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Aeroheating Rises By a Factor of 3-8 at Transition

13-foot Beryllium Cone at Mach 20 in Reentry
CFD predicts heating well --ONLY IF--
transition location picked to match flight
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Transition is Critical to RLV Reentry Aeroheating

Aeroheating affects TPS weight, type, and operability —
a low-maintenance metallic TPS may not be possible if
transition occurs early

Reentry trajectory is iterated to achieve acceptable
aeroheating, and therefore depends on transition

Crossrange 1s critically dependent on aeroheating

TPS selection affects roughness and surface temperature
and therefore boundary-layer transition

A metallic TPS may have a more repeatable and smaller
roughness which might permit delaying transition
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To Avoid Overheating and Improve Crossrange, Reliable Transition
Prediction Should be Part of the Multidisciplinary Design
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Transition Also Affects RLV Controllability

« Asymmetrical transition caused Shuttle flight STS-50 to
use [??] extra RCS fuel to correct the yawing moment

* Body-flap effectiveness 1s dramatically affected by
transition — a laminar incoming boundary layer increases
corner-flow separation and reduces flap effectiveness.

Body-Flap Deflection —Maximum
20k Shuttle Pitchup Anomaly.
| STS-1 Flight Data .
; O Ooon -Mostly due to Real-Gas
51 0 f [ED - Ll Effects on C,,.
“10¢t A -However, Body-Flap
[ . — Effectiveness
5t Preflight Prediction is also Hard to Predict,
0 i due in part to Transition

5 10 ﬁ 20 25 NASA CP-2283 p. 343

© NASA TM-4499 p. 15
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Deflected Control
Surfaces with
Compression-Corner
Separations:

-Transitional Heating
Can be 50% Larger than

Turbulent Heating 1.5

-Transition Occurs at

-Improved Predictions
Can Reduce Control

0.5
Surface TPS
Requirements
Horvath et al., AIAA 99-3558, Fig. 14. Mach 0

6, 40-deg. AOA, Re=2E06/1t., 65.=20 deg.
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Hypersonic Transition 1s Critical to Large
Scramjet Accelerator Vehicles

* Multistage Airbreathing to Orbit will still be similar to NASP -- a large
hypersonic scramjet-powered vehicle

« National Aerospace Plane Review by Defense Science Board, 1988:
Estimates [of transition] range from 20% to 80% along the body ...
The estimate made for the point of transition can affect the design
vehicle gross take off weight by a factor of two or more.

« National Aerospace Plane Review by Defense Science Board, 1992:
The two most critical [technology areas] are scramjet engine
performance and boundary layer transition... Further design
development and increased confidence in these two technical areas
must be of paramount importance to the NASP program.

* The propulsion problems are being worked under various programs.
However, transition research 1s reduced to a shell. Will transition
technology be ready when the combustor is?

AD-A201124, Report of the DSB Task Force on the NASP Program, Sept. 1988
AD-A274530, Report of the DSB Task Force on the NASP Program, Nov. 1992
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Hypersonic Boundary Layer Transition

Integrated Defense Advanced System

 Boundary Layer Transition Has First Order Impact On:
- Aerodynamic Drag and Control Authority Bowecutt/Lau Sept. 2002
- Engine Performance and Operability
- Thermal Protection Requirements Inside Scramjet
- Structural Materials, Concepts and Weight » Shock-BL Interaction
« Bluntness * Curvature .

* Blowing

« Roughness » Separation

* Blowing /V‘*:\i\ah% * Re-laminarization
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* Roughness
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» Attachment line
» Upstream Contamination

* Trim
» Shock-BL Interaction
* Roughness

* Non-equilibrium

* Re-laminarization
* Acoustics

* Film Cooling

* Non-equilibrium

* Free Shear Layer
» Acoustics

» Pressure Gradient

~ Many Factors Influence Boundary Layer Transition
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Existing Correlations Have a Large Uncertainty

Kuntz, Sandia SWERVE maneuvering flight vehicle
Empirical Correlations Typically Scatter by a Factor 3 in Re,,
or a factor 10 in Re , for fairly general datasets
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General 3D Tunnel Data Scatter Over Re, = 10°to 107
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Depending on
Noise,
Configuration,
Roughness, etc.

From “A Survey of NASA Langley
Studies on High-Speed Transition
and the Quiet Tunnel”, NASA TM-
X-2566, Beckwith and Bertram, as
reproduced in Bertin, “Hypersonic
Aerothermodynamics”, AIAA,
1994, p.379.



Flight Data for Hypersonic Transition on the Shuttle
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Conventional Wind and Shock Tunnels are Noisy!

1. Fluctuation level typically 1%: > 10 times higher than flight

2. Major Source: Acoustic radiation from turbulent boundary layers on the
nozzle walls.

3. Causes early transition: perhaps 3-10 times earlier than in flight.
4. Can change trends in transition:

a) Sharp cone transition data in conventional tunnels scales with noise
parameters alone, independent of Mach number.

b) Rer cong = 2 Rey pparpIn conv. tunnel, bl}t Re; cone
quiet tunnel and e**N analysis. Flat Plate 1s later, NOT cone!

=(0.7 Re n

T, PLATE

c) Bluntness, crossflow, and roughness effects all differ in quiet and noisy
conditions.

d) Transitional extent typ. 2-4 times longer in conv. tunnel than in flight or
quiet tunnel.

5. Transition in Conventional Facilities is NOT a reliable predictor for
flight! Except for certain limiting cases, such as transition that occurs at a
roughness element.

S.P. Schneider, Purdue AAE



Simple Conventional Transition Measurements
Often Don’t Give “Correct” Trends

2 Krogmann M_= 5, 6_= 5 deg.
Stetson & Rushton M_=5.5, 6_= 8 deg. ]
8 Stetson 1981 M_=5.9, 6_= 8 deg. S harp Cone at AOA
Muir NOL, M_= 6, 6_= 8 deg. i
H Holden M_= 13.3, 6_= 6 deg. Tunnel N OI_sy
M McCauley M_= 10, 6_= 6 deg. Tunnel QU|et
:ﬁ: King M_=3.5, 6_= 5 deg., quiet _
King M,=3.5, 6_= 5 deg., noisy What is the

"True” Trend?
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See JSRv. 38 n. 3, a/e
May-June 2001, p. 328. C
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Quiet Tunnels Have Been Under Development Since
the 1960°s to Address the Noise Problem

1. Must solve the Acoustic Radiation Problem

2. Must Control Laminar-Turbulent Transition on the nozzle walls!
3. Quiet Tunnels also require low-noise core flows.
4

. Laminar Nozzle-Wall Boundary Layers requires mirror-finish nozzle
walls, specially designed nozzles, particle-free flow

5. Accurate Fabrication of the Nozzle with tight tolerances and a mirror
finish is expensive and risky.

6. NASA Langley built a dozen nozzles between 1970 and 1990, and
worked out many of the problems: Mach 3.5 since 1982, Mach 6
from 1990-97 (presently boxed)

7. No High Reynolds Number Hypersonic Quiet Tunnel presently in
operation anywhere. Purdue effort leads. Langley Mach-6 may be
reinstalled ca. 2004.

S.P. Schneider, Purdue AAE



Need Measurements of the Mechanisms of Transition

« Transition data by itself 1s ambiguous. What caused the
transition? Roughness? Crossflow? 15t mode? All 3?
Tunnel noise? stray roughness? AOA errors?

* Need detailed measurements of the transition mechanisms
(rare field measurements of small fluctuations,
preferably with controlled disturbances).

e Detailed measurements and computations of the
mechanisms can provide physical understanding.

« (Can improve scaling from wind-tunnel to flight conditions

* Such measurements are difficult; development of the
capability requires a sustained effort. Purdue presently has
the only lab making hypersonic hot-wire measurements

S.P. Schneider, Purdue AAE



Effect Of Angle-of-Attack on
Transition Mechanism for X-33 Rev-F

Mach 6 Expts, Color Prop. to Heating Rate M_=6 6,.=10° Re_fft=6x10° o=
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Reliable Predictions Must Be Based on Mechanisms

Instabilities that lead to transition can be computed (now or
soon) (15t& 2" mode, crossflow, Gortler, algebraic, etc.)

Seek semi-empirical mechanism-based methods similar to
e**N, where N=In(A/A0) 1s the integrated growth of the
most-amplified instability, incorporates all mean-flow
effects on wave growth

Computations must be developed and validated based on
detailed measurements in ground facilities

Computations must be compared to flight data

Dominant Mechanisms on Shuttle, X-33, X-38, Hyper-X
remain to be determined; little or no data at present

Bridge gap between users and researchers

S.P. Schneider, Purdue AAE



Near-Term Mechanism-Based Prediction Approach

Compute approximate aeroheating and 1D heat
conduction, down the trajectory

Compute accurate 3D mean flow (with chemistry) at
possible transition altitudes

Compute 15t & 2" mode instabilities on wind & lee planes

Compute crossflow Reynolds number off centerplane.
Later compute crossflow instability growth

Compute Gortler when relevant

Compute Re k, k/theta, etc. for roughness.

Use linear 1nstability, also PSE & nonlinear when needed
Compare details to ground expts, results to flight & ground

S.P. Schneider, Purdue AAE



Summary of Purdue Effort, 1990-99

. Development of Mach-4 Ludwieg Tube, Quiet to Re = 400,000, 1990-94.
. Tests of Heated Driver Tube (Munro, 1996)
. Development of Hot-Wire and Glow-Perturber Technique

. Controlled Wave Growth of factor 2-3 on Cone at AOA under quiet
conditions (Ladoon Ph.D., 1998)

. Development of Pulsed Laser-Perturber for Generating Local Perturbations
in Freestream for Receptivity Work (Schmisseur Ph.D., 1997)

. Controlled Measurements of Damping in Forward-Facing Cavity,

Explained Low Heat Transfer in 1961 Flight Data (1997-99)

. Developed of High-Sensitivity Laser Differential Interferometer ala

Smeets. Receptivity on Blunt Nose. (Salyer Ph.D., 2002 )

. Development of High-Reynolds Number Mach-6 Quiet Ludwieg Tube

(1995-present)

S.P. Schneider, Purdue AAE



Summary of Purdue Effort, 1999-2002

. Completion of Mach-6 Quiet-Flow Ludwieg Tube. Rufer, M.S.
2000, burst diaphragm tests. Skoch, M.S. 2001, heaters and initial
tests. Initial Operation, April 2001.

. Development of Automated Vertical-Plane Traverse (probe profile
in single run). Swanson, M.S. Dec. 2002

. Modifications to Bleed-Slot Throat Yield Initial Quiet Flow (but
only at low Reynolds number).

. Hot-wires survive in Mach-6 flow, stable CTA operation, 2001-
2002 (still not at full pressure).

. Skoch/Rufer operate Ladoon’s glow perturber and hot wire
apparatus in Mach-4 tunnel, 2002. (New student education).

. Matsumura/Swanson develop temperature-sensitive paints for
measuring stationary vortex growth, 2001-2002.

. Matsumura measures streak/vortex growth on Hyper2000 with
controlled roughness perturbers.

. Schneider surveys classified flight data, summer 2002

S.P. Schneider, Purdue AAE



Boeing/AFOSR Mach-6 Quiet Tunnel

All Clean Stainless Steel from Second-Throat Section Upstream
Unique Low-Noise Flow due to Laminar Nozzle-Wall Boundary Layer

(Slow) Gate Valve
17.5-in. Driver

Tube, 122.5-ft. long /BleeoI—Slot Suction Plumbing

4000
Cubic Ft.
Vacuum

Tank

3.5-in. Nozzle—\
[

[ 0! l%r‘oction Windows! I]_ l

Mox. 300 psig (21.7
bor,abs.) and 392F Fixed Second Throot

(800[:). Dhe 10_5. Di‘F‘FuseP
run per hour. .
About $10/run (Double) Burst Diaphragm
operating cost.

Sliding Sleeve



Schematic of Mach-6 Quiet Nozzle
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Streamwise-Vortex-Induced Transition on Hyper2000

0) 2 4 6 8 10
IN.
--Color Proportional to Heat-Transfer Rate, from Temp. Paints
--Hyper2000 is Generic for Hyper-X Class, Same Centerline Shape
--Roughness on Leading Edge Makes Small Vortices,
Which Grow Dramatically Past First Corner

S.P. Schneider, Purdue AAE AIAA 2002-3033, June 2002
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--Hyper2000 is Generic for Hyper-X Class, Same Centerline Shape
--Roughness on Leading Edge Makes Small Vortices,
   Which Grow Dramatically Past First Corner
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Probe Traverse
with Vertical
Automation
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Mach-6 Boundary-Layer Profile in One Run
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Summary of Purdue Effort

. The $1m 9.5-inch Mach-6 tunnel runs reliably for about $10/shot

. Extending quiet flow from low to high Reynolds number may yet be a

simple modification

. Tunnel noise 1s affected by temperature as well as unit Re. no.
. An accurate large cone with a 5.5-in. base diameter has been built.

5. A 4-inch slab-delta model may start at 40-deg. AOA, although

O 0 3

fluctuations high

. Streamwise-vortex mechanisms can be studied with temp. paints
. Hot wires can survive OK; calibrations still needed

. Automated traversing allows probing a full profile in one run

. Hot-wire measurements of wave growth at Mach 6 are beginning

10. Everything 1s taking longer than planned, but there are no show-

stoppers yet. Cost remains low.

S.P. Schneider, Purdue AAE



Need National Plan for Hypersonic Transition
Research for Airbreathers and RLV’s

Further development of existing mechanism-based
prediction methods

Detailed measurements on generic geometries in quiet and
conventional tunnels to develop & validate the mechanism-
based methods

Comparisons of mechanism-based methods against
existing flight data

Industry has long used mechanism-based methods for
transonic speeds — how long before they are available for
the more critical hypersonic problems?

S.P. Schneider, Purdue AAE



BACKUP SLIDES
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Integrated Defense Advanced System

# Fully turbulent flow analysis Bowecutt/Lau Sept. 2002

+ Does not permit accurate thermal gradient predictions
+ Results in excessive TPS weight penalties

@ Must also account for heating amplification mechanisms

+ Shock/boundary layer interaction (e.g., inlet shocks)

4

Fin shocks

4

Fin gap heating
+ Corner flow
+ Free shear flows
+ Vortex impingement
@ Heating distribution effects
+ Thermal expansions at component joints
+ Stress induced by temperature gradients in & between components
+ Shape distortion by thermal/pressure gradients

@aaflma :



Shuttle Transition — Preflight Predictions Compared

Preflight - smooth 2X Conservative
6 Preflight - rough Downstream
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Pitot Probe in Nozzle, Window Removed




Single-Run Hot Wire Profile of Mach-6 Boundary Layer
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Streamwise Streaks in Hyper2000 Heating Rates

17 roughness strips on LE, 0.00015-1n. high. 0.16 on centers, 0.03 wide

st corner 2nd corner
I I [

6 7 '8 9 10! 11
4 span cuts X ('n ) P0=119 psia, T0=424K
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Spanwise Variation of Heat Transfer on Hyper2000

P.=119 psia, T,=424K, 17 roughness strips on l.e., 0.0013-in. thick, strips 0.03-in. wide, 0.16-in.
0.¢c., extend 1!&4-in. downstream ofl.e., 1stcomer at7.24 in., 5.5°, 2nd corner at 9.64 in. 3°
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log,,(power), uncalibrated

Hot-Wire Spectra from Boundary Layer

y=0.58 mm (near wall)
y=1.58 mm (near max.)
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First-Mode
Instability Waves?

8} Rufer 9-18-02
- P.=45 psia,

T =417K, L=11.15 in.

Prellmlnary

| | | | | | | | | | |
0 50000 100000
frequency, Hz




Some References

Steven P. Schneider, Purdue University, 765-494-3343,
steves@ecn.purdue.edu

1. Steven P. Schneider, “Flight Data for Boundary-Layer
Transition at Hypersonic and Supersonic Speeds,” J. of Spacecraft
and Rockets, 36, no. 1, January-February 1999, pp. 8-20.

2. Steven P. Schneider, “Effects of High-Speed Tunnel Noise on

Laminar-Turbulent Transition,” J. of Spacecraft and Rockets, 38, no.
3, May-June 2001, pp. 323-333.

3. Takeshi Ito, Laura A. Randall, and Steven P. Schneider,
“Effect of Noise on Roughness-Induced Boundary-Layer Transition

for Scramjet Inlet,” J. Spacecraft and Rockets, 38, no. 5, September-
October 2001, pp. 692-698.

4. Steven P. Schneider, Shann Rufer, Craig Skoch, Shin
Matsumura, and Erick Swanson, “Progress in the Operation of the
Boeing/AFOSR Mach-6 Quiet Tunnel,” ATIAA Paper 2002-3033.

S.P. Schneider, Purdue AAE





