieenn. 54
5. FINE GRID CASE STUDY ..euiiiiiiiiiiie ettt a et et a e e e e eaa e eees 63
5.1. GATED FINE GRID RESULTS ...t 63
5.2. UNPERFORATED FINE GRID RESULTS ....ccciiiiiiiiieee et eiiieee e 70

6. CAVITY SPACING, SIZING, AND GRID REFINEMENT STUDY .......ccccoeeenn... 73



Vi

6.1. MACH 1.2 MEDIUM CAVITY WIDTH .....coooiiiiiiiiiii e 73
6.2. MACH 1.2 SMALL CAVITY WIDTH....oouiiiiiiiiii 81
6.3. MACH 3.0 MEDIUM CAVITY WIDTH ....ccooiiiiiiiiiiiiee e 85
7. SUMMARY AND CONCLUSIONS ...t 89
APPENDICES
A. SAMPLE VULCAN INPUT DECK ......coiiiiiiiiiiiii 93
B. FORTRAN DRAG FORCE DECOMPOSITION
POST PROCESSING CODE .......cooiiiiiiiiiiii e 105
BIBLIOGRAPHY ..o 108



Vil

LIST OF ILLUSTRATIONS

Figure Page
1.1. Driven Micro-Cavity Section Side View (Left) and

Oblique View (Right) of a 3-D Cavity Channel .............cccccceiiiiiiiiiiiiiccieeeen, 2
1.2. Schematic of Pressure Drag Generation on Vertical Cavity Walls ..................... 3
1.3. Schematic Showing Potential Effects of Perforating Cavity Walls..................... 5
1.4. Riblets Geometry Aligned in the Direction of the FIOw..............ccccceiiiiiininnnnn. 8
1.5. Finite-Thickness Porous Cavity BIOCKS...........coovvviiiiiiiiiii e 9
1.6. Flat Plate with Holes in FIOW DIr@CHION ..........uuuviiiiiiiiieeeeeeeeeieeeeeeeeii s 10
1.7. Embedded Hexagonal Shaped Cavities ..............uuuuiiiiiiiiiiee e 10
1.8. Boundary Layer Flow Over an Embedded Cavity in Transverse

Orientation to the INCOMING FIOW...........cooiivviiiiicciee e 11

1.9. Schematic of Velocity Profile with Reversal in Flow at the Bottom of the
[T pploT=To [0 [=To I OF= | RPN 12

2.1. Multi-Block Configuration for L = 0.1 m Initi&dlpstream Flat
PlAate Profile.. ... 18

2.2. Multi-Block Configuration for L = 1.0 m Initial Upstream Flat
PlAate Profil.. ...t 19

2.3. Mach Contours for Initial Upstream Flat Plate Flow Profile US1..................... 20

2.4. General Geometry for Driven Micro-Cavity Test CasesS ...........ccceeevvvvvvevevnnnnnnns 22



2.5.

2.6.

2.7.

2.8.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

Multi-Block Layout for 52-Cavity GEOMELIY........cccevveeeiieeeeeeeeeeeeeeveiveee e 23

Boundary Conditions for the Micro-Cavity Test Geometry ...........cccceceeeeeeneennn. 24

Detailed View of Perforated Cavity Wa@kometry and Boundary
(7o) 010 [11]0] o K300 PRSP 25

Detailed View of Unperforated Cavity Wa@kometry and Boundary
(7o) 010 [11]0] o 130U PP PPPR 26

Mach Number Contours from VULCAN with Incoming Flow
Over the 52-Cavity Small Width RegION .......ccoooiiiiiiiiii e 29

Drag Time History Plot for the Gated 52-Catgall Width Mach 2
IS A O T PSP 30

Pressure Contours for the Gated 52-C&ntgll Width Mach 2
IS A O T PP 31

U-Velocity Contours and Flow Streamtraces for the Gated 52-Cavity
Region from the Start of the Cavity Region to the First Gate ................ccoee 33

U-velocity Contours and Flow Streamtraces Indicate Both Reversed
and Non-Reversed Flow Near the First Gate ... 34

Breakdown of the Contributions of Skin Friction and Pressure Forces
to Total Drag Over the Entire 52-Cavity Small Width Mach 2 Test Case ........ 35

Drag Time History Plot for the Ungated 52-Caiyall Width Mach 2
T ST A ..ttt ettt e et e e et et e e e e e et e e e enraa e e 37

Pressure Contours for the Ungated 52-C&igll Width Mach 2
IS A O T PRSP 39



3.9.

3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

3.16.

3.17.

3.18.

4.1.

4.2.

U-Velocity Contours and Flow Streamtraces for the Ungated 52-Cavity
Small Width Mach 2 TESt CASE ......uuuuuiiiiiiiii i e e e e e e e eaeaneens 40

Breakdown of the Contributions of Skin Friction and Pressure Forces to
Total Drag Over the Ungated 52-Cavity Small Width Mach 2 Test Case......... 41

Drag Time History Plot for the Unperforated 52-CaSityall Width
YT R =TS A O LT TP 42

Pressure Contours for the Unperforated 52-C8witgdl Width Mach 2
IS A O T PP 43

U-Velocity Contours and Flow Streamtraces for the Unperforated
52-Cavity Small Width Mach 2 TeSt CaSe ......cccoeeveieiiiiiiiiiiieii e 44

Breakdown of the Contributions of Skin Friction and Pressure Forces to
Total Drag Over the Unperforated 52-Cavity Small Width Test Case.............. 45

Drag Time History Plot for the Gated 52-Ca$ityall Width Mach 1.2
IS A O T PSP 49

Drag Time History Plot for the Ungated 52-Ca8ityall Width Mach 1.2
TS A ..ttt ettt e et e e et et e e e e e et e e e e nraa e e 49

Breakdown of the Contributions of Skin Friction and Pressure Forces to
Total Drag Over the Gated 52-Cavity Small Width Mach 1.2 Test Case.......... 51

Breakdown of the Contributions of Skin Friction and Pressure Forces to
Total Drag Over the Ungated 52-Cavity Small Width Mach 1.2 Test Case...... 51

Mach Number Contours from VULCAN Showing the Incoming Flow
Over the 208-Cavity Small Width Mach 2 Test Case............ccceeeeevvvivivvviiiinnnnns 55

Drag Time History Plot for the Gated 208-Cavity Mach 2 Test Case............... 56



4.3.

4.4,

4.5.

4.6.

4.7.

5.1.

5.2.

5.3.

5.4.

6.1.

6.2.

6.3.

6.4.

Pressure Contours for the Gated 208-C&ntgll Width Mach 2

TS A ..ttt ettt e ettt e e e et et e e e e et e e e e eraa e e 57
Pressure Contours for the Gated 208-Cavity Small Width Case

Enlarged for Detail at the End of the Cavity Region .............cccoeeeeiiiiiiiiiiiiinnnnnns 58
U-Velocity Contours and Flow Streamtraces Indicating Reversed

Flow in the Cavities Bounded by the First Gate ..............uuciiiiiiiieiieees 59
U-Velocity Contours and Flow Streamtraces Indicating Both Reversed

and Non-Reversed Flow Near the Second Gate .............eeeviiiiiiiiiieeiiiiiiieeiiiiiins 60
Breakdown of the Contributions of Skin Friction and Pressure Forces to

Total Drag Over the Gated 208-Cavity Small Width Mach 2 Test Case........... 61
Time History Plot (Top) for the Gated 52-Cavity Small Width Mach 2

Test Case Using the 41 X 41 Node Fine Grid, Zoomed for Detail (Bottom).... 65
Pressure Contours for the Gated 52-Cavity Small Width Geometry Using

the 41 x 41 Node Fine Grid (Top) and Enhanced View (Bottom) Over the

REQION BEIWEEN GALES .......ccevvviiiiiiiiiiiii e e e e e e e e e e e e e e et s s s e e e e e e e e e e eeeeeessnnnnnnes 67
U-Velocity Contours of the Fine Grid Gated 52-Cavity

Small Width Mach 2 TESt CASE ......uuuuuiiiiiiiei i e e e e e e e e eeeeaneens 69
Time History Plot (Top) for Unperforated 52-Cavity Small Width Mach 2

Test Case Using the 41 x 41 Node Fine Grid, Zoomed for Detail (Bottom)..... 71
Micro-Cavity Region Geometry for Medium Cavity Width Test Case............. 74
Mesh Sequenced Drag Time History Plot for Test Cases R1 and R2 ............... 76
Reference-to-Test Drag Value Comparison for Test Cases R1-R5................... 78
Overall Percentage of Drag Reduction for Cases R1-R5.........ccccevvvvvvviiiiiennnn. 79



6.5.

6.6.

6.7.

6.8.

6.9.

6.10.

Xi

Mesh-Sequenced Time History Plot for 8-Cavity Configuration...................... 80
Level of Steadiness for All Mach 1.2 Medium Cavity Width Cases................. 81
Micro-Cavity Region Geometry for Small Cavity Width Test Case................. 82
Case S1 Drag Time HiStory PIOt........ouuuiuiiiiiiiie e 83
Case S2 Drag Time HiStory PIOt..........uvuueiiiiiii e e e 84

Overall Percentage of Drag Reduction for Cases T1-T8.......cccccoevieviiiiiiiieennnnnn, 88



Table
2.1.

2.2.

2.3.

3.1.

3.2.

4.1.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

Xii

LIST OF TABLES

Page
Upstream Flat Plate Case ConfigurationsS ..............eecoiiiiiniiieeiiiiiceeeeeeiiiviin 17
Boundary Layer Thicknesses and Local Skin Friction Coefficients ................. 20
Summary of Grid Sizes and Mesh for Micro-Cavity
Test Cases/Small Width Cavity CaSES..........uuuuuriiiiiiiiiieeeeeeeeeeeeeeeve s 27

52-Cavity Small Width Region Drag Comparison of Baseline Grid Cases ...... 47

Drag Comparison of Baseline Grid Cases for Mach 1.2 FIOW ...........c.ceeeeeee. 52
208-Cavity Small Width Drag ReSUILS ..........uuuuiiiiiiiiiieeeeeeeeeeeeeeeeeiii e 62
Test Case Configuration for Mach 1.2 Medium Cavity Width ............cccccee..... 75
Tabulated Drag Results for Mach 1.2 Medium Width Cavity Test Cases......... 77
Test Case Configuration for Mach 1.2 Small Cavity Width...............cccceeeee. 82
Tabulated Drag Results for Mach 1.2 Small Width Cavity Test Cases............. 84
Test Case Configuration for Mach 3.0 Medium Cavity Width ............cccccee..... 86

Tabulated Drag Results for Mach 3.0 Medium Width Cavity Test Cases......... 86



Symbol

Cr x

r - I < O

Lie

Lte

50

—
8

8

X s C c

Xupstrem

y

NOMENCLATURE

Description

Local Skin Friction Coefficient
Drag

Boundary Layer Thickness
Cavity Height

Perforation Height

Length of Simulation Domain
Leading Edge Length

Trailing Edge Length
Free-Stream Mach Number
Number of Cavities
Free-Stream Static Pressure
Reynolds Number

Free-Stream Static Temperature
Local Velocity in the X-Direction
Free-Stream Velocity

Cavity Width

X-Distance from Initial Incoming Boundary Layer Profile

X-Distance from Origin on Upstream Flat Plate

Y-Coordinate

Xiii



1. INTRODUCTION

1.1. CONCEPT MOTIVATION

Concepts and techniques that can generate reductions in fluid dynamrdrof
significant interest for the design and optimization of future @S systems.
Substantial decreases in the drag experienced by a vehidmutvincurring undue
system penalties associated with the drag reduction, would protedelatt increases in
vehicle performance and fuel economy, as well as potentialprovmed operability
characteristics. Fluid dynamic drag generally comes fromngbation of two sources:
pressure drag (drag associated with pressure acting onrtiay@@mic surfaces of an
aerospace vehicle) and skin friction drag. Summation of the pressageadd skin
friction drag yields the net overall aerodynamic drag force acting ondesswface.

The purpose of the present work is to investigate the feasibiliyot#ntially
reducing (or eliminating) turbulent skin friction drag on flat scefain supersonic flows
by suitably tailoring the structural details of the surfapec#ically by generating very
small and successive fluid separation zones within micro-cawtmelsedded in the
surface of the vehicle. These cavities are oriented transverde toulk fluid motion.
Specifically of interest here is the performance of this epht terms of potential drag
reductions and stability characteristics for low to mid superséneie-stream Mach
numbers. A representative schematic of the concept investigatieel present work is

shown in Figure 1.1.



boundary layer flow

@ driven micro-cavities
N N\
) ) M )
—
shear in direction 'opposite’ to main flow

Figure 1.1. Driven Micro-Cavity Section Side Vi€laeft) and Oblique View
(Right) of a 3-D Cavity Channel

The cavities described have thin vertical wallshwieights representing a small
fraction of the boundary layer thickness. The loaug layer flow over these cavities
then drives clockwise fluid vortices between thesetical cavity walls. In principle,
these vortices will generate frictional forces agtin the direction opposite to that of the
boundary layer flow. This has the potential to i@lar completely eliminate skin friction
drag, or even generate a net contribution to thig&in friction drag becoming
‘negative’). Frictional forces acting on the vealicavity walls do not contribute to net
drag since frictional forces on vertical surfacesndt act in the axial (drag) direction. As
depicted in Fig. 1.1, the cavities are essentigligcessive parallel channels oriented in
the direction transverse to the incoming flow. Thimplifies the present work, as it
allows two dimensional representations of the ga@hd boundary layer flows for
preliminary investigation.

Although the skin friction will in principle be miacreduced (or even become
‘negative’) in such a concept, unfortunately, as tlow drives the clockwise vortices

within the cavities, there will be inevitable vars in pressure within a given driven



cavity and from upstream cavity to adjacent dovaastr cavity. Specifically this pressure
difference may be manifested across a given véstial,, hence yielding a potential drag
force. This phenomenon is depicted in Figure 1.Bene the net effect is shown as
causing a pressure drag in the axial directions Tgressure-induced drag is a force

component that would not be experienced by a sifitgti@late at zero angle of attack.

Pressure drag on
vertical walls of driven
micro-cavities negates any skin

friction reduction
@ advantage?

"=~ high[] low /\\ N /\\

| ©)©)

shear in direction 'opposite' to main flow?

boundary layer flow

Figure 1.2. Schematic of Pressure Drag Generatoviertical Cavity Walls

For the concept of driven micro-cavities as progosethis investigation to be
viable, the net overall drag experienced over #gion of the plate as modified with
embedded micro-cavities must be less than thatnofiranodified flat plate of equal
length. It is then essential to determine if the pressure drag force experienced by the
cavities outweighs the benefit of the skin frictijeduction caused by the vortices, or

vortex systems, associated with the cavities.



A specific technique for reducing the pressure drag associatedh& cavities
that is developed and investigated within the present workuse@erforations (slots) in
the cavity walls, as shown in Figure 1.3. The purpose of such perforatouid be to
potentially promote fluid interaction between cavities, i.e., alleasgure equilibration
between adjacent cavities, and hence provide reductions in the pressaponent of
drag over regions with cavities.

Another important consideration for the concept of driven micro-ca¥aredrag
reduction is the stability, or lack of stability, for a boundaryetayoving over a surface
with embedded micro-cavities. Possible transient fluid interadietween the driven
micro-cavity region and the boundary layer flow above it must noseaubstantial
(transient) instability in the boundary layer flow. Specificallgrtex shedding from the
cavities and significant flow turning of the upper (above cavity) floust be limited.
Due to the fact that the cavities under consideration in the presecgpt are very small
with respect to the boundary layer thickness, their role in teomgenerating
destabilization of the boundary layer is not definite. The preseny gitavides some
preliminary assessment of this issue.

The current investigation utilizes two-dimensional computationad fflynamics
(CFD) simulations of simplified geometries composed of smooth dlates with
embedded micro-cavity structures underlying supersonic turbulent bourgang,|in
order to provide a parametric investigation into potential drag redscassociated with
this concept and concept variations. Three different free-sttdach numbers are
considered; Mach 1.2, 2.0, and 3.0. Note that, in fact, a very large nunpmaofeters

are important in the characterization of this concept, includingatycphysical scale



with respect to the boundary layer, aspect ratithefcavities, number of cavities, details
of the extent of the cavity walls (perforated verswnperforated), upstream boundary
layer development, etc. This study represents #inprary feasibility study of the
concept with a limited number of selected paramnset@ried and a limited number of
concept variations examined. In addition, no cosrsitions are made in the present study
with regards to the manufacturability, cost, andi@ight and heat transfer penalties

inevitably associated with embedded micro-cavities.

pressure equilibration
f k; perforations in cavity
/ walls allow pressure equilibration
between cavities
for stabilization and possible
reductions in
pressure drag
penalty/?

PR

Figure 1.3. Schematic Showing Potential EffectBerfforating Cavity Walls

1.2. THESISOUTLINE

This thesis is divided into seven main parts. Fisction 1 is the introduction
and provides a general description of the conagystigated and a literature review of
related work. Section 2 describes the CFD codesipalymodeling, and methodologies
used for this study and outlines the basic geosgestudied, boundary conditions used,
and geometric constraints, as well as describesipsream marching simulations used

to generate inflow boundary layer profiles for @it computational domains containing



micro-cavity geometries. In Section 3, a detailed study fimdeof discussion of flow
physics, visualization, etc.) is conducted using a baseline grad3@rcavity geometry in
which various cavity wall parameters are examined. This sgotmndes results for two
free-stream Mach numbers (Mach 2 and Mach 1.2) and comparepatfagnances of
cavity configurations to that of an unmodified reference flat plaéetion 4 provides
similar results for a single configuration with a large numifecavities, specifically a
208-cavity region at a free-stream Mach number of 2.0. Section ¥anmeH®es the test
case presented in Section 3, except using a more refined mesbn $egrovides drag
reductions (as measured from unmodified reference flat plates)sebility results
obtained from a parametric investigation using mesh sequencihgcodrse, baseline,
and fine grids. Variations in cavity spacing, cavity region sizesd other input
parameters are examined in this section. This section providdss res free-stream
Mach numbers of 1.2 and 3.0. Finally Section 7 provides a summary of tlséigatien

and gives recommendations for future work.

1.3. LITERATURE REVIEW

A wide range of passive drag reduction techniques have been proposest], studi
and employed on fluid dynamic and aerodynamic surfaces, withisajtiemphasis in
terms of applications involving aerospace vehicle design. Howevér tscieniques have
also been used in a wide variety of non-aerospace applications, mycludproving
commercially available products. Passive drag reduction issatsoin natural biological
systems. The classic example of passive flow control for anmemapplication is the

dimpling of a golf ball in order to induce turbulence, thereby redupmegsure drag



associated with separation. Examples of passive flow controledeiricnature are seen
on the wings of butterflies, as well as on the skin of sharksgy kad Hidalgd? found
that the bristled geometry of shark skin is capable of creatinmptarlocking web of
vorticity, a web essentially composed of embedded vortices, thatuqeedan effect
similar to the dimples on the golf ball, hence reducing presdtag associated with
separation. In addition, the micro-geometry of the grooves/caint&sark skin produces
an effective slip velocity that increases momentum of the bourdgey flow near the
skin and hence acted as a boundary layer control mechanism thist iresuteduction in
skin friction drag. Hao et & experimentally investigated laminar drag reduction in
hydrophobic micro-channels and found decreases in channel pressureo @04 with
effective slip velocities reaching 10% of the centerline velocity in theregia

Another passive drag reduction technique extensively investigatbe isst of
riblets, i.e. raised ridges aligned in the direction of the flawdepicted in Figure 1.4.
WalsH* provides a very comprehensive study in the use of riblets ashadnaftviscous
drag reduction in boundary layers. Shark skin also exhibits ribleteltkegigurations.
Work with riblets in high-speed flows has also been conducted by Duan and Chdudhari
The maximum total drag reduction (compared to a reference &) plsing riblets has
been observed to be between 4-8% in these and most other rible$.stlile essential
mechanism behind the drag reduction obtained using ribletslisirsdiér investigation
but is usually attributed to a suppression in lateral transponeaf-wall streamwise

vortices, which in turn reduces effective turbulent shearing at the surface.



/ r

l¢—— Ly »la

Figure 1.4. Riblets Geometry Aligned in the Difentof the Flow’

Active flow control techniques such as micro-blogyinsupersonic micro-jet
injections, and controlled energy injections, haeen used to reduce drag and suppress
unsteadiness and resonance issues, delay sepaedtiom flow over cavity and cavity-
like geometries, generally larger than of interesthe current work. The reader is
directed to the studies of Hwdflg Zhuang et df!, and Lazar et &f for further
information regarding active flow control in sudbvrs.

Several investigations have been conducted usingk tiblocks arranged
transverse to the flow, shown in Figure 1.5, asospd to utilizing thin cavity walls as
proposed in the current work. Wé?%ganalyzed slip coefficients for cavities with such
finite-thickness cavity walls. His findings indieat that for the highest slip (lowest
resistance) shallow cavities were better in terfmeducing drag, and he notes that this is
somewhat contrary to intuition that would seeminmgiglicate that deep cavities would
produce the most slip. Hudh‘&, in a similar geometry, found that the flow icdrerated
in the inter-block regions and eventually forcedréwerse near the wall, resulting in

overall separation of the flow.



o |

Figure 1.5. Finite-Thickness Porous Cavity Bldtks

Subjects of further passive drag reduction techesguclude flow over plates that
include embedded shapes or have roughened surfatvesng'd™ work analyzed
subsonic flow over a plate with circular holes afieus sizes, orientations, and patterns,
shown in Figure 1.6. The study found that turbulekin friction was most effectively
reduced for holes with a 0.6 aspect ratio oriemtiet5° from the flow direction. Ekoto et
al*? examined the effect of large scale roughness feersonic boundary layers over 3-
D plates with raised squares, noting the dominarica pressure force acting in the x-
direction. Lang and Melni¢k! conducted another experimental study of both lamina
and turbulent flow over embedded hexagonal shapedies, depicted in Figure 1.7.
Partial effective slip increased up to 30% in tlaeities and increases in momentum of
the fluid acted as a passive separation controham@sm. A patent was also awarded to

Land™! for this surface patterning technique.
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Figure 1.6. Flat Plate with Holes in Flow Directfd!
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Figure 1.7. Embedded Hexagonal Shaped CaWities

Previous works most closely related to the presentk include the use of
cavities in a transverse orientation to the flonatski and Groséh' performed a
computational of steady laminar and incompresdible over a single embedded cavity,
as shown in Figure 1.8. Results obtained showedigitdg reduction in drag for the
single cavity when compared to a flat plate; howgvlee presence of an embedded
vortex contributed to an overall favorable pressgradient from the cavity. It was
postulated in this study that multiple cavities éake potential to reduce drag provided

such cavities are optimally spaced and sized.
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Figure 1.8. Boundary Layer Flow Over an Embeddadit§ in Transverse
Orientation to the Incoming FIdH’

Umazame et dt° obtained a patent for the concept of using caviied grooves
as a passive drag reduction technique closelyeclat the current study. A schematic of
the general physical principle is shown in Figur8. IThe flow on the bottom of the
cavity is reversed, i.e., flowing in the oppositeedtion of the boundary layer flow. This
reversal in the velocity profile generates a reiducin the skin friction drag. A numerical
study by Madi-Arous et a” analyzes the reattachment phenomenon of flow iegter
and exiting the cavity and found that three zorfegarculation exist in each cavity, the
primary one behind the upstream step and two secgrmbnes located in the bottom

corners.
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Figure 1.9. Schematic of Velocity Profile with Resal in Flow at the Bottom of
the Embedded Cavity’

Lang and Hidalgd® performed both experimental and computationaktestan
embedded cavity region with multiple cavities witiin walls in very low speed flow. A
reduction in drag coefficientas sustained over the first eight cavities, butdditional
investigation of reductions for any longer lengivess done. Instabilities in the flow were
observed near the fourth and fifth cavities duraxgerimental testing that weren't seen
in computational tests.

A recent work in cavities in transverse orientatiorthe flow was conducted by
Leibenguth®. This work modeled 2-D Couette flow over singlebemided cavity
geometries with various inclination angles of thaeity walls. Very low speed flows were
considered with 0.0k Re < 100. This work found that regardless of the cawgll
aspect ratio or inclination angles, the drag reduacpotential decreased with lower Re.
Further, as the distance between the bounding ledp pnd the cavity region increased,

the drag reduction potential decreased. Leibenguwtiork, however, did not include any
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results for external flow, only internal Couette flow. He conclutthed future work is

needed in exploring boundary layer flow over multiple embedded cavities.

1.4. SCOPE OF PRESENT WORK

The present study examines two-dimensional supersonic externakenirfiolv
over multiple wall-embedded thin-walled micro-cavities aligned the transverse
direction to the flow. This investigation differs from previous warkghat it is believed
to be the first study focusing upon high-speed (supersonic Mach nubdoejary flows
over such multiple micro-scaled cavities. Furthermore, a gbnsanvestigated here in
which the cavity walls are perforated in order to attempt to cbmind equilibrate
pressure and flow patterns inside the cavity region. The primaegtolg of the present
work is to provide information on whether such driven micro-cavities beawble to
potentially produce effective drag reductions on surfaces in lpgbesflow without
significantly destabilizing the outer boundary layer flow. In additithg effects of
perforating cavity walls are of interest in terms of potelytisdducing drag, increasing
flow stabilization associated with embedded micro-cavities, dowiag the tailoring of

the circulatory patterns within the micro-cavity region.
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2.CFD TOOLS, METHODOLOGY, AND PROFILE DEVELOPMENT

2.1. VULCAN CFD CODE

All CFD results presented in this work were generated usingviheCAN
(Viscous _Upwind AlLgorithm for_Complex Flow ANalysis) code versi6r2.0'?"
VULCAN is a turbulent, non-equilibrium, chemically reacting Relgs Averaged
Navier-Stokes solver maintained by the NASA Langley Rese@etiter. VULCAN
utilizes structured, cell-centered grids and has a wide variatgastselected options for
marching simulations and for performing fully elliptic simigas, including the ability
to solve using either local time-stepping or time accuratebdépalt includes multi-grid
and mesh-sequencing options, with the latter used extensively in utrentc
investigation. VULCAN was used in the current study to provide bothragm
marching (flat plate) boundary layer simulations and the mainr{gimeam) fully-elliptic
two-dimensional Navier-Stokes simulations for regions with embeddedtiesa
VULCAN has multi-block capability for facilitating parallebmputations; this capability
was used extensively in the current study. This code hasdx¢emsively validated on a
wide range of applications, although it has been primarily util{aead developed for) the
high-speed flight regime. All simulations in the current work ukedRoe flux difference
scheme with third order upwind-biased MUSCL interpolation pararkaefgra = 1/3 and
a smooth limiter. For non-time-accurate computations (local sit@gping), a Distributed
Approximate Factorization (CFL based) scheme was used; ifoe taccurate
computations, a DAF dual-time stepping scheme was utilized. Marctimulations

employed DAF with manual sub-stepping.
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All simulations presented in this work used the Menter ShearsSinessport
(Menter-SST) k-omega mod&1??, a two-equation eddy-viscosity turbulence model. The
Menter-SST model provides a blending treatment for the turbuleratetbat there is
realization of the benefits of adk-model for near-the-wall calculations while blending
into the ke model for the outer flow. This turbulence model has been used sutlgessf
in a wide range of studies and for various flow-fields, including boundsey studies at
moderate and high speeds, and for flows with separating boundary. |Syardations
used a free-stream turbulence intensity of 1%.

Since the grid was extremely refined spatially (due to Isptalsical scale of
domain of interest which was essentially just the boundary layértlze underlying
driven micro cavity regions), this study did not use available walllhmagdunctions (i.e.
the ‘solve to the wall’ option was utilized). Typical y+ values through mosteoflomain
are very small (much less than 1.0). Primary interest ircaheent study was to simply
generate representative turbulent boundary layer profiles providitigslaear for use in
providing inflows into driven micro-cavity domains. Additionally, due to Yieey small
vertical scale of the micro-cavities underlying the boundaryr)alyee impact of the
turbulence model within the elliptic domain itself is minimal in terms ofniledi the very
low velocity flow in the cavities themselves, at least over lgngths studied here.
Essentially the typical problem in the current study wasadherized by a flat plate
turbulent boundary layer moving with minimal disturbance over the topeoftiven
cavity regions, which themselves are very short in length (fott wiothe geometries

examined).
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Inflow air was simulated as a thermally perfect gas unextomposed of 76.86%
N2 and 23.14% ©@(by mass). Input free-stream Mach number and ambient temgeratur
and pressure conditions varied by case study and are defined igueriisgections. An
example of a VULCAN input deck for a micro-cavity region tessecis provided in
Appendix A.

Degree of temporal convergence for the simulations over cawjign® was
monitored primarily by examining computed drag against iteratioh@fintest grid level
tested; it was observed that cases that converged to a simglrying drag level utilizing
local time-stepping did not change their convergence charaicefgien time accurate
simulations were subsequently utilized. Note, however, that some ees@ined did not
exhibit steady convergence, as will be discussed in followiogoss, with refined grids
exhibiting the greatest tendency to be unsteady or oscillatosgsGhat exhibited steady
convergence in terms of drag value (and hence were of greatmstst in the current
study) generally displayed eight or more orders of magnitutleten of the L2 norm of
the residual; cases that oscillated about a fixed drag valueafigréisplayed two or
three orders of magnitude reduction at most.

The internal utilities within the VULCAN tool suite were ugedlirectly monitor
time (iteration) history of drag on the geometries examinisd; @oduced by VULCAN
and used extensively is a spatial descriptor of pressure andiskonfdrag on a given

geometry.
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2.2. UPSTREAM TURBULENT BOUNDARY LAYER GENERATION

In order to generate the incoming flow profiles for the test gdoes (regions
with embedded cavities), upstream turbulent boundary layers were agchuby
generating flow over simple flat plates. The flat plate geoynwas taken to be an
adiabatic wall at zero angle of attack. Due to the parabolicrenatf boundary layer
growth and the simplicity of the flow and geometry, a space nmaydtheme was used
for all upstream simulations. This solution approach requires fact@sputational time
than the solution of full elliptic Navier-Stokes equations. Four boundessyr Iprofiles
were created for testing, as outlined in Table 2.1, with variedegpstflat plate length,
free-stream Mach number, and ambient temperature and pressuréeighe of the
solution domain for profiles US1 and US2 is very slightly less than 0.002 m, since the flat
plate bottom wall for the upstream marching simulations is déocat a height
corresponding to the height of the micro-cavities in the downstréptic domains
which is very small compared to overall solution domain height, asuss$ied
subsequently. Profiles US3 and US4 required an increased height dfligitly less
than 0.02 m in order to completely capture the boundary layer presenthevienger

upstream flat plate region modeled for those cases.

Table 2.1. Upstream Flat Plate Case Configurations
Profile | Length [m] | M, | T,[K] [P.[N/m’]

US1 0.1 2.0, 288 101,325
uS2 0.1 1.2| 288 101,325
US3 1.0 1.2 223 26,500

us4 1.0 3.00 223 26,500
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VULCAN is able to make use of multiple processors while runaisglution for
a given single geometry. Each upstream flat plate casebveken up into four blocks
stacked in the y-direction. The blocks were configured in this maamaost effectively
make use of the parallel computing abilities of VULCAN whilengsthe marching
solution scheme. Stacking blocks in the axial (x-direction) wouldeseovpurpose in a
multi-grid parallelization strategy using a marching solutiagufe 2.1 and Figure 2.2
show the multi-block configuration used for the L = 0.1 m cases and.l0 m cases,
respectively. Note that the grid was equally spaced in the ytidmefor the L = 0.1 m
cases while it was clustered at the wall boundary for thd lm=cases, due to the thicker
boundary layer over the embedded cavity regions modeled. The outftdile grom
each block was then exported to become the fixed input (inflow) pfofilthe elliptic

domains containing embedded cavities.

0.004 L Initial Upstream Flat Plate
B 4 Block
— [ L=10 cm
E 0.003 [ 1601 x91 Nodes / Block
[T] i
E 0.002 F
> - [1] S
=
=
0.001 3
=
=h
3
0 0.0z 0.04 0.08 0.08 0.1

X _upstream {meters)

Figure 2.1. Multi-Block Configuration for L = 0.1 m Initial
Upstream Flat Plate Profile
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Figure 2.2. Multi-Block Configuration for L = 1.0 m Initial
Upstream Flat Plate Profile

A representative visualization of the resulting boundary layer flowiven in
Figure 2.3. The profile shown is Profile US1 with a total length of 0.1 m (10 cm) with M
= 2.0 flow. The Reynolds number for flow over the flat plate baseti@total length is
~4.65 x 16. Despite the flow shown in Figure 2.3 not being a fully developed boundary
layer, the output from the profile provides a reasonable simulatioa tfrbulent
boundary layer to act as the inflow condition for subsequent simulatitimeaélliptic

micro-cavity region.
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Figure 2.3. Mach Contours for Initial Upstream Flat Plate Flow Profile US1

Boundary layer thicknesses (the vertical distance betweenahgléte to the
point in the flow at which u = 0.99yand the local skin friction coefficient values were
tabulated at the ysweam= L location for the four upstream flat plate profiles and are
presented in Table 2.2. As expected the boundary layers for the 1d plate are
significantly thicker than those for the 0.1 m flat plate. Thevalues obtained are
between 6-12% higher than the theoretical values obtained using #imnslin
Schet?® The reason for the discrepancy may lie in the scatter tm present in the
empirical relations developed to provide a correlation between cesipiee and

incompressible local skin friction coefficients, but needs to be studied in futuke.wor

Table 2.2. Boundary Layer Thicknesses and Local Skin Friction Coefficients

: Ci x Cr x
Profile| 5 [m] (simulation)| (theoretical)
US1 0.001465 0.002317 0.002060
us2 0.001633 0.002937 0.002708
US3 0.012449 0.002219 0.002085
US4 0.011365 0.001372 0.001170
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2.3. MICRO-CAVITY REGION GEOMETRY AND BOUNDARY CONDITIONS
This section describes the general geometric configuration dlotiha@ins used in
the present study that contained embedded driven micro-cavitiedrivdh micro-cavity
regions simulated in this work used the same general domain ceuifogur This
consisted of a flat plate leading edge region (downstreanheofottflow from the
upstream marching simulation discussed in the previous section, butampsbf the
region with cavities) of lengthk, the cavity region itself, and finally a flat plate trailing
edge of length {£ (downstream of the cavity region). This allowed fully elbpti
simulations of the modeled domains that sufficiently captured anyeaps interactions,
as well as the smooth flat plate boundary layer ‘re-establist\ndownstream of the
cavity region itself. Length of the cavity region is given imtg of N-cavities of small,
medium, or large width, (width designated as w), as described bé&lmvembedded
cavity region is recessed a height (H) below the level oufsream/downstream flat
plate section bottom boundary. For all work done in this study, tleeaftavity height
to cavity width, H/w was kept constant at 4.0 (i.e., the verticletizontal aspect ratio
of the cavity regions are always 4.0). This aspect ratio secban defined individual
‘cavity regions,” even for parametric studies which removed \articalls between
adjacent cavities, i.e., the effective aspect ratio from #dredpbint of distance between
bounding vertical walls (to cavity height) can be less than 4.0, degeadithe number
of ‘removed’ walls. However, the nominal aspect ratio based onycesgions’ (defined
by blocks utilized within the solution procedure) always remaidsOatas stated. The top
of each vertical cavity wall is flush with the leading and trailing flatep$eections. Actual

vertical extent of the cavity walls themselves is dictdtedhe value of the perforation
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height (h), corresponding to the distance between the bottom wall chtiity region
and the bottom edge of the cavity wall. Figure 2.4 provides a schematic of the ¢gesteral
case geometry with all significant measurement parameters.

There are three cavity physical scales utilized for vareases discussed in the
present investigation. As noted previously, default aspect ratio ofawiées (or the
defined individual cavity regions for parametric studies with teed’ walls) is kept at
4.0. However, various test cases are considered utilizing I'smdth’ cavities,
corresponding to H = 0.0002 m (such that cavity width, w, is 0.00005 m). Uhedi
width’ cavities correspond to H = 0.0005 m (such that cavity width, @,080125 m).
‘Large width’ cavities correspond to H = 0.002 m (such that cavitthyiw, is 0.0005

m).

Incoming flow
from upstream
flat plate

==

Leading Edge Length .
(Lis) Cavity Trailing Edge Length (L)
—

width (w) —_—

-
Cavity
height
(H)

{ Perforation height (h)

\'4
N Cavities

Figure 2.4. General Geometry for Driven Micro-Cavity Test Cases
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For the purposes of diagraming the boundary and cut conditions, as wed as
parallelization strategy used, the 52-cavity (N = 52) small hwidhseline grid test
geometry is used as a representative example in the followsogsdion. Figure 2.5
shows that the 52-cavity setup is divided into 55 blocks to maximizégbgmapcessing
capabilities. Blocks 1, 2, and 55 (or N + 3 for the general caseldamonly the leading
and trailing edge flat plates. There is always one block maividual cavity region,
extending from bottom cavity wall to top boundary as shown, over thenregi the
domain with embedded cavities. This is true even in cases whetg wallis between
adjacent cavities have been ‘removed’, in order to study the inopaaternal walls on

flow-field and drag reductions obtained.

Blocks 1,2, and 55
21 %181 Nodes
BIucksS A1
21 %201 Nodes

0.0015 I I
< Blocks 3 -54 »
1 Block / Cavit

i 67.C 55.Bgck

- E i eomet
0.003 | Small Width Y

| Baseline Grid
0.0025 |-

i
(o]
()
o]

¥ (merters)

0.001

0.000%

0.001 0.002 0.003
X (meters) from initial incoming boundary layer profile

%

Figure 2.5. Multi-Block Layout for 52-Cavity Geometry
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Boundary conditions for the example test case are presented ne Bigu These
input boundary conditions are common for all cases in this study. THadefof Block 1
is the INFLOW face. It includes four inflow “sub-faces” c@pending to the four output
profile files generated by the upstream flat plat geom&ecall that the blocks were
stacked in the y-direction, thus the input face of the downstreargdestetry required
four inflow sub-faces to make up the total inflow. The top of all kdos set as FAR-
FIELD. The right face of Block 55 is designated as the OUTWL.(here taken as

extrapolation. The bottom of each block is set as ADB-WALL (adiabatig.wall

i cr.C SS-BP;Jck
- R i et
0.003 | SmalW?éI]trl? &
| Baseline Grid
0.0025 [
B Farfield
@ 0.00
&
[ F]
Eooois i
.

0.001 f

0

0 0.001 0.002 0.003
X (meters) from initial incoming boundary layer profile

Figure 2.6. Boundary Conditions for the Micro-Cavity Test Geometry



25

The cavity walls are a very critical part of the geomegtup for each test case.
Cavity walls are classified as either “perforated” or “ufgeted” in each test case.
Designation of perforated walls signifies that h > 0, whileddsignation of unperforated
walls indicates that h = 0. Figure 2.7 and Figure 2.8 depict enlarges of the cavity
region to more adequately show the differences between thegted@and unperforated
cavity walls. The walls themselves are treated as adiabatis and have zero thickness.
For perforated walls, the adiabatic wall condition is only setflemodes that constitute
the wall itself. The region of the perforation has no boundary conditiorespanding

only to a cut condition between two adjacent block faces.
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Figure 2.7. Detailed View of Perforated Cavity Wall
Geometry and Boundary Conditions
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Figure 2.8. Detailed View of Unperforated Cavity Wall
Geometry and Boundary Conditions

2.4. GRID AND MESH SIZING

Three main grid densities were used for analyzing the remvdy domains:
coarse, baseline, and fine. The coarse and fine grids will be didcluisther as part of
the mesh sequencing discussion in Section 6. The following discussigsses$oon the
baseline grid and provides representative numbers. In terms of thall maution
strategy using the baseline grid, Blocks 1, 2, and N+3 consial ¢horizontal, or x-
direction) nodes by 181 (vertical, or y-direction) nodes. Each of the ®ladke cavity
region (3 through N) consists of 21 x 201 nodes. Focusing on the embeddesk cavi
themselves, the baseline grid contains 21 x 21 nodes in each cavitige Ronall width

cavity cases (described previously), these nodes are spaced 2xl§0° m in the x-
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direction and 1 x 1® m in the y-direction, such that the aspect ratio is 4. Table 2.3
summarizes the grid sizing and mesh for this study (for swidth cavity cases). As
noted previously, medium width cavity cases correspond to cavitdsdsap 250% in
size (2.5X) (both horizontally and vertically). Note, however, thatvérécal height of
the outer (boundary layer) flow above the embedded cavity flowsinentlae same

between ‘small width’ cavities and ‘medium width’ cavity cases.

Table 2.3. Summary of Grid Sizes and Mesh for Micro-Cavity
Test Cases/Small Width Cavity Cases

Nodes in Nodes in Nodes in Node Node
Grid Type Blocks Blocks Cavities Spacing in | Spacing in
1,2, N+3 3toN X-Direction | Y-Direction
Coarse 11 x 91 11 x 101 11 x 11 50 %m0 | 2x 10°m
Baseline 21 x 181 21 x 201 21 x 21 25%m0 | 1x 10°m
Fine 41 x 361 41 x 401 41 x 41 1.25x°10 | 5 x 10° m
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3.52-CAVITY REGION SMALL WIDTH BASELINE GRID RESULTS

The first case study is conducted using a 52-cavity lengtbrregth small width
cavities analyzed using the baseline 21 x 21 (per cavity) node higlsét of test cases
uses a fixed inflow plane which is the exit profile from an @astr marching simulation
of a boundary layer with a free-stream Mach number equal to2sOplane is located
ten centimeters downstream of the leading edge of the platelé US1 as described in
Section 2). The length of the cavity region is 0.26 cm (or 2.6% afipeeam flat plate
length from the leading edge). Cavity height, H, for this casegyusnall width cavities is
0.0002, corresponding 13.65% of the thickness of the incoming boundary layer (H/
0.13652). A visualization of the flow over the driven micro-cavity reggoprovided in
Figure 3.1 in terms of Mach number contours. As displayed in thisfidput true for all
steady (drag converged) cases examined, there is vegy ilitfhpact on the vertical
distribution of velocity and Mach number through the boundary layer overnpthlef
the overall cavity region. In this section, three cases argzathfor the 52-cavity small
width region case study: gated, unperforated, and ungated. It should tethadtell
drag results presented in this work are given in units of Newtttheugh, due to the

two-dimensional modeling of the flow, are implicitly Newtons per meter width.
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Figure 3.1. Mach Number Contours from VULCAN with Incoming Flow Over
the 52-Cavity Small Width Region

3.1. GATED CAVITY REGION

The first case in this study uses the 52-cavity small widthity region with two
gates located at the Tand 34 wall locations (x = 0.0016 m and x = 0.00245 m). As
discussed previously, these gates are adiabatic walls that éxtévedbottom floor of the
cavity region (h = 0) while all of the rest of the cavity walle perforated at the bottom
with (h = 6 x 10 m). The simulation began with a non-time accurate scheme with a
Courant-Friedrichs-Lewy number (CFL) beginning at 0.1, increasiryi after 10,000
cycles, and finally ramping up to 1.0 after 20,000 cycles. The solutiobiexhi steady
convergence to a drag value of 2.224 N after approximately 100,00G.cytle time

history of the drag force is shown below in Figure 3.2.
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Figure 3.2. Drag Time History Plot for the Gated 52-Cavity
Small Width Mach 2 Test Case

A time-accurate solution was then run using a distributed approrigniainction
(DAF) with a time step of 2 nanoseconds (2.0 £ ) with 20 sub-iterations between
each step. This time-accurate simulation was started utilttiegnon-time accurate
simulation at 151,000 cycles as the initial condition. As indicated gar€i 3.2, no
discernible change in the net drag value occurs when switthithg time-accurate case.
For the 52-cavity (small width cavities) region using the basgjiite time-accurate vs.
local time stepping has no bearing on the resulting drag, i.e,tbacsolution converges,
drag remains constant despite changing the time scheme. Tést,i was found to be

true for all ‘steady’ cases examined in the present investigation.
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The CFD generated pressure contours in the region with cavéiggesented in
Figure 3.3. It can be seen that the strongest effects of Wity oagion on the pressure
field occur at the end of the cavity region where the flow must ‘reestablishedreiling
flat plate. However, there is little change in pressure ovdhddite the small levels of

pressure change within the contours).
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Figure 3.3. Pressure Contours for the Gated 52-Cavity
Small Width Mach 2 Test Case

The pressure field produced by the simulation, although charactdyzedry
small changes in general, is sub-divided into four regions, for purpdsgiscussion.

First, a pressure drop occurs at the beginning of the cavity redierevthe leading flat
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plate section ends and the embedded cavity region begins; thexflawds slightly due
to the presence of the cavities. The contours indicate that theaunerében increases
slightly at both locations of the (two) gates, and reaches a leaimum at the
downstream upper corner of the micro-cavity region, where the flegtedblishes back
onto the downstream flat plate section.

A jet of reversed flow is established through the perforations icatigy walls,
and contributes a negative contribution to drag force (i.e., efféctiae positive
contribution to thrust due to the negative skin friction on the bottoma#/éitie cavities,
associated with the jet). This jet is the result of the condbseparation zones created by
the flow vortices present between the cavity walls and theactten between cavities
allowed by the perforations at the bottom of vertical cavity walls. As shown ineF3gd,
the magnitude of the reversed flow velocity is between 5 and 40amabout 1.5% of
the free-stream velocity. Also shown in this figure are stheantraces, in order to

visualize the patterns of recirculation within the cavity region(s).
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Figure 3.4. U-Velocity Contours and Flow Streamtraces for the Gated 52-Cavity
Region from the Start of the Cavity Region to the First Gate

While reversed flow exists in the region between the stahteotavity region and
the first gate, the flow in the region bounded between the firstsacdnd gate is not
reversed. As shown in Figure 3.5, the cavities located in that r¢igatween the two
gates) actually have positive u-velocity contours and the stlieantraces show flow
movement mainly in the positive x-direction. Downstream of the secated tipe flow in
the embedded cavities becomes reversed once again. The predbecgabés appears to
break the flow up into regions of reversal and non-reversal within thelbweicro-

cavity region, at least for this test case.
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Figure 3.5. U-velocity Contours and Flow Streamtraces Indicate Both Reverse
and Non-Reversed Flow Near the First Gate

Fluid flowing in the negative x-direction across portions of the divemngro-
cavity region can, in fact, make the overall skin friction drag dmution ‘negative’
within that region. However, due to the extremely small ve&iwithin the cavity
(whether positive or negative), skin friction is essentially comsdldnere to be zero
within all cavity regions for all cases tested. This isipaldrly true when the magnitude
of skin friction drag within the overall cavity region is compared teference flat plate
drag and/or to pressure drag associated with vertical cavity walls.

Pressure acting on the vertical cavity walls genera®essure drag component
that is completely in the positive x-direction. Figure 3.6 showsdttailed spatially
distributed (x-direction) separate contributions of both cumulative ymeesand shear

forces in the x direction that occur on all solid walls, for tlaiged 52-cavity small width
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case. Note that this figure presents cumulative pressure deagaginuous line with x
distance, although there are pressure contributions to overall drgigabrdiscrete
(vertical) cavity walls; the line shown simply connects ¢héiscrete points. A sample of

the post processing code used to generate Figure 3.6 is provided in Appendix B.
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Figure 3.6. Breakdown of the Contributions of Skin Friction and Pressure Forces
to Total Drag Over the Entire 52-Cavity Small Width Mach 2 Test Case

Pressure drag does not increase on the leading and traitipdaties surrounding
the micro-cavity region, as expected, since pressure actsrotiig iy-direction for a flat
plate at zero angle of attack. The pressure drag drops iniéialliye beginning of the

cavity region due to the negative pressure force on the initialréaps) surface of the
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first cavity. It then essentially increases linearly withagross the cavity region,
indicating that pressure is slightly higher on the upstreamadidach vertical wall than
on the downstream side of each wall, with regularity to thisdtneith axial distance.
Further investigation demonstrates that the pressure imbalance, raoel the linearly
increasing pressure drag contribution as shown in Figure 3.6, istantwsly associated
with the top part of each vertical cavity wall. This phenomenon was discussedeasrmor
less inevitable, in the introduction section of this work. The rate@tase in pressure
drag for the case here is 576.7 N/m from the beginning to the et ohicro-cavity
region. Presence of the two gates (vertical walls with nooprbns) is evident and
expected from the two spikes in the total pressure drag, butghtsshave no net effect
on the overall nearly linear trend of pressure drag increasesdhemicro-cavity region.
Total cumulative drag due to pressure is generally neg@atieaning a net contribution
to thrust instead of drag) until the end of the cavity region ishezh and the flow
reestablishes upon the aft flat plate region. Upon reaching thefeéhd overall cavity
region, the pressure significantly increases its contribution t@ dua to the positive
axial pressure contribution on the vertical wall associatedthalaft plate region, before
leveling over the downstream flat plate. Skin friction drag in@®as the forward and
rear flat plates, but decreases very slightly throughout theyaagion itself. This shows
that there is virtually no shear occurring in the cavity regiself as discussed earlier,
and that total drag within the overall cavity region is almosirentdriven by the
pressure drag acting in the x-direction, associated with thealevtalls of the cavities.
Considering only the cavity region itself (x = 0.0007 m to x = 0.0033 m,removing

the leading and trailing flat plates), the skin-friction drag icaund to be -0.009910 N.
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This corresponds to a very slight positive contribution to thrust. Tresyme drag was

found to be 1.5700 N, making the total drag over the micro-cavity region 1.5601 N.

3.2. UNGATED CAVITY REGION

The ‘ungated’ cavity region simulation uses the same geomstrihea case
discussed in Section 3.1, except that there are no gates, i.e. @lealls are perforated.
For this case, a non-time accurate solution was used with CELOofThe drag force
history is presented in Figure 3.7. The solution exhibits a solid convergere fixed
total drag value of 2.2212 N. This value is within 0.1% of the convergagl vhlue

found in the gated simulation.

228

52 Cavity Small Width - Ungated
(Baseline Grid)

228

Fx=2.2212 N

218

I T Y N T [N T T N AN T A T T N T N NI [ SR N
216 210000 220000 230000 240000 250000

Cycle

Figure 3.7. Drag Time History Plot for the Ungated 52-Cavity
Small Width Mach 2 Test Case
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In the interest of reducing computational time, the initial ainthe ungated
simulation took the flow-field of the converged gated case (previaledygribed) as its
initial condition. The large oscillations in the drag force atlibginning of the ungated
solution are therefore due to the simulation coping with the cut conddhange
removing the two gates. In order to ensure the validity of this tggln(.e., using the
previous gated case flow-field as the initial condition for aed#fit (ungated)
configuration), a separate simulation for the ungated case hagifmom free-stream
initialized everywhere was done. This simulation resulted in déineesfinal converged
drag value.

Pressure contours in Figure 3.8 show that the flow-field is sinailt#te previous
gated case in that there remain several weak but distindupeezones spanning the
region, as previously described. The highest pressure concentrationcstis at the end
of the cavity region, on the top right wall of the last cavity €vehthe flow reestablishes
on the downstream flat plate section). Despite slight differendd& pressures upstream
of the end of the cavity region when compared to the gated case, t#herpsaure
remains the same in both cases, reaching ~105500 Pa which is oghe&8r than the

inflow (free-stream) pressure value.
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Figure 3.8. Pressure Contours for the Ungated 52-Cavity
Small Width Mach 2 Test Case

As with the gated case, the ungated results show a jet of edvidosv passing
through the perforations, as depicted in Figure 3.9. The absencatesf glows the
reversed flow to propagate throughout the entire cavity region, rdtherbeing sub-
divided into separate regions. However, the maximum magnitude ofiblecity of the

reversed flow remains around 10 m/s, as with the gated case, i.e. is very small.
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Figure 3.9. U-Velocity Contours and Flow Streamtraces for the Ungated 52-
Cavity Small Width Mach 2 Test Case

Figure 3.10 shows the separate axial distribution of cumulativeupeeasd shear
forces acting on the solid surfaces for this configuration. The fskition drag exhibits
the same behavior for the ungated case as that of the gaedeviously discussed;
linear increases on the leading and trailing edge, and aslight decrease across the
cavity region. Pressure drag retains roughly the same liskdionship with x as noted
in the gated case, increasing at a rate of 588.427 N/m. The aludeheetwo gates is
clearly shown (note that the two spikes at gate locations showheirgdted case
disappear), but the cumulative value of pressure drag and itsldvenal do not differ

significantly between the two cases.
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Figure 3.10. Breakdown of the Contributions of Skin Friction and Pressure
Forces to Total Drag Over the Ungated 52-Cavity Small Width Mach 2 Bsst C

Skin friction and pressure across the cavity region for the ungatedweae
found to be -0.026841 N and 1.5822 N, respectively. Skin friction drag decreased
(contributed greater thrust) very slightly compared to the geded, while the pressure
drag increased very slightly. The total drag over the regidn5i853 N, thus exhibiting
less than one-tenth of a percent change from the gated tesThase results show that
the lack of gates does contribute to a decreased skin friction drag; hdheusrease in
pressure drag cancels out that effect, resulting in a nearitiddefinal total drag value

between the two cases.
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3.3. UNPERFORATED CAVITY REGION

The unperforated simulation extended all vertical cavity walteeédfloor’ of the
cavity region (h=0 for all walls), making all walls essaltyi “gated”. The same non-time
accurate scheme with a CFL of 1.0 was used in this caseagslane with the ungated
solution, the final converged flow-field from the gated test case wgad as the initial
flow-field (initial condition) for the unperforated simulation. Thesulting drag history is
given in Figure 3.11. Total drag converges to 2.2249 N after approxim@@edp0
iterations. This drag value is within 0.04% of the drag for the gated and within 0.2%
for the ungated case. A time accurate scheme was used aftergame with local time

stepping was reached; there was no change in the final drag result.
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Figure 3.11. Drag Time History Plot for the Unperforated 52-Cavity
Small Width Mach 2 Test Case
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The pressure contours for the unperforated case presented in Figuexdif
nearly the same characteristics as noted and discussed in @itecducgse. There is a
similar pattern of weak pressure increases, with the maiereiif€te being that the
pressure increase seems to initiate (or migrate) furthereapstfor the unperforated
case. Again, the local region of the highest pressure occursfindheavity on the right
upper wall, but the pressure there is still is only 3% grehger the free-stream pressure.
The overall increase in pressure across the cavity regiortualiyrthe same for the three

cases presented: gated, ungated, and unperforated.

Pressure [Pa]
i 108500
- 105000
B 104500
0.003 - 104000
B 103500
- 42 -Cavity Small Width - Unperforated 103000
[ (Baseline Grid) 102500
0.0025 1 102000
- 101500
o 0.002 =
Q |
Tt
@ B
50.0015 —
> B
0.001 |
0.0005 |
]
] 0.001 0.002 0.003

X (meters) from initial incoming boundary layer profile

Figure 3.12. Pressure Contours for the Unperforated 52-Cavity
Small Width Mach 2 Test Case
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The most significant difference shown visually between the uvozeeld case and
the gated/ungated case is expected; the lack of the revinwgedtt Without perforations
in the cavity walls, cavity flows are isolated from one ano#et distinct clock-wise
flow vortices establish within each cavity region. Figure 3.13 ststreamtraces of the
flow in the cavity regions. The well-defined and repeating vatrogate in the clockwise
direction inside each of the cavities, meaning that there asrt@in amount of flow
reversal present. However, there is no significant region of wegativelocity
developing due to the inhibiting effect of the cavity walls. lfugher shown in Figure
3.12 that the vortices in the individual cavities are strongestthedaop of the cavities,

where the greatest shear from the outer flow is present.

I welodty [mis]
480
400
i 52 .Cavity Small Width - U nperforated 380
B (Baseline Grid) 300
I 280
0.0002 %gg
i 100
i a0
i 25
0.00015 | K
-], — -10
il B
[+ |
[ =
QL |
£ [
00001 |-
5E-05

000007 0.00075 0.0008 0.00085 0.0009 000095
x (meters) from initial incoming boundary layer profile

Figure 3.13. U-Velocity Contours and Flow Streamtraces for the Unperforated
52-Cavity Small Width Mach 2 Test Case
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The cumulative distributions of pressure and skin friction drag faesalls of
the unperforated configuration is separately plotted in Figure Bldt that the large
drop in pressure drag seen at the beginning of the overall miciy-cagion for cases
with perforated vertical walls does not appear, since the rigticalewall of the first
cavity for the unperforated case extends to the floor of theoromvity region.
Similarly, the large increase in pressure drag seen anitheof the overall micro-cavity
region for perforated cases also disappears. However, the olmeealtly increasing
pressure trend remains the same from beginning to end of the nvitp+emion, as
does the skin friction drag decrease across the overall cagign (although it exhibits

only a very slight decrease).
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Figure 3.14. Breakdown of the Contributions of Skin Friction and Pressure
Forces to Total Drag Over the Unperforated 52-Cavity Small Width Test Case
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Skin-friction drag across the overall cavity region itself was found to be 0.000032

N (i.e. effectively zero). Pressure drag was 1.5556 N. This gkiroh value, although
very small, is the highest of the three cases examined isdtii®n, due to the inability
of the reversed flow jet to form when vertical walls sefpagecavities are not perforated.
The pressure drag for the unperforated case is the lowest thfréleecases, but has the
similar linear relationship as the gated and ungated cases,singed a rate of 596.6
N/m across the overall cavity region. Note that this raggaater than seen in the gated
and ungated cases, yet pressure drag is lowest of the three foaidhi This suggests that
the downstream pressure spike at the end of the cavity regicases with perforated
cavities causes an increased jump in pressure drag. The mingesha the skin friction
and pressure drag cancel out however, as the end resultant totdbe&adgor the

unperforated case remains within 0.1% of both previous (perforated) cases.

3.4. COMPARISON TO FLAT PLATE RESULTS

The primary focus of this study is to determine whether thesdrmicro-cavity
region can perform better in terms of experiencing less owdnadl than an unmodified
(no embedded micro-cavities) flat plate. In order to genefageskin friction drag
associated with a reference (unmodified) flat plate boundary tayer the same length
as the micro-cavity regions studied, an additional flat platecmreg simulation was
performed (see Section 2 of this thesis) using the increasgthl(from leading edge of
the flat plate, but including the length of the domain for the &lgitnulations with the
micro-cavities). The reference flat plate skin friction drag the section of domain

length as modeled in simulations of the embedded micro-cavity doocefa then be
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readily computed. Here, for the purpose of direct comparison with drggnaithin the
overall micro-cavity region itself, the skin friction drag otlee leading and trailing flat
plate regions of the micro-cavity region were then subtracteeelsi.e., only reference
skin friction drag over the length of the micro-cavity regionlfit§d& 0026 m) was used
for comparisons to micro-cavity drag results. Results for eatiteahree previous cases

versus reference flat plate section drag values are tabulated in Table 3.1.

Table 3.1. 52-Cavity Small Width Region Drag Comparison of Baseline Grid Cases

Case Viscous Pressure | Total Total Drag Drag Reduction
Drag[N] |Drag[N] | Drag[N] | (Flat Plate) [N] | [%]

Gated -0.009910 1.5700 1.5601 1.906 18.1503

Ungated -0.026841 1.5822 1.5553 1.906 18.3984

Unperforated| -0.000032 1.5556 1.5556 1.906 18.3841

Total skin friction drag on the reference flat plate sectiotenfth equal to the
region with micro-cavities is 1.906 N. In each of the three casesidered with micro-
cavities, the skin friction drag contributed a very small negativeponent to the overall
drag (a net gain in thrust). All effective drag in the gated, ungated, andarapent cases
is therefore attributed to pressure forces acting on thé&aledavity walls. Total drag
over the driven micro-cavity region is ~1.56 N. All test caseh wavities therefore had
significant drag reductions as measured from a referencpldla boundary layer; these

drag reductions were approximately 18%.
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3.5. REDUCED MACH NUMBER RESULTS

In order to study the effect of Mach number on drag reduction seshé same
three test cases (gated, ungated, perforated) were conductgd usthuced free-stream
Mach number of 1.2. All other input parameters including a 10 cm upsfttaaplate,
the configuration geometry itself and grid resolution remain unchanged fal tsidth’
cavities were used with the ‘baseline’ grid resolution). Additignathe same
computational methodology was used. For all three test casesmidtio-cavities
previously considered at a free-stream Mach of 2.0, the timeyhstdhe overall drag
demonstrated definite convergence to a converged single drag valueemhiss true
only for the unperforated case using the fine grid when the frearstMach is equal to
1.2. For that case the total drag is 1.0209 N. Figure 3.15 and Figure 3.1éshgated

and ungated drag versus iteration plots, for free-stream Mach of 1.2, respectively.
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Figure 3.15. Drag Time History Plot for the Gated 52-Cavity
Small Width Mach 1.2 Test Case
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Figure 3.16. Drag Time History Plot for the Ungated 52-Cavity
Small Width Mach 1.2 Test Case
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Significant oscillations are present in the drag result forgdted and ungated
cases. The average drag value, however, seemingly remainsnt@ssthe oscillations
become regular. This shows that the flow is exhibiting ‘quasidstecharacteristics.
Average drag value for the gated simulation is 1.157 N (13% higher ttan
unperforated case). Average drag for the ungated simulation isN.22P%% higher than
the unperforated).

The trends observed previously for the Mach 2.0 case generally holek fivtach
1.2 case in terms of decreased skin friction drag inside theoreésiity region itself
(essentially zero), and pressure drag component increasing lingérly across the
region with micro-cavities. Since only a ‘quasi-steady’ (oatolly about a fixed value)
result exists for drag for the gated and unperforated casdteraiasts in the resulting

cumulative drag forces axial distribution plots shown in Figure 3.17 and Figure 3.18.
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Figure 3.17. Breakdown of the Contributions of Skin Friction and Pressure
Forces to Total Drag Over the Gated 52-Cavity Small Width Mach 1.2 Test Case
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Figure 3.18. Breakdown of the Contributions of Skin Friction
and Pressure Forces to Total Drag Over the Ungated
52-Cavity Small Width Mach 1.2 Test Case
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The chatter is most evident in the pressure drag in the cahigge figures serve
only to show qualitatively the decomposition of drag forces. Thalteedisplayed are
only a snapshot in time of the oscillatory drag value and do notseyra time-averaged
drag result. However, Figure 3.17 and 3.18 demonstrate that the cumpiaggare and
shear distributions behave in a generally similar manner as seen in the Mage2.0 ca

The total time-averaged drag values for each of the three Maatases as well
as a reference total drag for a flat plate section overatee dength are tabulated in
Table 3.2. The drag associated with the leading and trailing edtienseof the elliptic
domain length has been subtracted from the results for cases isithaavities and for
the reference flat plate section drag values,, i.e. only dragwvalcting over the micro-
cavities, or the reference length of the micro-cavity regisngonsidered and compared

in this table.

Table 3.2. Drag Comparison of Baseline Grid Cases for Mach 1.2 Flow

Case Total Drag | Total Drag Drag Reduction
[N] (Flat Plate) [N] | [%]

Gated 0.8539 0.878 2.745

Ungated 0.9372 0.878 (6.742)

Unperforated| 0.717058 0.878 18.3305

The unperforated case, the only Mach 1.2 case in the present sdwtton t
converged to a single fixed value of drag (no oscillatory behavoardperforms the
reference flat plate in terms of achieving a reduction in afa@8.3305%, which is
nearly the exact same result as obtained for Mach 2.0 freersftew. The gated case

exhibits a 2.745% reduction in total drag from a reference fla¢ pagth for this Mach
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1.2 flow. Finally, the ungated case has 6.742% greater drag than tlencefélat plate
section. The reduced Mach number seems to have an adverseeffeetconvergence,
or transitory behavior, of the gated and ungated cases, and $leetegal overall drag
results upward. The fully converged unperforated case performsathe for the two

free-stream Mach numbers.
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4. 208-CAVITY SMALL WIDTH BASELINE GRID RESULTS

This section provides results from a case study that utilizedvarall cavity
region four times the length of that used in the test casesnpeesin Section 3 (i.e.
increased the number of cavities, and hence the length of the eayidg,rby a factor of
four). This was done to study the relationship between overall aagtgn lengths and
drag reduction potential. The 208-cavity (small cavity width) gegmetanalyzed using
the 211-block 21 x 21 (in cavity) node baseline grid. This case usearttefree-stream
conditions (M, = 2.0, T, = 288 K, B, = 101325 N/mi) and the same boundary layer
profile (as generated by a marching simulation to a locatia@nmi@om the leading edge
of a flat plate) as the 52-cavity (small width) cases presdentthe previous section. The
length of the cavity region is 0.0104 m (1.04 cm). Only one test casegatied
configuration, was analyzed using the 211 block 208-cavity geometry due to
computational resources required. A total of 11 gates are usedsinae, with gates
evenly spaced at the "1,734", etc. walls (i.e., at x = 0.0016 m, 0.00245 m, 0.0033 m,
0.00415 m, 0.005 m, 0.00585 m, 0.0067 m, 0.00755 m, 0.0084 m, 0.00925 m, and 0.0101
m). All other vertical cavity walls were perforated. FlowdWfiacontours are presented for

this converged case in Figure 4.1.
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Figure 4.1. Mach Number Contours from VULCAN Showing the Incoming Flow
Over the 208-Cavity Small Width Mach 2 Test Case

The simulation for the 208-cavity (small width) region begin withaa-time
accurate solution with a CFL beginning at 0.1, stepping up to 0.5 aft@Q0l@erations,
and then ramping to 1.0 until 20,000 iterations were reached. This sathe CFL
scheme used in the 52-cavity cases. After approximately 400,00@biterahe solution
converged with a fixed drag value of 7.0451 N. The complete time hifstotize gated

208-cavity small width region simulation is given in Figure 4.2.
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Figure 4.2. Drag Time History Plot for the Gated 208-Cavity Mach 2 Test Case

At 400,000 iterations the simulation was switched to use a timeedecscheme
as shown in Figure 4.2. No difference in the resulting drag valuebseved. This is
the same behavior (time accurate simulations vyielding the <sdnag values as
simulations using local time-stepping, for cases that convergedsteady fixed drag
value) that was exhibited in the previous 52-cavity Mach 2 cases.

Pressure contours for the converged simulation are presentégune B.3. The
gated 208-cavity case does not have the weak pressure waves oggdirat each gate
location as seen in the gated 52-cavity small width caseastt &t the level of resolution
of the contours shown. However, the overall trend of increasing pressatel the
behaviors noted in previous cases. Again, the local area of higkesup occurs at the

end of the cavity region, on the downstream top wall of the lastycaxhiere the flow re-
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establishes on the trailing flat plate section downstream ofntbe-cavity region; this

region is shown enlarged in Figure 4.4.
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Figure 4.3. Pressure Contours for the Gated 208-Cavity
Small Width Mach 2 Test Case
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Figure 4.4. Pressure Contours for the Gated 208-Cavity Small Width Case
Enlarged for Detail at the End of the Cavity Region

A small jet of reversed flow is present passing through the ycawdll
perforations, as shown in Figure 4.5. This area corresponds to a negatikity of a
magnitude of about 6 m/s or about 1% of the free-stream velocityathe magnitude as
seen in the 52-cavity gated case in Section 3. While the magmfutie reversed flow
jet is very small, it represents an area of negative \glad therefore actually
contributes very slightly to overall thrust. Streamtraces irureigl.5 for an upstream
region from first cavity to first gate show a single andyweell-structured flow vortex

that extends throughout all the cavities enclosed by the first gate.
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Figure 4.5. U-Velocity Contours and Flow Streamtraces Indicating Reversed
Flow in the Cavities Bounded by the First Gate

Further inspection of the flow slightly downstream shows that #gion
containing cavities between the first gate and the second gdtésofiow does not
contain a region of reversed flow, shown in Figure 4.6. Instead, the odgrof the
positive u-velocity of flow passing through the perforations in thed @& greater than
that of flow in other areas of the cavity region. This behavior meatthat of the gated
52-cavity case as well. Continuing downstream through the cavikynreitpw between
gates alternate between reversed and non-reversed flow. &hgtstof the non-reversed

flow decreases with distance downstream.
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Figure 4.6. U-Velocity Contours and Flow Streamtraces Indicating Both
Reversed and Non-Reversed Flow Near the Second Gate

The distribution of cumulative viscous and pressure drag forces amtirtge
domain with micro-cavities is shown in Figure 4.7. Overall skirtitncdrag within the
overall micro-cavity region is -0.0011 N, hence representing a contmibii thrust,
rather than drag, although extremely small. The actual drédngiisfore attributed to the
pressure forces acting on the vertical cavity walls. Thisadvdrag force within the
cavity region is 6.396 N. Pressure drag shows the same linearly-ingré@sid as noted
in the 52 cavity case and increases at a rate of 608.424 N/m fgpnming to end of the
micro-cavity region. This is within 5% of the ~576 N/m relationsbijserved for the

gated 52-cavity small width test case.
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Figure 4.7. Breakdown of the Contributions of Skin Friction and Pressure Forces
to Total Drag Over the Gated 208-Cavity Small Width Mach 2 Test Case

Drag totals for the gated 208-cavity test case are presentddble 4.1.
Compared to a reference flat plate of equal length of the a@gtgn, the micro-cavities
exhibit a drag reduction of 16.218%. Note, however, that while for thisplarticavity
region (with a length of 0.0104 m over the cavities themselves iendmicro-cavities
still demonstrate a positive effect on reducing the overat),draentually there will be a
length (for a set cavity spacing and input conditions) where aereferflat plate will
outperform a geometry with embedded micro-cavities in terms of edddiag. This is
because the micro-cavity concept appears (in this study) to ekhdxrly increasing
pressure drag, while a flat plate has an exponentially dec#ésiogly decaying) skin

friction drag (although the decay is very small as measured from a liteg&rehip).



Table 4.1. 208-Cavity Small Width Drag Results
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Case Viscous | Pressure | Total Drag | Total Drag Drag
Drag[N] | Drag[N] | [N] (Flat Plate) [N] | Reduction [%]
Gated | -0.0011 6.396 6.385 7.621 16.218
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5. FINE GRID CASE STUDY

In order to determine the effect of a more refined grid orrékalts obtained in
this investigation, the following case study re-examines basglidegest cases presented
in Section 3 (21 x 21 nodes in each cavity) utilizing a fine grith @i x 41 nodes in
each cavity (quadruple the grid points as the baseline grid). Du¢hd high
computational expense associated with utilizing a fine grid, only two aasesnsidered
in this section: gated and unperforated, for a free-stream Mauber of 2.0 and small-
width cavity configuration. The same CFL and non-time accuratei@olstheme used
for the baseline grid results presented in Section 3 on the garfigurations are used in

these fine grid cases.

5.1. GATED FINE GRID RESULTS

The overall drag versus iteration history for the fine grid gad&dsmall-width)
cavity simulation is given in Figure 5.1. This plot shows that the isaludoes not
converge to a single value, as seen for the baseline grid peesested in Section 3.
Instead, the computed overall drag value (composed of contributions franfriskon
on the upstream and downstream flat plate sections associatedheiimicro-cavity
domain simulations and pressure drag within the micro-cavity reiggeif) exhibits
significant oscillations. However these oscillations clearlycket a fixed averaged
(iteration-averaged) value. This sort of behavior will be refetoe(for the purpose of
discussion here) as “quasi-steady” convergence. The bottom plot sHamggraview of
the detail region of the iteration history that is highlighted th fiéhe iteration-averaged

drag value over the last 8000 iterations is 2.273 N. This drag vahatuislly within 2%
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of the drag value found using the baseline grid for the gated 58+sawvall cavity width

test case discussed in Section 3 (which exhibited steady coneergea fixed value).
As described earlier for other cases and seen in the plotinteeaccurate simulation
(following the initial local time-stepping simulation) esselhtigave the same oscillatory

behavior about the same iteration-averaged drag value.



65

52 Cavity Small Width - Gated
{Fine Grid)

Time Accurate
Run Begins
(240000)

"Quasi-Steady”
Convergence

L I L
150000
Cycle

50000 100000 200000 250000

52 -Cavity Small Width - Gated
{Fine Grid)

K D
Fx=2273 N
05
L L L L I L L L L I L ]
25h000 255000 260000
Cycle

Figure 5.1. Time History Plot (Top) for the Gated 52-Cavity Small Width Mach 2
Test Case Using the 41 X 41 Node Fine Grid, Zoomed for Detail (Bottom)
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A snap-shot of the pressure contours for the fine grid simulatithreaend of the
simulation run, presented in Figure 5.2, show (as expected due to thetargcdehavior
in drag) significantly more variability in pressure and inter4yaniteraction and vortex
shedding associated with the cavity region than seen in the stisaohation using the
baseline grid. Unlike the baseline grid simulation, in which the imtadf the highest
pressure was seen at the last (downstream) cavity top riglhtwlere the flow re-
establishes on the downstream flat plate section, there areladd repeating zones of
higher pressures within the cavities themselves, clearlyciassd with cavity-to-cavity
interactions and shedding of vortices. However, note that the magnitutthesvairiations
in pressure as seen in these contours are not very large, i.egntioeirs, although

distinct, actually represent an overall small change in pressure.
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Between Gates
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The larger (zoomed) view of the pressure contours within the eswmti Figure
5.2 indicates a clearly defined alternating pattern of high andpleasurization within
the cavities themselves, generally alternating between neighbawiiges, or cavity sets.
These patterns of over-pressurized and under-pressurized fluid withicavities are
associated with vortex shedding and consequent over-pressurization and under-
pressurization of the fluid directly above downstream adjacent es(gee Figure 5.2).
This effect results in a cyclic migration, or translation, bése zones of over-
pressurization and under-pressurization along the cavity region, hleacescillatory
nature of the overall drag results about an averaged value.

U-velocity (axial velocity component) contours for this fine gridecdagain,
representing a time ‘snap-shot’ of the flow-field) are shownigurié 5.3 for a portion of
the cavity region. A reversed flow ‘jet’ upstream of the fogste is seen in the lower
portion of the cavities, as also seen in the previously discussetinbagrid case. In
general, however, there is much less structure and regularitiyeoflow due to the
oscillations discussed above. There is indication of some reversegadksing through
perforations in the cavity vertical walls downstream of the §ede. This is in contrast to
the visualization provided by the baseline grid velocity contauiSdction 3, in which
the flow appeared to be only moving in the downstream (positive gtiding between

the first and second gate.
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Figure 5.3. U-Velocity Contours of the Fine Grid Gated 52-Cavity
Small Width Mach 2 Test Case

The refinement in the grid for this case (from the baseline giiideat for the
same configuration discussed in Section 3) clearly indicateshihdkow is destabilized
both temporally and spatially from the baseline grid results gifeds. The contours for
the fine grid case presented here show upstream-to-downstreafar regriability in
pressurization between cavities and cavity regions, although peesgur changes are
overall fairly small. These variations and associated temporalbiay in drag are not
seen in the base-line grid simulations shown earlier. Thi<#@ise of concern and will
be addressed as an important element for subsequent investigatlom doncept studied
here. However, it is significant that the iteration-averageerall drag value for the

oscillatory fine-grid simulation is almost the same as the steadlrigaged simulation.
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5.2. UNPERFORATED FINE GRID RESULTS

The second fine grid test case for this section corresponded tantieegeometry
as described in section 5.1, except that the vertical cavity wadle completely
unperforated. This time-accurate simulation was initialized usiedlow-field obtained
at the final iteration in the perforated case described abidwe.iteration history for
overall drag is shown in Figure 5.4 for this case. This plot denatestthat the flow-
field for this case does not appear to reach the same ddgezpilarized “quasi-steady”
convergence as exhibited for the perforated/ gated case.28R¢000 iterations, the time
history begins to slightly repeat patterns, but is not as consistdéerms of showing
fixed oscillations about an average as shown in the previous caster#tion average
over the last 10,000 iterations yields a drag value of 2.66 N, whiaini§icantly higher

than all other 52-cavity small width cases examined in this study.
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Figure 5.4. Time History Plot (Top) for Unperforated 52-Cavity Small Width
Mach 2 Test Case Using the 41 x 41 Node Fine Grid, Zoomed for Detail (Bottom)
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Due to the fact that this fine-grid simulation for the unperforateall
configuration shows no clear convergence to either a fixed drag waltee a definite
iteration-averaged value, it is difficult at this time towdrstrong conclusions from these
results. As no convergence issues were found with the unperforatedisiagethe
baseline grid, it cannot be determined with certainty from thie @sne whether
perforations in the cavity walls contribute to some stabilizatiohefflow-field. Further

study is warranted.
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6. CAVITY SPACING, SIZING, AND GRID REFINEMENT STUDY

Whereas the previous sections contain analysis of the physics aatizasons
of the flow fields, this section analyzes purely drag reductionnpateand flow-field
steadiness. The primary focus is to provide information on the effélce cavity region
size, spacing between adjacent cavity walls, number of cavity arad mesh sizing on
the resulting stability of solutions and the total drag valuesul@imons are conducted
using mesh sequencing on three meshes: coarse, baseline (meddrfipea Mesh
sequencing strategy used for much of the current work takes aminpber of nodes on
a fine grid (in this case corresponding to 41 x 41 nodes in eady)cdlien generates
coarser meshes internally by removing every other node onithéngs. The coarsest
grid is then solved for a set number of iterations, and then valeesiterpolated up to
the next finer level, solved again for a set number of iterations, and so forth.

All results in the current section are for elliptically-s@v@oundary layer regions
which are underlaid by driven cavities, with these domains beginning fidvnstream
of the leading edge of a flat plate. Free-stream conditongspond to a static pressure
of 26,500 N/mi and a static temperature of 223.26 K. The test cases areddividehree
general categories in terms of for both cavity physicalesand the free-stream Mach
number used: Mach 1.2 flow over medium-width cavities, Mach 1.2 dheev small-

width cavities, and Mach 3.0 flow over medium-width cavities.

6.1. MACH 1.2 MEDIUM CAVITY WIDTH
The first case study uses a free-stream Mach number of 1.Begmas 1.0 m

downstream of the leading edge of the flat plate. Figure 6.1 m®wadchematic of the
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tested geometry. Medium width cavities are modeled with pertbicaeity walls with
height of perforations of 0.00015 m. These medium width cavity casespanceto a
spacing of 0.000125 m between each cavity wall or cavity region (bbmek)dary (for
cases with removed walls). Height of the overall cavity regidreld constant at 0.0005
m, corresponding to a cavity height-to-boundary layer thicknessdof 18/040164. The
leading and trailing edges fore and aft of the cavity regio®.&&L75 m and 0.001 m in
length, respectively. Length of the cavity region itself igegiin terms of number of
cavities (N cavities), e.g. “2 cavities” corresponds to an oveaaiity region equal in
length to two cavity widths. Five cases are presented for tliseey, all of which
resulted in steady convergence to fixed drag values foridllaeyels (and residual drops
of seven and more orders of magnitude on all three grid levels).g0aations for these

cases are outlined in Table 6.1.

("'medium’ cavity width)

boundary layer
inflow from 1 meter
upstream flat plate

—=—

cawt

0.00175 m WIdth 0.000125 m 0.001 m
cavity
height
0.0005 ml §h=0. 0001_5_r£| _____ 1
N cavities

Figure 6.1. Micro-Cavity Region Geometry for Medium Cavity Width Test Case
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Table 6.1. Test Case Configuration for Mach 1.2 Medium Cavity Width

Case| Cavities| Wall(s
R1 2 0
R2 2 1
R3 4 1
R4 6 5
R5 8 7

Each case was run using the mesh sequencing scheme discussedsiyre
Figure 6.2 is a representative time history plot of drag foRthavity cases R1 and R2.
Each of the three meshes converges to a fixed drag value.i$laesight increase from
the coarse grid in the baseline case, but for both cases, R1 and Ritenemak is seen

between the baseline grid and the fine grid drag values.
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Figure 6.2. Mesh Sequenced Drag Time History Plot for Test Cases R1 and R2

Results that compare the drag characteristics of thesey cagés to reference
(flat plate) skin friction drag over the same length of ptatetabulated in Table 6.2. For
each of the configurations examined, a reference (unmodified &) pbtal skin friction
drag was calculated that includes the leading edge regioreaipstf the cavity region,
the trailing edge region downstream of the cavity region, andavigy region itself; this
is designated Total Drag (ref) in Table 6.2. Further, refer8atelate skin friction drag
for only the leading and trailing edge regions in the ellipiienain was computed,
designated as LE/TE Drag (ref) in Table 6.2. This allows détatran of the reference
flat plate skin friction drag for the length of the cavityioggalone, designated as Cavity

Drag (ref). This reference flat plate drag over the caetyan alone can then be directly
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compared to the total drag obtained from the simulation resulks caitities, for each

case.

Table 6.2. Tabulated Drag Results for Mach 1.2 Medium Width Cavity Test Cases

Case| Total Drag| LE/TE Cavity Total Cavity Drag

(Ref) [N] | Drag (Ref)| Drag (Ref)| Drag Drag Reduction
[N] [N] (Test) [N] | (Test) [N] | [%]

R1 | 0.177816 | 0.163 0.01482 0.1665 0.0089 39.95

R2 | 0.177816 | 0.163 0.01482 0.1653 | 0.0094 36.57

R3 | 0.192634 | 0.163 0.02963 0.1608 | 0.0225 24.06

R4 | 0.207452 | 0.163 0.04445 0.1601 | 0.03466 | 22.02

R5 | 0.22227 0.163 0.05927 0.1614 | 0.0484 18.34

The value for cavity drag (test) in Table 6.2 was taken to be thelyesulting
pressure drag in the region, as skin friction over the cavitsessnegligible. Figure 6.3
shows the comparisons of reference flat plate skin friction drag valuestierahtire test
region (leading edge, trailing edge, and overall cavity regamd) ii) the leading and
trailing edges only to the results obtained from the VULCANuations for the plates
with underlying micro-cavities. All five cases exhibited lovdeag for the driven cavity

configurations, as compared to the flat plate reference values.
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Figure 6.3. Reference-to-Test Drag Value Comparison for Test Cases R1-R5

The delta between the two drag values in Figure 6.3 correspomtits tirag over
the cavity region alone, for each test case. The percentageaginediection is plotted for
each test case in Figure 6.4. The best performing case &B&®ify, 1 wall) with a total
of 39.95% reduction in drag compared to a flat plate of the samgéhleEach of the test
cases exhibits at least an 18% drag reduction. Cases R1 and Rihahfowtwo cavities
of equal length, the introduction of the cavity wall further reddubegotal drag over the

cavity region.
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Figure 6.4. Overall Percentage of Drag Reduction for Cases R1-R5

In addition to cases R1-R5, a number of other cases with varied nuohloaksty

walls were simulated in order to better develop a relationshipeleetwumber of internal

walls (for a given overall cavity region length) and drag; howetiese cases did not

exhibit convergence to a fixed drag value. A number of them, howevee, quasi-

steady solutions, oscillating around a given value, although some werpletely

divergent. A representative time meshed-sequenced time historpip&téavity cases is

given in Figure 6.5. Inspection of the coarse grid data indith&sirag does continue to

decrease with increasing number of cavity walls; however thelibasand fine grid

values show a general lack of convergence for nearly all casetering further analysis

on those cases extraneous. Only the 8-cavity, 7-wall case exdulid convergence to a
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single value, indicating that increasing number of walls not onlyedses drag, but

contributes to stability in the solution.
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Figure 6.5. Mesh-Sequenced Time History Plot for 8-Cavity Configuration

Time behavior of all of the Mach 1.2 medium cavity width casesasemted in
Figure 6.6. Cases are classified in one of three ways: ystdadoted by S), oscillatory
(denoted by O), and unsteady (denoted by U). For a constant numbsallsf
unsteadiness becomes more prevalent as the number of cavitiesedcreurther, for a
constant number of cavities, cases demonstrate greater staftititincreasing number

of walls.
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Figure 6.6. Level of Steadiness for All Mach 1.2 Medium Cavity Width Cases

6.2. MACH 1.2 SMALL CAVITY WIDTH

The second case study in this section examines flow over aisgeibmetry as
the previous study, but with a reduced cavity width, height, and letadiligg edge
plate lengths. Free-stream Mach number is maintained at 1.X%tfe@en temperature
and pressure are kept at 223 K and 26,500°Nfespectively. The ‘small cavity width,’
is used here, corresponding to individual cavity regions of width 0.000@50®5(cm)
and a cavity height of 0.0002 m. This corresponds to a cavity height-boulagary
thickness ratio of K/ = 0.016066, meaning that the cavity region height is 1.6% of the
boundary layer thickness. A schematic of the geometry dimensigmevided in Figure
6.7. The same incoming boundary layer profile and free-stream conditions usetest the

cases in the previous section are used for the small cavity width test cases.
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Figure 6.7. Micro-Cavity Region Geometry for Small Cavity Width TeseCas

Two test cases are considered for the small cavity width eoafign, outlined in

Table 6.3. The term ‘gates’ refers to a cavity wall where @ m, i.e., there is no

perforation in the cavity wall. The gates are spaced at exervals through the cavity

region.

Table 6.3. Test Case Configuration for Mach 1.2 Small Cavity Width

Case | Cavities Walls | Gates
S1 52 51 2
S2 208 207 11

Time history plots for the two cases are presented in Fig@end 6.9. Both

cases converge to a fixed drag value. This value increasedysligght each refinement

of the grid though the baseline and fine grid values differ only slightly. Iresd¢esm the
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coarse grid to the baseline occurred in the previous casefstuashedium width cavities
as well. This suggests that while the coarse grid is sligimierestimating the total drag
value, with each grid refinement, the solution is asymptotically agping a fixed

value.
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Figure 6.8. Case S1 Drag Time History Plot
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Figure 6.9. Case S2 Drag Time History Plot

Reference flat plate skin friction drag values for comparigre computed using
the same procedure as previously described for the medium caslity aises. The full
tabulated results for the two test cases are given in Table $witlA the R1-R5 cases,
the skin friction over the cavity region itself was found to beligide, so the cavity

drag (test) value in Table 6.4 includes only the pressure drag obtained in theieitaulat

Table 6.4. Tabulated Drag Results for Mach 1.2 Small Width Cavity Test Cases

Case| Total Drag| LE/TE Cavity Total Cavity Drag
(Ref) [N] | Drag (Ref)| Drag (Ref)| Drag Drag Reduction
[N] [N] (Test) [N] | (Test) [N] | [%]
S1 | 0.2193064 0.0652 0.1541 0.2099 0.1437 6.749
S2 | 0.6816281 0.0652 0.61643 0.652 0.5859 4.953
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Both test cases with micro-cavities performed better than rdference
unmodified flat plate; however, the percentage reduction in dragsigasgicantly less
than that observed in the medium width test cases with the saomaing flow profile.
S1 achieves nearly 7% reduction in drag while S2 achieves abouDé&8pite the
reduced cavity width presented in Case S1 and S2, the number ofscizvitigh enough
such that the overall length of the cavity region is greater tiat of any of the R1-R5
cases. This further demonstrates the trend that as the numbavittes increase, the
overall percentage of drag reduction decreases as seen in the 208Mach 2 case
presented in Section 4. Fundamentally speaking, this makes setiee caefficient of
friction, G, for a flat plate decreases with distance along the plates Wialpressure drag
associated with cavities demonstrates approximately (at beBtjear increase with
distance along the plate. Based on this observation, at some ponefetiemce flat plate
skin friction drag will eventually reach a value low enough suchttiebenefit of the
cavity region disappears. The characteristic of the lineafitile observed pressure drag

in the micro-cavity regions will be discussed at length in a subsequent section.

6.3. MACH 3.0 MEDIUM CAVITY WIDTH

The third case study in this section uses the same medium wadibygeometry
and grid as is presented in Figure 6.1, with free stream Mach nuoilvesponding to
3.0 (recall that a fixed boundary layer profile is used at ®ligpmain inflow, as
obtained from an upstream 1 meter flat plate simulation) witbreesponding cavity
height-to-boundary layer thickness ratio ob1/0.043994. Free-stream temperature and

pressure values are 223 K and 26,500 WNhespectively. A total of eight test cases are
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presented for this configuration; these cases are listed in Gdbldlultiple parameters
are varied in the Mach 3.0 test cases, including perforatiohthéigditionally, very fine

mesh sizing, time accuracy, and unperforated configurations arstigated. Steady
convergence was achieved for all of the test cases in whighresalts are presented.

Resulting drag values are tabulated in Table 6.6.

Table 6.5. Test Case Configuration for Mach 3.0 Medium Cavity Width

Case| Cavities| Walls| Notes

T1 12 11

T2 12 11 Unperforated (h = O for all walls)

T3 12 11 h =0.00025 m (50% of cavity height)

T4 12 11 Very fine grid (161 x 41 nodes in each cavity)
T5 12 11 Time accurate solution

T6 |52 51 2 gates, equally spaced” &nd 34 wall location
T7 52 51

T8 52 51 Unperforated (h = O for all walls)

Table 6.6. Tabulated Drag Results for Mach 3.0 Medium Width Cavity Test Cases

Case| Total Drag| LE/TE Cavity Total Cavity Drag

(Ref) [N] | Drag (Ref)| Drag (Ref)| Drag Drag Reduction

[N] [N] (Test) [N] | (Test) [N] | [%]

T1 | 0.6164 0.62975 0.3425 0.8944 0.278 18.832
T2 | 0.6286 0.62975 0.3425 0.9006 0.272 20.584
T3 | 0.6208 0.62975 0.3425 0.8956 0.2748 19.766
T4 | 0.6131 0.62975 0.3425 0.8866 0.2735 20.146
T5 | 0.6166 0.62975 0.3425 0.8961 0.2795 18.394
T6 | 0.6178 0.62975 1.4885 1.976 1.3582 8.754
T7 | 0.6034 0.62975 1.4885 1.9747 1.3713 7.874
T8 | 0.6347 0.62975 1.4885 1.9838 1.3491 9.365
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Drag is reduced in all eight test cases compared to refeflabqadates of equal
length, ranging from 8% to over 20%. Case T1 and T5 are identitalrespect to
geometry and configuration. The only difference is that T5 ima-ticcurate solution as
opposed to the local time-stepping. Despite the change in the th@@ecno significant
difference exists between the two results. The very firte(grithin the cavity regions) in
T4 shows only a ~1% change in drag reduction compared to T1. gnsicant that
simulation using the very fine grid examined in this test stilieconverged to a fixed
drag value, i.e., exhibited no oscillatory behavior. Best performanobtained in the
unperforated test cases in both the 12-cavity and 52-cavity cades({TT8). Case T3
with perforations spanning 50% of the cavity height outperformaseCr'l with the
original perforation height. Finally, the gated T6 case performsbet®ér than T7 which
is completely ungated. Figure 6.10 shows graphically the percemdgetions for each

test case.
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Figure 6.10. Overall Percentage of Drag Reduction for Cases T1-T8

The Mach 3.0 case study results in Figure 6.10 show the lower lqgverentage
of drag reduction for the 52-cavity cases vs. the 12-cavity ddse.agrees with the
previous trends seen in this work. Test cases T1-T8 provide furthghtinsto the
potential differences between gated, ungated, and unperforated calisy Slightly
higher differences in drag are present in these cases as oppoSedtibn 3 results.
Further study on the perforations is needed to better ascertalrathesduction potential

and potential added stability provided for varied geometry and flow conditions.
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7. SUMMARY AND CONCLUSIONS

In this investigation, the VULCAN CFD code was used to analyrd @lynamic
drag effects and flow details for driven micro-cavities downstreand beneath
compressible turbulent boundary layer flows. This entailed the siowlabf
representative upstream flat plate boundary layers for variogsstiream Mach numbers
and upstream plate lengths. Boundary layers from these upstireafat®ns were then
used as the inflow profiles for fully elliptic domains containingaas configurations of
embedded driven micro-cavities. These configurations consisted of erdbdude
walled cavities oriented transverse to the direction of the, flohich allowed two-
dimensional simulations in the present study.

After initial upstream flat plate simulations were completedietailed study of
the flow physics and drag performance was then conducted on a 52gmuitetry with
a baseline 21 x 21 node (in each cavity) grid using the inflow boutalgey profiles as
generated over a 10 cm flat plate for free-stream Mach numb&isch 1.2 and Mach
2.0. The test configurations for this study were divided into threesgcaes based on
geometry of the cavity walls: gated (perforations througheatical cavity walls, with
the exception of two equally spaced non-perforated walls, both extetitengntire
cavity height), ungated (perforated vertical walls used throughlimaitentire cavity
region), and unperforated (no perforations in any vertical cavity walls)stllg showed
that all three configurations yielded approximately an 18% reducti@verall drag as
compared to a reference flat plate of equal length. Skin frictiag dr all cases was
reduced to near-zero, with most cases showing a negative draguioonr(a net gain in

thrust). Pressure drag in the region with cavities increasearlyneith axial distance.
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Cavity wall perforations and gating were shown to have littipact on the net drag
results for this case study. All cases exhibited essgntiadd same total drag value;
distributions along the cavity region length for the separate batitths of skin friction
drag and pressure drag were analyzed for all cases. Reversedefts penetrating
through the perforations of the vertical walls were observed in aa#dgnd ungated
cases, contributing to improved skin friction drag reduction over the ungidocase;
however, the pressure drag in these cases also increasednqelatimproved skin
friction reduction. Mach 2.0 cases all exhibited steady convergerecéxed drag value
for the baseline grid. No difference was observed in the fixag dalue achieved when
switching between local time-stepping and time-accurate solutiethodologies. Test
cases with the reduced free-stream Mach number of 1.2 only showdyg stevergence
for one of the three test configurations; specifically the unpatddrvertical wall case.
Only gquasi-steady convergence (oscillatory variance about an giveg value) was
obtained for the gated and ungated cases, rendering meaningful anélysés drag
results difficult. Such unsteadiness issues further arose whamngefthe mesh
(quadrupling the number of nodes) for the Mach 2.0 cases. Steady coneai@earfixed
drag value was not obtained for any wall configuration in the 52ycgebmetries for
these particular fine grid cases. These quasi-steady and nongmmvezsults require
further study and analysis in future works as variability in Btglstability
characteristics observed in this investigation is of concerndasasg degree of grid
convergence using driven micro-cavities.

A parametric case study in terms of variations in cawygth, number of

cavities, vertical wall spacing, and grid refinement was thmmdacted for turbulent
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Mach 1.2 and Mach 3.0 flows, with the cavity region beginning 1 metenstosam of
the leading edge of the flat plate. Compared to a reference flat pkgeyds reduced for
the Mach 1.2 cases by as much as 40% for 2-cavity geometraggsr&tuction potential
was found to decrease with increasing cavity number (correspordowgtall length of
the cavity region for a given cavity width). Mach 3.0 cases using 52-cavity aaatf@ns
exhibited drag reductions from 8-20% with the best performance shawthe
unperforated case and ungated cases. This study showed thakxéor mumber of cavity
regions (corresponding to an overall length of the cavity regioff itse a given
geometry of individual cavity regions) the degree of steadineseddolution improved
with increasing number of vertical cavity walls. Further, theralg@ercentage of drag
reduction from that of a reference flat plate decreased asuthber of cavities, i.e. the
length of overall region with micro-cavities, increased. Sligictaases in overall drag
were exhibited in the mesh sequencing strategy used for thegiic study as the grid
became more refined through three grid levels (coarse, basatitidine). A number of
test cases demonstrated a transition to quasi-steady ascdlabout an average value of
overall drag, as mesh refinement was increased.

This investigation indicates that all driven micro-cavity tgsbmetries that
converged to a fixed overall drag value were superior in tefrpsoviding less overall
drag when compared to a reference flat plate of the $amggh under the same flow
conditions. Skin-friction drag was reduced to near-zero values inyaagtons for all
test cases and, in most cases, showed net contributions to thhatghlthese negative
skin friction values were very small. The dominant source of dragtbeeravity region

was caused by pressure acting in the axial direction on \edsaty walls. No
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appreciable difference was observed in using local time-steppindims-accurate
solution schemes. Further study is needed to understand and possiblyarogliroinate
the divergent and oscillatory behavior exhibited in the reduced Mach namén fine
grid resolution cases and is the subject of ongoing work.

Other topics that need to be examined regarding the concept of dnicen-
cavities include analysis of the feasibility of manufacturargl optimization of the
concept. The feasibility of and/or costs associated with manufagtuepresentative
micro-cavity geometries was not addressed in this investigat@mnhE purposes of the
current analysis, vertical walls in the cavity region wekesh to be infinitely thin. With
respect to CFD simulations, this assumption allows for a predimifluids-based proof
of concept for the driven micro-cavity technique; however, it has noigatty from the
standpoint of manufacturability. Further studies could potentially emathe effects of
finite thickness vertical cavity walls as well as the maciuidng capabilities required to
generate the detailed micro-cavity geometries at the ezlyesmall scales necessary.
Systematic optimization of parameters such as cavity spacing, pieridraight, etc. was
also not done in this study. All test geometries used equally-dpasaty walls, fixed
aspect ratio, evenly-distributed gates, and uniform perforation heifimse remain a
significant number of related concepts, or variations on the overatlept of driven
micro-cavities, that need to be further examined. Such studies might itickud&ects of
varied perforation heights and perforation patterns as well as mation of gate

locations and cavity spacing on the overall drag reduction performance.



APPENDIX A.
SAMPLE VULCAN INPUT DECK



$r* * * * * * * * * * * * *

Frrkkkkrrkkkkk Beginning of general control d
$*~k*~k*~k*~k*~k****************************************

R e Parallel processing control da

PROCESSORS 16.0 (No. of cpus to use)
MESSAGE MODE 0.0 (Message passing strateg
1=buffered)

R Geometric model type ----------

TWOD 1.0 (twod, axisym, threed)

Pommmm - Grid file data ---------------

GRID FORMAT 3.0 (1=s.b.form, 2=s.b.bin., 3=m
4=m.b.bin.)

GRID 0.0 (0O=plot3d->3d ; plot2d->

>all)

gridvulcansqueeze.grd

GRID SCALING FACTOR 1.0 (Converts grid units to
Pommmmm - Restart file data ------------

RESTART OUT 1.0

restartcavebarl.restart

RESTART OUT INTERVAL 500.0

$--mm - Output control data ----------
WARNING MESSAGES 0.0 (0O=none, 1=wall funct.,
3=both)

PLOT ON 3.0 (1=s.b.frm., 2=s.b.unfrm
4=m.b.unfrm.)

PLOT NODES 0.0 (Create PLOT3D files usi
the nodes)

PLOT FUNCTION
variables below)
DENSITY
VELOCITY
PRESSURE
TEMPERATURE
MACH NO.

LAM. VIS.

EDDY VIS. RATIO
GAMMA

R e Gas thermo, diffusion, and rea
GAS/THERMO MODEL 1.0 (0=CPG, 1=TPG, 2=n/a)
CHEMISTRY MODEL 0.0 (O=frozen, 1=finite rate
IMPLICIT CHEMISTRY 0.0 (O or 1=analytical jacob

8.0 (Create PLOT3D function

jacobian)
GLOBAL VISCOUS 0.0 (solve the Navier-Stokes
R e Transport model data ---------

VISCOSITY MODEL 1.0 (1=Sutherlands law)
CONDUCTIVITY MODEL 0.0 (0=Prandtl no., 1=Wassil
UNIV. GAS CONST. 8314.34

NO. OF CHEMICAL SPECIES 2.0
/share/apps/Vulcan/Ver_6.2.0/Data_base/gas_mod.Lewi
N2 02

0.7686 0.2314

- - Reference condition data -----

ANGLE REF. FRAME 0.0 (O=alphain xy plane, 1=
ALPHA 0.0 (angle of attack measure
NONDIM 1.0 (0=non.dimen., 1=dimen.

total)
MACH NO. 2.0

* * * * *$

ata ***************$

*******************$

ta -----mmmeee- $
y: O=stnd.,
___________________ $
___________________ $
b.form.,

2d/axi, 1=plot3d-

meters)

2=temp. limit,
., 3=m.b.frm.,
ng data averaged to

file containing

ction model data --$

, 2=n/a)

ian, 2=numerical
equations)
___________________ $
ej's law)

s 3
___________________ $

alpha in xz plane)
d C.C.W in degrees)
static, 2=dimen.
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STATIC TEMP. 288.0
STATIC PRESS. 101325.0
LAM. PRANDTL NO. 0.72
LAM. SCHMIDT NO. 0.22
TURB. PRANDTL NO. 0.90
TURB. SCHMIDT NO. 0.90
P Turbulence Model Data --------  meeemee $
TURB. MODEL
MENTER-SST (SPALART, MENTER, MENTER-SST, K-OMEGA )
TURB. INTENSITY 0.01
TURB. VISC. RATIO 0.10
BOUSSINESQ REY. STRESS 0.0
NO 2/3 RHOK IN REY. STRESS 0.0

R e Runge-Kutta scheme coefficient S mmmmmmmmmmneee- $
NSTAGE 3.0 (no. of Runge-Kutta Sta ges)
0.333333333333, 0.5, 1.0

R Boundary and cut control ----- e $
FLOWBCS 219.0 (no. of boundary condi tions to be
specified)

CUTBCS 103.0 (no. of C(0) connectiv ity conditions to be
specified)

BCGROUPS 7.0 (no. of boundary condit ion groupings)
PATCHBCS 0.0 (no. of non-C(0) connec tivity conditions to
be specified)

IGNITION SUB-BLOCKS 0.0 (no. of ignition sub-bl ocks)
BLOCKS 55.0 (no. of blocks)

BLOCK CONFIG. 55.0 (no. of lines of block configurations
input)

BLK I-STRESS J-STRESS K-STRESS TURB PLOT SOLVER REGION

1 7T T N Y Y FE/A 1

2 T T N Y Y FE/A 1

3 T T N Y Y FE/A 1

4 T T N Y Y E/A 1

5 T T N Y Y E/A 1

6 T T N Y Y FE/A 1

7T T N Y Y FE/A 1

8 T T N Y Y FE/A 1

9 T T N Y Y E/A 1

10 T T N Y Y E/A 1

11 7T T N Y Y E/A 1

12 7T T N Y Y E/A 1

13 7 T N Y Y E/A 1

14 7T T N Y Y E/A 1

15 7T T N Y Y E/A 1

16 T T N Y Y E/A 1

17 7T T N Y Y E/A 1

18 T T N Y Y E/A 1

19 T T N Y Y E/A 1

20 T T N Y Y E/A 1

21 T T N Y Y E/A 1

22 T T N Y Y E/A 1

23 T T N Y Y E/A 1

24 T T N Y Y E/A 1

25 T T N Y Y E/A 1

26 T T N Y Y E/A 1

27 T T N Y Y E/A 1

28 T T N Y Y E/A 1



29 T T N Y Y E/A
30 T T N Y Y E/A
31 T T N Y Y E/A
32 T T N Y Y E/A
33 T T N Y Y E/A
34 T T N Y Y E/A
35 T T N Y Y E/A
36 T T N Y Y E/A
37 T T N Y Y E/A
38 T T N Y Y E/A
39 T T N Y Y E/A
40 T T N Y Y E/A
41 7T T N Y Y E/A
42 T T N Y Y E/A
43 T T N Y Y E/A
4 T T N Y Y E/A
45 T T N Y Y E/A
46 T T N Y Y E/A
47 T T N Y Y E/A
48 T T N Y Y E/A
49 T T N Y Y E/A
50 T T N Y Y E/A
51 T T N Y Y E/A
52 T T N Y Y E/A
53 T T N Y Y E/A
54 T T N Y Y E/A
5 T T N Y Y E/A

REGION CONFIG. 1.0 (no. of regions the bloc

$******************* Reg|0n 1 Contl’0| Input

D

ROE KAPPA LIMITER LIM-COEF
3,3,3,4,4,4, 20,20, 20, 1.0,1.0,

FMGLVLS NITSCG1 NITSCG2 NITSFG #1ST-ORD.-C.G./I

1 50000 0
10.0

* * * * *

ENTRP(

RPRRPRRPRPRRPRRRPRRPRPRPRPRRRREPREPREPRRRPRREREPRERRRR

ks are grouped into)

U)  ENTRP(U+a)

1.0, 1.0, 1.0, 1.0

TER. RES.;REL.,ABS
-10.0 -

MG-CYCLE COARSE GRIDS DQ-SMOOTH DQ-CORR DAMP-MEAN DAMP-TURB

I 0 025 050 1.0

TURB CONVECTION DT RATIO NON-EQUIL POINT-IMP CO
1ST 0.1 25.0 N

SCHEME TIME STEP IT-STATS CFL-MIN ADP-CFL #CFL-

REG-REST

DAF LOCAL 10 0.1 Y 5

Y

1 5000 10000 20000 800000

01 01 05 10 1.0

[rexkkkrrikkkxxekk* End of general control data **

BC GROUPS: NAME TYPE OPTION
AIR-IN1  PROFILE PHYSICAL
AIR-IN2  PROFILE PHYSICAL
AIR-IN3  PROFILE  PHYSICAL
AIR-IN4  PROFILE PHYSICAL
ADB-WALL AWALL PHYSICAL
FARFIELD EXTRAP PHYSICAL
OUTFLOW  EXTRAP PHYSICAL

BC NAME BLK FACE PLACE DIREC1 BEGIN END DIREC

ORDER

AIRINLT 1 I MIN J 1 46 K

0.5

96

MP MODEL CG WALL BC

N STW
VAL VISC-DT IMP-BC

Y N

2 BEGIN END IN-

MIN MAX O



outbackmarchbasel.prf J MIN MAX
AIR-IN2 1 | MIN J 46 91 K
outbackmarchbase?2.prf J MIN MAX
AIRFIN3 1 | MIN J 91 136 K
outbackmarchbase3.prf J MIN MAX
AIR-IN4 1 | MIN J 136 MAX K
outbackmarchbase4.prf J MIN MAX
ADB-WALL 1 J MIN | MIN MAX K
ADB-WALL 2 J MIN | MIN MAX K
ADB-WALL 3 J MIN | MIN MAX K
ADB-WALL 4 J MIN | MIN MAX K
ADB-WALL 5 J MIN | MIN MAX K
ADB-WALL 6 J MIN | MIN MAX K
ADB-WALL 7 J MIN | MIN MAX K
ADB-WALL 8 J MIN | MIN MAX K
ADB-WALL 9 J MIN | MIN MAX K
ADB-WALL 10 J MIN | MIN MAX K
ADB-WALL 11 J MIN | MIN MAX K
ADB-WALL 12 J MIN | MIN MAX K
ADB-WALL 13 J MIN | MIN MAX K
ADB-WALL 14 J MIN | MIN MAX K
ADB-WALL 15 J MIN | MIN MAX K
ADB-WALL 16 J MIN | MIN MAX K
ADB-WALL 17 J MIN | MIN MAX K
ADB-WALL 18 J MIN | MIN MAX K
ADB-WALL 19 J MIN | MIN MAX K
ADB-WALL 20 J MIN | MIN MAX K
ADB-WALL 21 J MIN | MIN MAX K
ADB-WALL 22 J MIN | MIN MAX K
ADB-WALL 23 J MIN | MIN MAX K
ADB-WALL 24 J MIN | MIN MAX K
ADB-WALL 25 J MIN | MIN MAX K
ADB-WALL 26 J MIN | MIN MAX K
ADB-WALL 27 J MIN | MIN MAX K
ADB-WALL 28 J MIN | MIN MAX K
ADB-WALL 29 J MIN | MIN MAX K
ADB-WALL 30 J MIN | MIN MAX K
ADB-WALL 31 J MIN | MIN MAX K
ADB-WALL 32 J MIN | MIN MAX K
ADB-WALL 33 J MIN | MIN MAX K
ADB-WALL 34 J MIN | MIN MAX K
ADB-WALL 35 J MIN | MIN MAX K
ADB-WALL 36 J MIN | MIN MAX K
ADB-WALL 37 J MIN | MIN MAX K
ADB-WALL 38 J MIN | MIN MAX K
ADB-WALL 39 J MIN | MIN MAX K
ADB-WALL 40 J MIN | MIN MAX K
ADB-WALL 41 J MIN | MIN MAX K
ADB-WALL 42 J MIN | MIN MAX K
ADB-WALL 43 J MIN | MIN MAX K
ADB-WALL 44 J MIN | MIN MAX K
ADB-WALL 45 J MIN | MIN MAX K
ADB-WALL 46 J MIN | MIN MAX K
ADB-WALL 47 J MIN | MIN MAX K
ADB-WALL 48 J MIN | MIN MAX K
ADB-WALL 49 J MIN | MIN MAX K
ADB-WALL 50 J MIN | MIN MAX K

K MIN MAX
MIN MAX O
K MIN MAX
MIN MAX
K MIN MAX
MIN MAX O
K MIN MAX

MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN

MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX
MAX

0
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FARFIELD
FARFIELD
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FARFIELD
FARFIELD
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FARFIELD
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FARFIELD
FARFIELD
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FARFIELD 53 J MAX | MIN MAX K MIN MAX

FARFIELD 54 J MAX | MIN MAX K MIN MAX
FARFIELD 55 J MAX | MIN MAX K MIN MAX
OUTFLOW 55 | MAX J MIN MAX K MIN MAX
ADB-WALL 3 I MIN J MIN 21 K MIN MAX
ADB-WALL 3 I MAX J 6 21 K MIN MAX
ADB-WALL 4 1 MIN J 6 21 K MIN MAX
ADB-WALL 4 | MAX J 6 21 K MIN MAX
ADB-WALL 5 I MIN J 6 21 K MIN MAX
ADB-WALL 5 I MAX J 6 21 K MIN MAX
ADB-WALL 6 I MIN J 6 21 K MIN MAX
ADB-WALL 6 I MAX J 6 21 K MIN MAX
ADB-WALL 7 | MIN J 6 21 K MIN MAX
ADB-WALL 7 | MAX J 6 21 K MIN MAX
ADB-WALL 8 I MIN J 6 21 K MIN MAX
ADB-WALL 8 I MAX J 6 21 K MIN MAX
ADB-WALL 9 I MIN J 6 21 K MIN MAX
ADB-WALL 9 | MAX J 6 21 K MIN MAX
ADB-WALL 10 I MIN J 6 21 K MIN MAX
ADB-WALL 10 I MAX J 6 21 K MIN MAX
ADB-WALL 11 I MIN J 6 21 K MIN MAX
ADB-WALL 11 I MAX J 6 21 K MIN MAX
ADB-WALL 12 I MIN J 6 21 K MIN MAX
ADB-WALL 12 I MAX J 6 21 K MIN MAX
ADB-WALL 13 I MIN J 6 21 K MIN MAX
ADB-WALL 13 I MAX J 6 21 K MIN MAX
ADB-WALL 14 I MIN J 6 21 K MIN MAX
ADB-WALL 14 | MAX J 6 21 K MIN MAX
ADB-WALL 15 I MIN J 6 21 K MIN MAX
ADB-WALL 15 I MAX J 6 21 K MIN MAX
ADB-WALL 16 I MIN J 6 21 K MIN MAX
ADB-WALL 16 I MAX J 6 21 K MIN MAX
ADB-WALL 17 I MIN J 6 21 K MIN MAX
ADB-WALL 17 I MAX J 6 21 K MIN MAX
ADB-WALL 18 I MIN J 6 21 K MIN MAX
ADB-WALL 18 I MAX J 6 21 K MIN MAX
ADB-WALL 19 I MIN J 6 21 K MIN MAX
ADB-WALL 19 I MAX J 6 21 K MIN MAX
ADB-WALL 20 I MIN J 6 21 K MIN MAX
ADB-WALL 20 I MAX J MIN 21 K MIN MAX
ADB-WALL 21 I MIN J MIN 21 K MIN MAX
ADB-WALL 21 I MAX J 6 21 K MIN MAX
ADB-WALL 22 I MIN J 6 21 K MIN MAX
ADB-WALL 22 I MAX J 6 21 K MIN MAX
ADB-WALL 23 I MIN J 6 21 K MIN MAX
ADB-WALL 23 I MAX J 6 21 K MIN MAX
ADB-WALL 24 I MIN J 6 21 K MIN MAX
ADB-WALL 24 | MAX J 6 21 K MIN MAX
ADB-WALL 25 I MIN J 6 21 K MIN MAX
ADB-WALL 25 I MAX J 6 21 K MIN MAX
ADB-WALL 26 I MIN J 6 21 K MIN MAX
ADB-WALL 26 I MAX J 6 21 K MIN MAX
ADB-WALL 27 I MIN J 6 21 K MIN MAX
ADB-WALL 27 I MAX J 6 21 K MIN MAX
ADB-WALL 28 I MIN J 6 21 K MIN MAX
ADB-WALL 28 I MAX J 6 21 K MIN MAX
ADB-WALL 29 I MIN J 6 21 K MIN MAX
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ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
ADB-WALL
CUT NAME
ORDER

CUT.1 1
CUT 1 2
CUT 2 2
CUT 2 3

29 1 MAX J 6 21 K
301 MIN J 6 21 K
301 MAX J 6 21 K
311 MIN J 6 21 K
311 MAX J 6 21 K
321 MIN J 6 21 K
32 1 MAX J 6 21 K
331 MIN J 6 21 K
331 MAX J 6 21 K
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APPENDIX B.
FORTRAN DRAG FORCE DECOMPOSITION
POST PROCESSING CODE



program loads_post_gated 52 baseline

parameter(icav=55)

implicit double precision (a-h,o0-z)
dimension rpsumcav(icav),rpsumtot(icav),
lvissum(icav),vissumtot(icav)
dimension xsave(icav)

open(7.file='vulcan.loads.tec")
rewind(7)

rpsum=0.
vis=0.

do 1000 i=1,55
irun=20

if(i.eq.l.or.i.eq.2) irun=20
if(i.eq.55) irun=20

iside=3
if(i.eq.l.or.i.eq.2.0r.i.eq.55) iside=1

rpsumcav(i)=0.
vissum(i)=0.

do 1444 jji=1,iside
jstart=6

if(jj.eq.1) jstart=1
if(i.eq.3.and.jj.eq.2) jstart=1
if(i.eq.54.and.jj.eq.3) jstart=1
if(i.eq.20.and.jj.eq.3) jstart=1
if(i.,eq.21.and.jj.eq.2) jstart=1
if(i.eq.37.and.jj.eq.3) jstart=1
if(i.eq.38.and.jj.eq.2) jstart=1
read(7,*) idum1,idum2,idum3,idum4
do 999 j=jstart,irun

read(7,*) xdum1,xdum2,xdum3,xdum4,rp,xdumé6,xd
1xdum8,xdum9

rpsumcav(i)=rpsumcav(i)+rp
vissum(i)=vissum(i)+xdum?7

999 continue

c

1444 continue

c

rpsum=rpsum-+rpsumcav(i)
vis=vis+vissum(i)
rpsumtot(i)=rpsum
vissumtot(i)=vis
xsave(i)=xdum1

1000 continue

um7,
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do 2000 i=1,55
write(8,*) i,xsave(i),rpsumcav(i),vissum(i),
1rpsumtot(i),vissumtot(i)
2000 continue
c
stop
end
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