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ORI1GINAL WORKXSHOP ANNOUNCEMENT

SYRACUSE UNIVERSITY/MINNOWBROOK

WORKSHOP
ON
End-Stage Boundary Layer Transition
15-18 August 1993
Blue Mountain Lake, New York, USA

It is proposed to organize a workshop which has a primary focus on experimental
measurements in transitional boundary layers. It is the intent of the organizing committee to
emphasize experimental results in the 3-D breakdown region of transition where hairpin
vortices and turbulent bursts/spots tend to dominate the flow. Computational and analytical
work supporting the interpretation of events in this regime will also be welcomed. The topic
area was selected as a focus because, 1) relatively little has been reported in the region, 2)
recent advances in instrumentation techniques hold the promise of direct time-resolved
measurements in this region, and 3) the region is of significant engineering interest since it
is here that transport processes are rapidly changing. It is the intent of the workshop to focus
on potential applications including high free stream turbulence environments and airfoil
design. Past and present phenomenological measurements which give insight into the
physics of the end-stage region are of particular interest. It is expected that the workshop
will be small, focused, and highly interactive. A small number of keynote talks will be given
as a review. A representative of each major research group known to be active in the field
will be invited to discuss their current and/or past work.

The major objective of the workshop will be to clarify our current understanding of
the physics of end-stage transition. Proposals for future experiments will be included in the
final report.

Workshop Co-Chairman:
Prof. John E. LaGraff - Syracuse University, Dept. Mech. & Aero. Eng.,

Syracuse, NY 13244 (tel. 1-315-443-4366;
Fax 315-443-9099; JLAGRAFF@SUVM.ACS.SYR.EDU)

Prof. T.V. Jones - Oxford University, Dept. Eng. Science,
Oxford OX13PJ, UK (tel. 44-865-246-561;
Fax 865-722-274)

Prof. J.Paul Gostelow - University of Technology, PO Box 123,
Broadway NSW 2007,
Australia (tel. 61-2-330-2603;
Fax 2-330-2611)
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Opening Remarks
J. Paul Gostelow
Workshop Co-Chair

The title of this workshop is End-Stage Boundary Layer Transition
and I think we would all be happy to accept, as terms of reference, the
study of the completion of the transition process. It was suggested, in the
brochure, that the focus would be on experimental measurements and I
hope that we are happy to accept that as a major emphasis - although a
significant number of the presentations will be concerned with numerical
simulation of the processes. Such a balance is entirely appropriate. I
imagine you would agree that in a complex question like transition, we
need all the help we can get, from whatever source.

Now, transition as a field tends to spawn as many opinions as there
are participants and at this stage, I would like to inject a note of con-
troversy, right from the start. [ do so to set the scene for Roddam
Narasimha's keynote presentation to follow and hopefully to spark
discussion. The brochure implies that end-stage transition is synonymous
with "the 3-D breakdown region of transition where hairpin vortices and
turbulent bursts/spots tend to dominate the flow". Well, I have made as
many measurements of spots as most people and I do not believe the
above statement to be universally true. Some of us will be showing results
where such parameters as free-stream turbulence level are systematically
varied. Ted Okiishi, for example, will be showing fairly clearly, that on a
turbine cascade at turbulence levels above 1%, spots do indeed dominate
the flow. However, below 1% turbulence level in an adverse pressure
gradient transition occurs without a hint of a spot.

You may think that in highlighting this distinction, I am nit-picking
but I would contend that it is precisely such difficulties which have led to
a division of the transition community into completely separate groups
which have not communicated. The fundamental fluid dynamics
community works in low turbulence wind tunnels and sees many things,
but not spots - unless they choose to trigger them officially.  The
turbomachinery community, for example, usually works under higher
free-stream, turbulence levels and therefore, usually sees spots.

Transition is still a rich and complex set of phenomena and if, as a
result of this workshop, we can get a feel for the extent and role of these
scenarios, we shall be doing well.

We chose this 2 1/2 day format and this magnificent, but remote,
location to encourage total immersion in End-Stage Boundary Layer
Transition with a minimum of distraction and maximum opportunity for
interaction-which should be as informal as we can make it.

NASA/CP—2007-214667 1



In your presentations, we do ask you to stick strictly to the 15
minute limit. All we want you to do is to highlight and summarize your
contribution and to provoke discussion. Since this is a relatively informal
meeting, it does provide an off-the-record opportunity to let your hair
down. You should feel free to provoke discussion without it -being held
against you in the printed word. We want the presentations to be free-
wheeling and adaptive - so feel free to change your presentation according
to the way the meeting is going - don't be bound by your abstract. Of
course, we do want to know what you have been doing in your research,
but we also want your broader views on the topic - and as you know, there
are as many views on transition as there are participants. A workshop can
be a useful forum for presenting early results and future plans and for
getting advice on how to analyze or interpret them. A workshop can also
be a forum for conjectures and - if you must - refutations.

We have commissioned a small number of keynote addresses, the
first of which, from Roddam Narasimha, we shall hear shortly.

What 1 would finally like to stress, is the role of the session
moderators. These are really the key people of the workshop. For that
reason, | shall name them now - they are Jacques Lewalle, Ed Bogucz, Ted
Okiishi, Mike Crawford, Eric Spina, Terry Jones and Steve Robinson. These
people have the critical role of controlling the presentation sessions,
teasing out the unanswered or unresolved questions which arise from the
session. Then we want them to make judgments on the questions which,
by discussion or other means, are acceptable to clearer elucidation,
program or resolution during the workshop. To achieve this, we expect
that they will need to assemble small teams to work on those problems
and to report agreement, disagreement and progress back to the full
meeting on Wednesday morning. If you walk around late at night and see
a lot of little huddles going on, you will know that the workshop 1is
working.

NASA/CP—2007-214667 2



THE MANY WORLDS OF TRANSITION RESEARCH
R. Narasimha

Indian Institute of Science and Jawaharlal Nehru Centre
for Advanced Scientific Research
Bangalore 560 012

The transition from laminar to turbulent flow in a boundary layer is a complex
phenomenon that may take different routes, each involving distinct stages governed
by different, often not-yet unraveled dynamical principles. There are, surprisingly,
questions concerning virtually every stage in the process, beginning with
receptivity to external disturbances, the linear stability of spatially developing flows,
different possible nonlinear end games, the formation and propagation of turbulent
spots and the emergence of fully developed turbulent flow. There seems no doubt
that the flow has to be seen as a forced, nonlinear spatio-temporal system, but the
system is so complex that to extract simple insights is still very difficult.

There is evidence that there is no transition in the boundary layer if there is
no forcing; and further that different kinds of forcing may select different routes to
turbulence - an issue that we shall shortly return to. A proper specification of the
disturbance environment is therefore essential, although what is ’'proper’ is not
clear. In controlled wind tunnel experiments, the disturbance has often been
created by wavemakers of some kind - 2D vibrating ribbons (following Schubauer &
Skramstad), point sources (as Gaster has done, using small surface-mounted
loudspeakers), oblique waves (Corke, with surface films) etc. In such experiments
the disturbance is often harmonic in time, but does not have to be; some interesting

results have been obtained by Gaster using white noise forcing. The transition
scenario obtained in these cases is not in general the same: while what we may call
the "canonical" route charted by Klebanoff and others in a low-disturbance

environment involves 2D TS waves, peak-valley splitting in the spanwise direction,
appearance  of spikes and the formation and growth of turbulent spots. Morkovin
has emphasized how in high-disturbance environments the canonical route may be
by-passed, and the flow may proceed "directly" to the transition zone consisting of
spots short-circuiting the slow build-up on a viscous time scale that is so
characteristic of the canonical route. I believe it is still to be established whether
the TS mechanism is necessarily irrelevant on a by-pass route; waves may not
actually be "visible”, but the response of the flow to the disturbance environment
might still be describable through TS transfer functions. A genuine by-pass would
occur when the disturbance level is so high that significant mean flow distortion
may be expected to occur, as for example when roughness may induce local inflexion
points in the velocity profile that lead to turbulence on a short inviscid time-scale.
Meanwhile the existence of a "spot-less” route, involving a gradual filling up of the
spectrum rather than a catastrophic collapse into a turbulent spot, has been
demonstrated by the Novosibirsk group, and investigated by Corke at Illinois,
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although the disturbance environment required to 'select’ spot-less tramsition may
have to be specially contrived.

We thus broadly distinguish between three classes of routes: the canonical
(slow-build-up, rapid collapse into spots), the by-pass (short road to
spots/turbulence), and what we may call the “"scenic” (long spot-less road involving
spikes in the velocity signal that may behave like solitary waves, followed by gradual
spectral filling).  Many variations on these routes are possible (there are bylanes
everywhere), and some of these have been described elaborately by Morokvin.

The emergence of three-dimensionality from 2D TS waves can be described by
a weakly nonlinear theory that accounts for parametric resonance when the basic
flow is modulated by finite amplitude 2D TS waves, by the application of Floquet
techniques, as Herbert has shown. But is the emergence of stochasticity from the
waves characterizing instability, in the later non-linear stage, a form of dynamical
chaos? Some physicali models describe the gross features of the tramsition process in
the framework of nonlinear dynamical-system theory (e.g. Bhat, Narasimha &
Wiggins; interestingly, their equations have some commonality with a set proposed
by Herbert, and some crucial differences as well: see Appendix). Gaster's
experimental investigations sketch the way that a continuous spectrum may arise in
boundary layers excited in different ways, in particular by combinations of
harmonic and stochastic forcing. One promising method of identifying a low-
dimensional dynamical system underlying observations of transition has been
recently proposed by Healey. My own personal view is that it would be surprising if
there were no connection between dynamical chaos and boundary layer tranmsition.
One way to find out would be an experiment in which some easily-recognized
milestone on the route to turbulence, such as e.g. the first appearance of turbulent
spots, is determined for different levels of stochastic forcing keeping the
deterministic (say harmonic) forcing always of the same amplitude (see Figure 1). If
say the Reynolds number at onset is independent of the stochastic forcing as it is
diminished while the harmonic forcing is unchanged, we should be able to attribute
the stochasticity at onset to nonlinear mechanisms alone, rather than to the
stochasticity of the forcing itself. If the end-stage in transition were to be
describable in terms of a low-dimensional nonlinear system there would be a
considerable conceptual simplification in understanding the process, possibly with
many benefits in applications. However, it must be admitted that as of today
nonlinear system theory has made no significant contribution to our ability to
predict any feature of the transition process.

Once spots are generated they grow and fill the boundary layer, taking it

asymptotically to a fully turbulent state. The growth of intermittency in this
transition zone, and the development of various boundary layer properties, has been
studied extensively on flat plates. However, even here there have been various

questions.  The hypothesis of concentrated breakdown (Narasimha), postulating that
turbulent spots are born in a relatively narrow band around a suitably defined onset
location, has worked well in a variety of flows, although there is no direct
observational evidence of the region over which breakdowns do occur in actual
practice. It seems clear, especially if the disturbance environment is not violent,
that no breakdowns can occur over the slow build-up phase in the canonical route;
equally there would not be many breakdowns once the intermittency is substantially
different from zero, and there can be none when the flow is fully turbulent. So a
hypothesis that most breakdowns should occur over a relatively restricted region
should be reasonable. It is in fact surprising how closely measurements obey the
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resulting intermittency distribution, as Gostelow and Fraser have recently found.
However we are in no position yet to explain why spots are born where they actually
are.

There are also unresolved questions about spot propagation, especially possible
interference from other spots in the neighbourhood, and about the possibility of
each spot giving birth to offspring in pockets of the neighbourhood (e.g. the wing
tips) that the spot excites (as in Wygananski's observations). Are the offspring
autonomous spots, or do they eventually merge with the parent to make it grow
bigger? There are also issues concerning the propagation of spots in pressure
gradients (studied by Wygnanski, Narasimha and Gostelow), in skew and diverging
flows (Jahanmiri et al.), etc. Very few studies have been made here, and surprises
may be in store. In our study of spots in a distorted duct (no pressure gradient but
streamlines diverging on plate), it was found that the spot does not necessarily
propagate across streamlines always, and can have a highly unsymmetrical structure
(fatter on the outside of the bend as the spot traces a curved trajectory).

In turbomachinery, where the free-stream disturbance levels are not only
high but may invoive travelling wakes from upstream rotor stages hitting stator
blades, transition is a major feature of the boundary layer flow, as Reynolds numbers
tend to be in the awkward range of 5x105 to 2x106. In addition the flow is rendered
complex by the possible presence of separation bubbles, reverse transition etc.
Wake-hitting induces a transition zone that is also intermittent, but this time due to
the propagation and growth of "slabs" of turbulence stretching across the span of
the blade (rather than arrow-headed Schubauer-Klebanoff spots). There has
however been some ecvidence that there are S-K spots concealed in the turbulent
slabs induced by the wakes. What precisely such slabs and concealed spots do to the
flow remains to be investigated.

Finally, does the emerging turbulent boundary layer remember its origins?
Does it differ depending on the route taken to turbulence? If the "standard"
boundary layer defined by Coles is to have any meaning, there must be an asymptotic
state independent of the route by which it is reached. It must then necessarily have
a well-defined virtual origin that can be obtained by extrapolation backwards,
helping to determine an onset location, irrespective of how dispersed breakdown is
and indeed of which of the three classes of routes to turbulence is selected by the
disturbance environment. This question has not been directly addressed -ecither.

What is striking after so many years of transition research is that there is not
a single investigation which traverses the whole route from fully laminar to fully
turbulent flow: we each seem to live in our own world, and look at stability or
breakdown or spot propagation or solitary waves or intermittency or turbulent
boundary layer or whatever, to the exclusion of the other aspects of the transition
process. The time has come to make a few grand experiments that go the whole way
and traverse the different major routes. This is not going to be a simple task, but
transition is not a simple problem. Such experiments may even require new
facilities (long test sections, wide control over disturbance environment, etc.).

The existence of multiple paths to turbulence raises an obvious question: what
selects the route? Clearly the disturbance environment (in which we include not
only free-stream turbulence but noise, vibration, roughness etc.) must be the major
determinant. That suggests that we ought to start delineating what nonlinear
scientists call the "basin of attraction” for each of the "attractors" (strange or
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otherwise) that dot the transition landscape (Figure 2).  Morkovin estimates that,
given the numerous factors that can induce transition, the space of disturbances may
have something of the order of 10 to 20 dimensions. To map things in such a high-
dimensional space seems hopeless, and (even if feasible) will certainly be an
expensive and tedious task; but it would be interesting even to sketch sections or
projections of the basins of attraction in subspaces of fewer dimensions: e.g. it
should not be difficult (Figure 3) to determine the location of transition onset as a
function of the characteristics of 2D and spanwise-periodic components of the
disturbance made by a wave maker (which one can conceive of as consisting of
appropriate strips of thin film on a flat plate, programmed to produce both spanwise
uniform and periodic disturbances). 1 do not think we have a clue yet on what the
boundaries of the different regimes will be: aligned or staggered lambda vortices,
spots or spotless transitions, etc.

Clearly, there is still a great deal of interesting work to be done before one can

say that the transition problem is understood. I hope this meeting can chart the
course of future investigations.
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APPENDIX
LOW-DIMENSTONAL NONLINEAR SYSTEMS

Herbert 1988:

da " “2 2
- aOA + aiA + azB
dt
dB -
— = boB + biA B
dt

‘where A = A - A"

— amplitude of basic periodic flow
-~ amplitude of 2D secondary instability

L}

B . amplitude of 3D subharménic or fundamental instability

Nérésimha & Bhat (1988), Bhat, Narasimha & Wiggins (1990)

40 3
— = aU + a (0" + aulul
dt o 1 2

(*) (x)
du
;; = bou + b1 U ful

(%)

Note differences in starred terns.

NASA/CP—2007-214667 7



\,{irbml origin
of turbulent b.L.
posi’cion of hirthpoce

oF Eivst A :
P e T N stochastic
P \ origin .
o \
) \
N
—_— \\
Dyr\a‘mical\- ~.
choos ~
\ -~
stochastie fordng . .

NASA/CP—2007-214667

FIG

Parmantc foveing (e’



'Sta
-Voa\(ahceg ' O(ONHS

ATTRACTORS I SOME
SUITABLE DISTURBAMCE *© SPACE
' CPOS(HOY\S In d(qc‘]v‘am-NOT S(‘ghiﬁ‘can{

G2

NASA/CP—2007-214667 9



Spomwfse

,Fom‘- ng

NASA/CP—2007-214667 10



From Disturbances to Instabilities, to Breakdown to Turbulence:
the Physics of Transition in Boundary Layers

Mark V. Morkovin
Professor Emeritus, llinois Institute of Technology

In order to understand the end-stages of boundary layer transition in low as well as high
disturbance environments (including bypass transition) it is desirable to establish a unified
view of the sequences of physico-mathematical phenomena that lead from laminar flow to
self-sustained "bursting" in wall turbulence. The dominant driving disturbances: oncoming
free turbulence, unsteady pressure fields (including sound), inhomogeneous density fields,
inhomogeneities in wall geometry (including distributed roughness) etc., all force
disturbed motions within the boundary layer via multiple competitive receptivity
mechanisms. For small disturbances, a sequence of (often linearizable) instabilities then
leads to sporadic local bursting very near the wall which can sustain turbulence. The local
seeds of turbulence then somehow propagate (as in case of idealized Emmons' spots) to
engulf quite rapidly the surrounding disturbed but still laminar regions. The instability
sequences differ with basic parameters and with the nature of internalized ("received")
boundary-layer disturbances, thus providing highly non-unique roads to turbulence. There
may be fewer modes of the final onset of bursting, the criteria for which are not yet clear.

For larger disturbances (even more non-unique) the instabilities will generally bypass the
linearizable primary amplified modes (T.S. waves, steady and unsteady cross flow modes,
Goertler modes) and amplify nonlinearly and “inviscidly", roughly starting with the
secondary instability phenomena. Special attention is called to "algebraically" growing
instabilities, which theoretically can grow from rather small disturbances, but must be
"environmentally realizable”. The final "bursting” breakdown process is likely to be
similar to that for the non-bypass cases. In both small and large disturbance cases, the
number of governing parameters is large, ten to twenty or more.

In prediction of transition and in modeling of its end stages, idealization and simplification
is unavoidable. The purpose of this lecture is to establish a common vocabulary for the
various processes and their dominant mechanisms. Then we should be able to compare
various theoretic-empirical methods, both in terms of the success in correlating (limited)
data and in terms of the essential physics retained in the idealizations (as a guide to its
generality).
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J.D. SWeARINGEN , U.Se.Cal. Thesis 1985
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Figure 4.3: Spanwise variation of the mean streamwise velocity at

y/6L = 0.25 superimposed on the flow visualization of
figure 4.2a.
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J.KEGEL MAN

Figure 65: Enlargement of Striations Illustrating Striation
Breakdown (V./U_ _ 4 gys Re, = 0.814 x 109)
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Initiation of Turbulent Spots in a Laminar
Boundary Layer by Rigid Falling Particulates

R.F. Blackwelder, F.K., Browand, C. Fisher and P. Tanaguichi
University of Southermn California
Los Angeles, CA 90089-1191

A transitional laminar boundary layer 1s developed on a 1m
wide 5m long flat plate in a 0.6m deep water channel with a
freestream velocity of 15-50cm/s. A particulate dispenser under
computer control ejects individual particles having diameters of %hé§
into " the free stream. The particulates are introduced with an
initial velocity of U_ in the direction of the free stream. They
have differing specific gravities of 1.03-2.7 which introduces an
additional non-dimensional parameter relating the time taken to
traverse the boundary layer to the convective time scale. The
particulates produce a wake in the upper region of the boundary
layer as they sink towards the wall. Visualization data taken over
the range 5-10‘<Re <5-10° indicate that turbulent spots are produced
by the disturbances due to the wake rather than by the particulates
themselves. This suggests that the spot formation process 1n this
case may be inviscid in nature and may not be strongly influenced
by the presence of the wall.
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Boundary Layer Receptivity to Weak Freestream Turbulence
Notes on Figures Presented at End-Stage Transition Workshop
J. M. Kendall, Jet Propulsion Laboratory
Prepared August 15, 1993; revised September 15, 1993
Work sponsored by NASA

Fig. 1 shows the experimental configuration. The tunnel is about 8 ft long by 2 ft square. In most cases the
wind speed is set to 11.6 m/s. Three different plates are used. Each is a quarter-inch thick, extends
wall-to-wall, and has a semi-¢lliptical leading edge. The two extremes in bluntness are shown, being half a
14:1 ellipse and half a 5:1 ellipse. The plate surface pressure is uniform to better than 0.01q, except near
the leading edge, or whenever a condition of lift is intentionally applied to the plate. Turbulence is created
in the setting chamber by means of eight 1/16-inch hypodermic tubes stretched normal to the flow and
pressurized at any controlled value up to 6 psi.. Each has twenty-one 0.006-inch holes spaced at 1-inch
intervals along its mid-section of length, and directed upwind. The tubes are spaced vertically at 1.25-inch
intervals. The turbulence so created is carried to the test section, where it is found to be spatially uniform
over a suitably large cross-sectional area and axial length. Fig. 2 presents spectra of the stream turb-
ulence in the empty tunnel for jet-array pressures of 1 psito 6 psi. The T-S range extends between 80 and
150 Hz, approximately, for the present conditions. The primary method of fluctuation measurement is by
use of microphones installed on the reverse side of the plate. A description of the method and its advantages
has been given in AIAA 90-1504. Mean and fluctuating flow measurements are also made by means of
various hot-wire probes and rakes carried on a computer-controlled x-y-z traverse mechanism. Fig. 3
shows the layout of a four-foot plate carrying 64 microphones, the outputs of which are digitized
simultaneously. The location of a single driver used for creating controlled T-S packets is also indicated.

The boundary layer responds to the turbulence in three (seemingly) distinct ways. First, in examining the
broadband u'-fluctuation profile across the layer at some station (given in terms of R, the square-root of the
x-Reynolds number) where T-S waves have not yet grown to prominence, one finds that the most obvious
motion is what is referred to as Klebanoff's mode (not to be confused with his peak-valley breakdown
mechanism) because he first described it in 1970 or 1971, Fig. 4 shows this motion, together with that
variation which would result from a thickening/thinning motion of the layer, a similitude pointed out by
him. The vertical placement of the curve is arbitrary. Some general characteristics of this mode are:

(1) Long, narrow, high amplitude.

(2) u'/Uo oc x*4, approx.; downstream, the peak typically exceeds five percent rms.
(3) The distribution in 7y is as for thickening /thinning of the layer.

(4) The lateral scale is established by the turbulence scale and is = 25.

The statement as to the narrowness of the disturbances follows from lateral correlation measurements made
within the layer and in the stream and shown in Fig. 5.

When one band-limits the signal and examines only those frequency components expected from stability
theory to be most-amplified near a particular station. then one finds a second kind of motion, one which is
far weaker than the first, as in Fig. 6. A single peak occurs near the outer edge of the layer for the more-
forward stations. Note, however, that at the two more-downwind stations the T-S eigenmode has begun to
appear near the wall. Therefore, this motion does not resemble the T-S eigenmode, even though the
temporal frequencies are similar. Some characteristics of this mode are:

(1) Possesses the frequency of the T-S mode.
(2) Propagation speed = Uo; hence A differs from T-S.
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Results on the packet rms amplitude under a variation in the stream turbulence level are given in Fig. 12.
The results pertain to a specific frequency within the unstable portion of the TS band. The ordinate is the
wall pressure fluctuation component due to TS waves at a particular frequency, shown with arbitrary
scale. The abscissa is the component of the freestream turbulence at the same frequency as the turbulence
level was raised. Each curve corresponds to a particular axial station. The minimum critical R for the
parallel-flow boundary layer is near 300. Thus, it is possible to detect TS components at stations as far
forward as that point, but it must be pointed out that packets, if present there, could not be distinguished by
eye amid the total signal. Isolation of the TS component at the forward stations therefore relied upon the
technique of measuring the spectrum with turbulence present and then subtracting the spectrum measured
with no added turbulence. The figure shows that the response to turbulence was linear at the forwardmost
station, but that it became increasingly nonlinear with increase of x. Further evidence of the nonlinear
response to turbulence is given in Fig. /3. There, the average amplitude of the passing packets, detected
individually through analysis of the time- series records, is presented as a function of R for four levels of
turbulence. It appears that a rapid rise in amplitude commenced well downstream of the minimum critical
Reynolds number, corresponding to the formation of packets.

Recent studies have made use of the 64-microphone array, together with simuitaneous hot-wire
measurements. Fig . /4 summarizes some results. It can be seen in the left frame that packets forced by
means of the dniver indicated in Fig. 3 are much wider than those induced by turbulence. The lateral
varnation in peak strength 1s shown for five turbulence-induced packets passing the station R = 831 at
vanious times. These have been selected from the great number recorded such as to be approximately
similar in strength to the forced ones. Clearly, the ones due to turbulence are narrow. The right side shows
that turbulence- induced packets are sometimes much stronger than the strongest ones which can be forced
without serious waveform distortion due to incipient breakdown. Also seen there is an intercomparison of
microphone and hot-wire signals.

Fig. 15 gives ume traces for several microphones and for a five-wire vertical rake. Two large, and several
small, packets are seen in the microphone traces. The effect of the largest is also to be seen in one of the
hot-wire records. The hot wires also reaffirm in a general way the presence of T-S-range frequencies in the
outer layer, as well as a predominance of low frequencies in the inner layer. Five instants of time have been
selected to display the instantaneous profiles given in Fig. /6. Substantial distortion is apparent.

Figs. 17 and 18 show the time history of repetitively forced packets. The results are presented in the form
of 60 ime traces, with each "box" corresponding to a microphone shown in Fig. 3 (the layout here is
inverted top-to-bottom, and no traces are included for the four centerline sensors not part of a lateral array.)
Fig. 17 is for a quiescent stream, and Fig. 18 is for a weakly turbulent one. The (relative) amplitude range
of display differs in the two cases, and is indicated in the figures. The results within the former figure are as
expected, but the addition of turbulence has greatly altered the packet development, rendering the packet
locally both stronger and locally weaker than in the quiescent case, and has also produced an additional,
unsynchronized, packet which has grown to become a burst. Fig. 19 shows a turbulence-induced packet
which breaks down to become a burst.

Some results on the packets can be summarized as follows. The turbulence-induced ones:
(1) Mainly anse at stations downstream of the min. crit. Reynolds number.
(2) Possess a strength not in linear proportion to the stream turbulence
(3) Travel at the expected speed.
(4) Have slightly higher frequency content than forced ones.
(5) Possess the expected amp. dist. in the near-wall region. but not in the outer region.
(6) Are surpnisingly narrow.
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THREE EXAMPLES:
FREESTREAM FLUCTUATION RECORDS
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The Evolution of Modulated Wavetrains into Turbulent Spots

M. Gaster
Department of Engineering
Cambridge University, U.K.

Experiments are being carried out to study the process by which the almost
peniodic disturbance waves generated naturaily by the freestream evolve into turbulence.
The boundary layer on a flat plate has been used for this study. The novelty of the
approach is in the form of artificial excitation that is used.

Although we know, through many experimental and theoretical studies,
something about the development of regular Tollmien-Schlichting waves, we know very
little about the evolution of naturally excited waves. Indeed, if one carries out an
expeniment on a plate in a wind tunnel without any controlled excitation, it appears that

bursts of turbulence appear spontaneously and one has to look very hard for any wavy
precursor.

In this work the flow is excited artificially by deterministic white noise. The
weak T-S wave created develops down stream, becomes nonlinear and blows up locally
into a highly distorted flow. These large local distortions of the mean flow allow very
high frequency disturbances to grow and form into small turbulent spots. The spots
arise from the excitation, and if the same noise sequence is repeated a spot will form at
the same position and time instant relative to the excitation. Of course the dctaﬂs-é;f the
high frequency oscillations within the spot will inevitably vary from realisation to
realisation, but the overall structure is maintained. The probe may be moved around so
that the structure and development of these-artificially excited spots can be measured.

Also the nonlinear wavy flow that causes the spot can be examined prior to breakdown.

Wavelet transform and SVD (Singular Value Decomposition) have been used as
tools to examine different regions of the signals of interest. In particular these
techniques enable the fine structure of the breakdown to be filtered out from the signal.

Recent work on the use of a dynamical system approach to spatial chaos will also
be discussed.

NASA/CP—2007-214667 39






4
Transilion trom (lamumal & Z%Lréu/an{‘
_jg{oco it f’AQ é)ounda% ,ZA.(je,r oz[& (J_Q(‘L_

Br ITS/-L H&r.cfc'nze_ _Tzchu{og(j
[BMT]

74 %Fwa( Wind —(_Luv.ne[ %Percmcn{‘.

O [zoH[s) N |
: ,yaé-ﬁhfb
—> = [
—— "
g! L L L. rd //T\ rd Y AL 4
= ~ >  lOoH
S T 5 i

TPLC&( jp(uc_‘fm—ﬁons (-\LL. -f/ie Oﬂcomu\q
o M =< oot 0.

NASA/CP—2007-214667 41



A
W,
VU ; U, % -
wave make ¢
gc,;a.b)t‘

AT

CRUT

v

X X

NASA/CP—2007-214667 42



N

(OTSmm

[IOOMmm

(l 25 r»m

Tt SO wawa

LLFS mam

L 20T mm

L2 LS v

LSLS@MM

( LFS mm

[ACC mm

NASA/CP—2007-214667

43




NASA/CP—2007-214667

44




7

X (mm) = 400.00
O Ol 7= FREE STREAM
070
h
-.0070
. 0005

Y e s WPUOTY ST W YRR e, \ VNG
o

STANTATD DeungmhoN
ETA = 4.24

Rao =X 4

Q-2°% FRgs STREA™M
w W\N\NMVWMWVWMMNMWWM/\MNV\WW
-. 0400

STRNDARD DeviaToN., Rano = S Y
ETA = 0.75

- NoTe DifreeenT SCALES,

NASA/CP—2007-214667 45



AN

ETA = 0.75
874 78
1.5@[ : —
[T
-1.5000 .
. 0500
. 0000 ~
RATD = v,
X (mm) = 200.00 o -
@ Vs F 3.
1.5000
-1.5000
. 0400
. 0000 &kb\ﬁﬁvﬁp%v
= RATR 4%,
X (mm) = 975.00
10 % B &

Qﬂ“Q > gdja

X(mm) = 1000.0 _
33“/5 o9
T -l
.'

|
.700 !
l
i
|

o N

RATQ? (L% |

.00 T T T TTT T TTTTTTTTTT T T T T -

X(mm) = 1100.0
NASA/CP—2007-214667 46



504

40+
30+
)
204 Spot 3
-
g)n 104
S o ot
=
& —104
o
a, —20A
—304 Spot 2 \\
404 Spot 1
—50 T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (S)
Figure 5

Fluctuating streamwise velocity signal showing incipient
spots, X = 1.1 m, Z = 0.02 m.

50n

4OT

504 Spot 3
) )
™ 204 1~
>}
g)n 104
«
g L
S —101 1
o
o, —204

30 N

0 Spot 1
—4041 //
Spot 2
- O T T T T T T 1
0.0 0.2 0.4 O.‘S 0.8 1.0 1.2 1.4
Time (S)
Figure 6

Fluctuating streamwise velocity signal showing incipient
spots, X = 1.16 m, Z = 0.02 m.

NASA/CP—2007-214667 47



Fluctu

Percentage u'/U

-]
. 204

Z 104 '

= JN
= i I
8 —107 .

) ~

40-

304 Spot 3

)

Spot 2

——50 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (S)
Figure 7/

ating streamwise velocity

ignal showing incipient
spots, X = 1.20 m, =

0.02 m.

S
e
L

40

304 Tpot 3
!

204 /

104 m
0+

— 104

/
Spot 2 Spot 1

T T 1

00 02 04 08B 08 1.0 12 1.4
Time (S)

Figure 8

Fluctuating streamwise velocity signal showing incipien

NASA/CP—2007-214667

spots, X = 1.25 m, Z = 0.02 m.

48



40+
jan
™~
=
30
)]
[es]
)
S
Y20
—
Q
(o
10
0 g on l IL l
0o 02 04 06 08 1.0 12 1.4
Time (S)
2..
-~
=
Q
(@]
Q
>
1 _
@ I I
S
£
Se
Q
z

O 1 | T
00 0.2 04 06 08 10 1.2 1.4
Time (S)

The processed signal from which the intermittency
is estimated

NASA/CP—2007-214667 49






Active Control of Transition Using the Lorentz Force

D. Nosenchuck and G. Brown
Department of Mechanical and Acrospace Engineering
Princeton University
Princeton, NJ 08544

Abstract

A new concept and technique has been developed to directly control
boundary-layer transition and turbulence. Near-wall vertical motions are
directly suppressed through the application of a Lorentz force. Current (j)
and magnetic (B) fields are applied parallel to the boundary and normal to
cach other to produce a Lorentz force (7 X B) normal to the boundary. This
approach is called magnetic turbulence control (MTC). Experiments have
been performed on flat-plate transitional and turbulent boundary layers in
water seeded with a weak electrolyte, at Rey ~ 1700. With the application
of modest field densities (eg. |B| < 1,000 gauss and [j] < 10 mA/cm?),
measured reductions in mean and fluctuating turbulent stresses within the
control region are seen to exceed 90%. Laser-sheet flow visualization con-
firms the substantial reductions in turbulent motion at y* < 15. The talk
will present some theoretical considerations and initial experimental findings.
Experiments with arrays of MTC ‘tiles’ will also be discussed.
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Princeton University

Active Control of Transition
Using the Lorentz Force

Daniel Nosenchuck and Garry Brown

Syracuse University /Minnowbrook End-Stage Transition
Workshop

15 - 18 August 1993

Department of
Mechanical and
Aerospace Engineering
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Control of Transition and Turbulence

e The end-stage of transition and turbulence are char-
acterized by:

— periodic eruptions of unstable, low-momentum
‘near-wall" fluid
— subsequent inrush of high-speed ‘outer-flow’ fluid

— resultant large skin-friction drag
e Lorentz force easily generated:

— surface electrodes produce electric field with cur-
rent density j

— magnetic field B is generated parallel to surface
and normal to electric field

— resultant normal force is y X B

e Direct application of wall-normal force could pro-
hibit lift-up and bursting of near-wall fluid

e Exploit three-dimensional Lorentz force in fluids of
uniform conductivity
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Key Results
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Theoretical Considerations

e MOMENTUM
Du

= —Vp+ L+ uVv?
th p+ L+ puViua

where L = j x B (Lorentz force)

e VORTICITY
D
pﬁ = pw - Vu+V x L+ puVw
It L = Lye;:
Dw oL
S .V — —¥ \v&; .
"Dt pro Vi 0z TRV
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e Conductivity Gradient Controls Stability
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MTC Control of Turbulent Spots

NaOH throughout Boundary Layer
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TILING

e Concentrate Lorentz force in near-wall region

e Large area coverage requires ‘tiles’

e A TF'M (turbulent flow modulation) tile is defined
as that region on the wall bounded by two electrodes
and two magnet poles

e Globally-uniform electric field established by phased
operation and alternating electrode polarities

e Tile arrays formed with modular building blocks:

\
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\ \

|
N S

PLANFORM: } .
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N S
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Permanent Magnet Surface Mount Permanent Magnet
Electrode

RS ]
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Three-Dimensional Theoretical

Considerations
e VORTICITY
[‘%)i n 0 ( 5%’) OL;
— | UpW; — WrU; — V = €jik—
p dt 0z § : dxy, ]kﬁxk
where eijkgf—; may be viewed as a vorticity source
term

e Three-dimensional TFM electric and magnetic field
lines can produce a Lorentz force-field that gener-
ates vorticity to ‘capture’ near-wall fluid
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Role of Detuning in the Final Stage of Subharmonic Mode
Transition in Boundary Layers

Thomas C. Corke
[llinois Institute of Technology
Mechanical & Aerospace Engineering Department
Fluid Dynamics Research Center

Chicago, IL 60616

This work involves mechanisms for transition to turbulence in a Blasius boundary layer
through resonant interactions between a plane Tollmien-Schlichting Wave and pairs of
oblique waves with equal-but-opposite wave angles. When the frequency of the TS wave
1s exactly twice that of the oblique waves, we have a "tuned” subharmonic resonance.
This leads to the enhanced growth of the oblique modes. Following this, other nonlinear
interactions lead to the the growth of other 3-D modes which are harmonically based,
along with a 3-D mean flow distortion (for example see Corke and Mangano !). In
the final stage of this process, a gradual spectral filling occurs which we have traced
to the growth of fundamental and subharmonic side-band modes. To simulate this
with controlled inputs, we introduced the oblique wave pairs at the same conditions,
but shifted the frequency of the plane TS mode (by as much as 12%) so that it was
not exactly twice that of the 3-D modes. These "detuned” conditions also lead to
the enhanced growth of the oblique modes, as well as discrete side-band modes which
come about through sum and difference interactions. Other interactions quickly lead
to a broad band of discrete modes. Of particular importance is the lowest difference
frequency which produces a low frequency modulation similar to what has been seen
in past experiments with natural 3-D mode input (Kachanov and Levchenko ?). Cross-
bispectral analysis of time series allow us to trace the origin and development of the
different modes. Following these leads to a scenario which we believe is more relevant to
conditions of "natural” transition, where low amplitude background disturbances either
lead to the gradual detuning of exact fundamental/subharmonic resonance, or in which
3-D mode resonance is detuned from the onset. The results contrast the two conditions,
and document the propensity of the 2-D/3-D mode interactions to become detuned.

VJ. Flurd Mech., 209, 93-150.
2J. Fluid Mech., 138, 209.
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Role of Detuning in the Final Stage of
Subharmonic Mode Transition in
Boundary Layers

by

Thomas C. Corke

Hlinois Institute of Technology
Mechanical and Aerospace Engineering Department
Fluid Dynamics Research Center

Chicago, IL

End Stage Transition Workshop
Syracuse University [Minnowbrook
August 1993
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Summary:

e We observe a scenario in which 3-D modes develop
by an interaction with an amplified plane TS mode
through a ”tuned” or ”detuned” fundamental/ sub-
harmonic resonance.

o With increased detuning (up to 13%), we observed an
increased sensitivity of 3-D mode growth to the 2-
D mode initial amplitude, consisting of:

1. A decrease in the 2-D threshold amplitude neces-
sary for resonance.

2. An increase in the output response of the 3-D mode
to the 2-D amplitude.

3. Combined, there is a propensity to detune.
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e Mankbadi (1993) performed a critical layer asymptotic
analysis for a fully nonlinear interaction of frequency
detuned modes in a 2-D bl.

He shows that:

— Contrary to a "tuned” parametric growth, with
"detuning” the parametric growth rate is depen-
dent not only on the initial amplitude of the plane
wave, but also on the initial amplitudes of both
3-D wave pairs.

— For a given frequency detuning, there is an optimum
angle of oblique modes, which is dependent on
the amount of detuning and initial ampli-
tudes, at which the parametric growth rate equals
that of the "tuned” resonance.

— In an adverse p-grad, ”detuning” could result in
higher growth than with a "tuned” resonance.

e In a limited investigation, these results are consis-

tent with those from PSE calculations by Bertolotti
at ICASE.
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Nonlinear Theory and Breakdown

Frank Smith
University College-London
Department of Mathematics

Gower Street
England, London WCIE6BT

Abstract

The main points of recent theoretical and computational studies on boundary-layer transition and
turbulence are to be highlighted. The work is based on high Reynolds numbers and attention is drawn
to nonlinear interactions, breakdowns and scales. The research focusses in particular on truly nonlinear
theories, i.e. those for which the mean-flow profile is completely altered from its original state. There
appear 1o be three such theones, dealing with unsteady nonliriear pressure-displacement interactions
(I), with vontex/wave interacuons (II), and with Euler-scale flows (III). Specific recent findings noted
for these three, and in quantitative agreement with experiments, are the following. Nonlinear finite-
time break-ups occur in I, leading to sublayer eruption and vortex formation; here the theory agrees
with expenments (Nishioka) regarding the first spike. II gives rise to finite-distance blowup of
displacement thickness. then interaction and break-up as above; this theory agrees with experiments
(Klebanoff, Nishioka) on the formation of three-dimensional streets. 11! leads to the prediction of

turbulent boundary-laycr micro-scale, displacement - and stress-sublayer-thicknesses.
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R I Bowles and F T Smith

INTRODUCTION

This article summanzes nonlinear theory and computations on end-game transition, and in
particular on the development of spikes. There are three main nonlinear regimes I-III as
indicated on page 2.

Pages 3. 4 concern nonlinear theory on input wave amplitudes that are initially low. These
can provoke vortex-wave interactions (I), which in turn lead to close comparisons with
experiments 1n boundary-layer and channel-flow transition as shown.

Pages 5-7 address pressure-displacement interactions (II), produced at higher amplitudes, eg
following I. Companisons with channel-flow experiments (page 6) and with boundary-layer
computations (page 7) are included, especially on the first spike, for which the theory yields
an integral transition cniterion (page 5).

Pages 7 (lower half)-8 describe the subsequent stages (nearer Euler scales [II) effectively at
sull higher amplitudes, eg following II.  Shorter scales and significant normal pressure
gradients come 1nto the reckoning within the spike. These lead to local vortex roll-ups
whether in two or three spatial dimensions.

Relevant papers dunng 1990-93 are in the A1 A A Jnl, Jnl of Fluid Mechs, Proc Roy Soc
A, European Jnl or Mechs, Computat Phys Commns.
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NONLINEAR THEORY / COMPUTATION / SPIKES ( R.I.B.,F.T.S., UCI

Aims at physical understanding (scales), numerical aids, exper:
links, parameter dependence at medium-to-large Re

THREE MAIN NONLINEAR INTERACTIONS { ——> END-GAME., via events in 3[

:E. VORTEX-WAVE INTERACTIONS, at low input wave amplitudes
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Transition theory and experimental comparisons
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Professor Charles R. Smith
Department of Mechanical Engineering and Mechanics
Building No. 19
Lehigh University
Bethlehem, PA 18015
FAX: (215) 7584116 EMAIL: crs1@lehigh.edu

Development of Hairpin Vortices in Turbulent Spots and End-Wall Transition

The end-stage phase of boundary layer transition is characterized by the development of
hairpin-like vortices which evolve rapidly into patchies of turbulent behavisr. In gencral, the
characteristics of the evolution from this hairpin stage to the turbulent stage is poorly understood,
which has prompted the present experimental examination of hairpin vortex development and
growth processes. Two topics of particular relevance to the workshop focus will be covered: 1) the
growth of turbulent spots through the generation and amalgamation of hairpin-like vortices, and
2) the development of hairpin vortices during transition in an end-wall junction flow. Brief
summaries of these studies are described below.

Using controlled generation of hairpin vortices by surface injection in a critical laminar
boundary layer, detailed flow visualization studies have been done of the phases of growth of
single hairpin vortices, from the initial hairpin generation, through the systematic generation of
secondary hairpin-like flow structures, culminating in the evolution to a turbulent spot. The key
to the growth process is strong vortex-surface interactions, which give rise to strong eruptive events
adjacent to the surface, which results in the generation of subsequent hairpin vortex structures due
to inviscid-viscous interactions between the eruptive events and the free stream fluid. The
general process of vortex-surface fluid interaction, coupled with subsequent interactions and
amalgamation of the generated multiple hairpin-type vortices, is demonstrated as a physical
mechanism for the growth and development of turbulent spots.

When a boundary layer flow along a surface encounters a bluff body obstruction extending
from the surface (such as a cylinder or wing), the strong adverse pressure gradients generated by
these types of flows result in the concentration of the impinging vorticity into a system of discrete
vortices near the end-wall juncture of the obstruction, with the extensions of the vortices
engirdling the obstruction to form "necklace" or "horseshoe” vortices. Recent hydrogen bubble
and particle image visualization have shown that as Reynolds number is increased for a laminar
approach flow, the flow will become critical, and a destabilization of the necklace vortices results
in the development of an azimuthal waviness, or "kinks,” in the vortices. These vortex kinks are
accentuated by Biot-Savart effects, causing portions of a distorted necklace vortex to make a rapid
approach to the surface, precipitating processes of localized, three-dimensional surface
interactions. These interactions result in the rapid generation, focussing, and ejection of thin
tongues of surface fluid, which rapidly roll-over and appear as hairpin vortices in the junction
region. Subsequent amalgamation of these hairpin vortices with the necklace vortices produces a
complex transitional-type flow.

A presentation of key results from both these studies will be done, emphasizing both the
ubiquity of such hairpin-type flow structures in manifold transitional-type flows, and the
importance of vortex-surface interactions in the development of hairpin vortices.

NASA/CP—2007-214667 79






Development of Hairpin Vortices in Turbulent
Spots and End-Wall Transition

C. R. Smith
Department of Mechanical Engineering and Mechanics

Lehigh University
Bethlehem, PA 18015

Supported by AFOSR

Topics :

* Growth of a turbulent spot from a single hairpin vortex
= generation by slot injection in laminar BL

= cvolution via vortex-surface interaction

* Development of hairpin-like vortices during transition
in an end-wall junction flow.

= transition in a strong pressure gradient environment
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Viewing Direction:
Figures 17 and 23

Hydrogen
Bubble Probe

Hydrogen Bubble Pattern
Created by Single, Advecting
Hairpin Vortex

o—— Hairpin Vonex
(dark portion

not visualized
in bubble sheet)

Hydrogen
Bubble
Sheet

llumination from Below

Schematic diagram of technique employed to visualize flow
development associated with a single hairpin vortex
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Undisturbed Flow

Plan-view hydrogen bubble wire visualization sequence illustrating the development of
secondary vortices near the surface as a primary hairpin vortex passes a fixed streamwise
location. HBW denotes the position of the hydrogen bubble wire, HPH is the location of head
of primary vortex, A the location of the trailing legs of primary vortex, B the development of
a secondary vortex behind head of primary, C the development of secondary vortices
adjacent to the legs of the primary vortex, and L1,L2 the legs nearest the symmetry plane for
the secondary vortices indicated by C.
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a) The Onset of Interaction — Sharp, Crescent-shaped
Ridge Develops in the Surface Fiow Where the
Induced Pressure Gradient Near the Surface is Adverse.

b) Rapid Outward Movement of the Erupting
Ridge Which Contains Concentrated Vorticity.

¢) The Erupting Sheet Starts to Roll
er

d) Partial Roll-over Reached

e) Complete Generation of
Secondary Hairpin Vortices

The generation of secondary vortices via surface interaction for a symmetric hairpin vortex
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LIGHT SHEET

ICTANGULAR BLUEF BODY

UNSTEADY
NECKLACE VORTEX SYSTEM

HYDROGEN BUBBLE WIRE —~

FLOW DIRECTION ON\

VIEWING DIRECT!

Schematic of experimental configuration

Hydrogen bubble visualization of the necklace vortex system formed at the
junction of a rectangular bluff body and flat plate
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Revised Abstract for
End-Stage Transition Workshop
15-18 August 1993
Hairpin Vortices and the Final Stages of Transition

Abstract

A spatially developing direct numerical simulation has been performed for flow over a
flat plate that is subjected to a one-time fluid injection through an elongated slit in the wall.
The flow parameters have been chosen to closely approximate the experimental conditions
of Haidari, Taylor, and Smith (AIAA-89-0964). A hairpin vortex quickly develops near
the upstream end of the slit, and a pair of necklace vortices form around the slow-moving
injected fluid. As seen in the experiments and reported in Haidari and Smith (in review.
JFM), the hairpin vortex spawns both in-line and sidelobe secondary vortices. However.
no subsidiary vortices (those formed by the inviscid deformation of a vortex-line bundle
are observed. At later times. a set of three different types of vortices are identified: hairpin
vortex structures with heads that rise away from the wall. horseshoe-shaped vortices that
do not rise out of the boundary layer. and quasi-streamwise vortices. These structures
interact with each other and with the wall layer to generate new vortices that are similar
in structure to those mentioned above, although a particular parent vortex mayv have an
offspring that more nearly resembles another member of the set. Perturbation velocity
and vertical vorticity contours reveal an arrowhead shape of the highly disturbed region
that is reminiscent of a turbulent spot. Spatially averaged velocity profiles in the highly
disturbed area are nonlaminar. but as yet do not show typicul iaw-of-the-wall behavior.

Bart Singer

Fax: (804) 864-6134

E-mail: b.a.singerGlarc.nasa.gov

NASA/CP—2007-214667 91






swepy Ay
Neaujs bieirn ‘lyeaeuiq eAins
‘ulisopy uoy
sjuswbpajmoudoy

1abuis 'y veg

NOLLISNVHL 40 SIDVIS VNI
ay) pue

S30ILHOA NIddIVH

93

NASA/CP—2007-214667



Jjuauodwod ainssald g ayl 10} saA|os 10alIq .

yuauodwod aunssaid gg ayy 40} anbiuyoa) xlew-asuanpuy

swual Jayjo [[e 10} 119} idxa enny-abuny ,

SW4a) uoisnyip jewsou 10} 1ojjdw) UOS|OIIN-Yuel) ,
Bumyds deys-awy jeuopoesy -
uolj2a4Ip asimueds U] S31I8S BUIS/AUISOD JBLINOS -

juauodwod d gg 40} 'sid ssney ,

d gz puem ‘A ‘n 10} 'sid o)jeqo-ssney) ,
uonoalIp jewlou-jjem uj uoisuedxa salas AaysAqays -
uotloalp asimwealls up A1100jaA 10§ sasualay)ip 1oedwo) -

sjielaqg 43aylo -
pLIB asimwieal)s pue [eaILIBA paydlaas -
SUOIIPUOD MOJJINO 10} pasn anbiuyoa) ulewop Jayng -
uonejnwis jeauswnu joalip buidojeasp Ajjeneds -
Sjuiod uiepy -

SOIH3NNN

94

NASA/CP—2007-214667



aouejsip alow ainbal sonsualoeieyd wudINqIN Ajin4
Hels woyy (sjuaipelb Aoojaa sbiey) yuspiuusyul AlybiH
Buoj si yibusj Juswdojaaap jods yusinquny -
S9OILOA 19Y}0 J9puUn ULIO} SBIILIOA aSImWealis-isend ,
S9OILOA 13Y]0 Japun W0} SadIUOA soysasioy Aleipisqns ,
leadde saoiuon uidiiey map
sassa20.id aAljelauabay -

LMON S eUM

jods juanqgin) ay adeys pesymodie uo saye) uoibai paqinisig
xajdwod AjBuiseasoul sawodaq moj

moy} payosiul punode sdojonsp xaloA a32epjosN

9b1aAuo09 sbaj atoym teadde speay xalon jeuonippy

xauoA uidiiey saonpoud uonoalyj

¢PIO Seym -

AHVININNS

95

NASA/CP—2007-214667



Figure 1: Schematic of computational domain and injection slot. The solid
black region along the symmetry line shows the location of the injection
slot. The schematic in (b) shows the vertical velocity distribution along the
symmetry line during times of maximum injection (0.5 < ¢ < 4.5). The view
on the lower left illustrates the spanwise distribution of vertical velocity. The
Reynolds numbers are based on the local displacement thickness. Lengths
are nondimensionalized on the displacement thickness at Reg. = 530.

Figure 2: Side view of isopressure surfaces at ¢t = 15.0. Total velocity vectors
on the centerline upstream of the injection slot are illustrated on the left.
The thin black horizontal line represents the region over which fluid injection
occurred. A streamline starting just upstream of the injection region spirals
around a streamwise elongated low pressure region.

Figure 3: Looking downstream at primary and secondary high-pressure re-
gions at ¢t = 21.75. Cross-stream velocity vectors at r = 55.4.

Figure 4: Streamwise velocity profile at z = 63.2. { = 15.0. The Blasius
profile at the same location is included for comparison.

Figure 5: Side view of high- and low-pressure regions (p = £0.035) at t =
35.70. The low-pressure region resembles a hairpin vortex. The Blasius
velocity profile is shown on the left. The downstream end of the hairpin
vortex is at = = 65.7; the velocity profile is at z = 56.9.

Figure 6: Side view of high- and low-pressure regions (p = £0.033) at
t = 50.25. The Blasius velocity profile is shown on the left. The low-pressure
zones show the primary hairpin vortex, a secondary vortex head. and a sub-
sidiary vortex forming underneath each vortex leg. The downstream end of

the hairpin vortex is at ¢ = 76.5; the velocity profile is at r = 64.3.

Figure 7: Downstream view of low-pressure regions (p = —0.035) at ¢ =
50.25. The surfaces are somewhat transparent so that perturbation velocity
vectors at ¢ = 71.8 can be seen.
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Figure 8: Downstream view of high- and low-pressure regions (p = +0.035)
at ¢t = 50.25. Perturbation velocity vectors at z = 67.3 are shown.

Figure 9: Plan view of high- (p = 0.03) and low-pressure (p = —0.035)
regions at ¢t = 80.70. The downstream edge of the vortex head is at = = 94.0.
The upstream end of the high-pressure region is at z = 80.5.

Figure 10: Plan view of high- (p = 0.02) and low-pressure (p = —0.035)
regions at ¢ = 97.20. The downstream edge of the vortex head is at r = 103.6.
The upstream end of the high-pressure region is at z = 88.6.

Figure 11: Side view of high- (p = 0.02) and low-pressure (p = —0.035)
regions at t = 97.20. The Blasius profile is shown at the left at r = 86.9.

Figure 12: Plan view of high- (p = 0.02) and low-pressure (p = —0.035)
regions at ¢t = 153.10. The downstream edge of the vortex is at r = 147.7.
The upstream end of the high-pressure region is at =z = 120.2. The numbers
indicate the order of appearance of the quasi-streamwise vortices.

Figure 13: Side view of low-pressure (p = —0.035) regions at t = 153.10.
The Blasius profile is shown at the left at z = 120.7.

Figure 14: Plan view of the magnitude of perturbation streamwise velocity
(bottomn) and vertical vorticity (top) at ¢t = 150.10, y = 2.41. The envelop-
ing contours are 0.02U, and 0.02U,/$§; respectively. Contour increments are
0.05Uo for the velocity and 0.10Us/6; for the vorticity. The horizontal lines
indicate the locations where z = £0.25, i.e. the locations for the side views
in the following figure.
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Figure 15: Side view of the magnitude of perturbation streamwise velocity
(bottom) and vertical vorticity (top) along z = 0.25 at ¢ = 150.10. The en-
veloping contours are 0.020, and 0.02U,/6; respectivelv. Contour increments
are 0.050 for the velocity and 0.10U/85 for the vorticity. The horizontal
lines on the bottoms indicate the wall locations. Velocity vectors appear
at the left. The horizontal line extending bevond the velocity vectors indi-
cates the position where y = 2.41, i.e. the location for the plan views in the
previous figures.

Figure 16: Locally averaged (120 < 7 < 132, |
at t = 158.30.

| <3.01 profile in wall units

]
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ASPECTS OF TRANSITION IN TURBOMACHINES‘

H.P, Hodson
Whittle Laboratory

University of Cambridge
UK

ABSTRACT

This talk provides a description several types of transition encountered in turbomachines. It
is based largely on personal experience of the detection of transition in turbomachines. Examples
are taken from axial compressors, axial turbines and radial turbines. The illustrations are concerned
with transition in steady and unsteady boundary layers that develop under the influence of two-
dimensional and three-dimensional flow fields.

Studies of transition in turbomachines are usually compromised since they are difficult to
conduct in realistic environments. The physical size of the airfoils, the time-scales of phenomena,
problems of accessibility and cost all conspire against the experimentalist. Yet, transition is known
to be affected by many parameters and several causes may simultaneously compete to bring about
transition in any one given situation in a turbomachine. In addition, the same apparent cause can
give nse to different modes. Uncertainty therefore surrounds the measurement of transition onset
and the measurement of the transition zone. This undoubtedly hinders the continuing search for
improved turbomachine designs. Furthermore, it is argued that while less complex simulations
must continue to be used to further understanding and knowledge of transition in turbomachines,
experiments must be conducted in realistic environments. Such studies should include
investigations of the nature of transition and of the various causes. Once the nature of the processes
is better understood, specific problems regarding the ongin of the transitional flow and its
development may be addressed with confidence. One of the most important outcomes of this
research should be the implementation of appropriate physical models of transition in current and

future numerical calculation schemes.

* Pressented at Workshop on "End stage boundary layer transition”. Syracuse University, Aug. 1993
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GENERAL OBSERVATIONS

Studies of transition in turbomachines compromised since
« difficult to conduct in realistic environments

» often limited to less complex simulations

In turbomachines, transition
¢ influenced by many parameters

* may be due to one or more competing causes in a given situation
Uncertainty

* surrounds predictions of transition onset and development of transition zone

* limits improvements in technology

REYNOLDS NUMBERS IN AXIAL TURBOMACHINES

100000

PW 2037

VARIATION OF REYNOLDS NUMBER IN BY-PASS ENGINE AT CRUISE
(HOURMOUZIADIS, 1989)
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OBJECTIVES

+ Introduce particular aspects of turbomachine transition
e Highlight some of the problems by use of examples

« Set scene for remainder of session

MOTIVATION

Problems
» Where does transition/separation occur?

e How can we model these phenomena?

Answers affect
+ design of bladerow
« efficiency

+ heat transfer & cooling requirements
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INFLUENCES ON TRANSITION IN TURBOMACHINES

« free stream turbulence (magnitude/scale/homogeneity)
» pressure gradients

o fast(e.g., shocks) and siow (e.g., wakes) fluctuations of free stream pressure,
temperature, velocity, turbulence

e separation

« film cooling

e laminarization

» rotation (Coriolis & centripetal accelerations)

e curvature

e quasi 3D effects - divergence/convergence of stream-lines

o 3-Deffects - e.g., skew

WAKE INDUCED TRANSITION IN TURBOMACHINES

Wake Avenue
Relative to

Wakes represent perturbations in Rotor 2

o Velocity
o Turbuience (typ. 3-5% max)

e Pressure ...... etc.

Wakes give rise to

» premature transition 4 Stator 2

\/ Stator Wakes Rotor 2

Rotor 1

WAKES IN MULTISTAGE LP TURBINE (ARNDT)

Affects can extend beyond next bladerow
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s* = 0.40

WAKE INDUCED TRANSITION
IN WHITTLE LAB AXIAL TURBINE

st =045

5* =051 ﬂ

s* =0.56

+ Turbulent 'events’ more probable
when wake present

ULe = 0.88xfree-stream

Ute = 0.50xfree-stream

Like turbulent spots - but are they?

SURFACE-MOUNTED HOT-FILM

N\/\}\N\ W\MW ww\}‘w\\‘/ 5* = 0.61
SIGNALS FROM ROTOR SUCTION
SURFACE (ADDISON, 1990) Q WW»WN\\“\\MMM s =067
0‘ 1' ZY 3r AY 5', —61 a

SIMPLE DESCRIPTION OF 2-D WAKE-INDUCED TRANSITION

e periodic

e caused by turbulence(?) in wakes

e similar to steady transition

[2D Turbuient Spots]

tDisturbed Laminar” Patch]

UNSTEADY 2-D TRANSITION MODEL
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DATA FROM THE WHITTLE LAB. AXIAL TURBINE

Single stage
Re = 3.5x105

fAs

T 0.86

Onset based on experimental

observation
0.5

Spot Production:
n()'etr3
v

INTERMITTENCY

= const.

PREDICTED AND MEASURED TIME-MEAN
INTERMITTENCY ¥(S) FOR TURBINE ROTOR 0.0
MID-SPAN SUCTION SURFACE
(HODSON ET AL 1992)

i

MEASURED
\\

PREDICTED

0.0

EFFECT OF WAKE-PASSING FREQUENCY ON LOSS

Assume wake-affected zone is turbulent

10 1 1 I 1 | !
L4 -
° o Theonry
7 /—
Fay b
Aloss 06 - =
AIOSSmax ] ° |
[ ]
0.4 — KEY ”
4 = @ Speidel (1957)
1 . o 4 O  Pfeil & Herbst (1979)
0.2 & Hodson (1984) -
O Baneighba! & Hodson (1991)
O Addison (1990) [
|
0.0 i T T T v T T i )
S-Sy
0.0 0.5 1.0 1.5 2.0 2.5 3.0 f(T—
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EFFECTS OF UNSTEADINESS ON PROFILE LOSS SHOWING COMPARISON BETWEEN SIMPLE
MODEL AND EXPERIMENTS (HODSON, 1989)
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S-T DIAGRAM FOR WAKE-INDUCED TRANSITION

Analogy with turbulent spot

Ue (time mean freestream velocity

G NATURAL

R -
regr

- F . A
e — o =
SPARK 2 3FT h g
FAOM € o
gy 3
g1y PLAN Vifw r:u
€
Q
£
wew L . T -
—_— e —— —_—
o T 2 3 ——
FEET
ELEVATION VIEW ON CL s™ (normalised surface distance)
GEOMETRY AND GROWTH OF SPOT S-T DIAGRAM OF SPOT

EXTENDED TRANSITION ZONES

Calmed region behind turbulent 'events' can extend transition zone (Schubauer &
Klebanoff, 1955)

al minar

Turbulent

b) »-lcmnor-r——— NIt end ————————— ¢ el
< i

Turdbulenztiacx
)

Zeit t

> b — ——

Xetr Xo1r x,

Abstand von der Plattenvorderkante X

SCHEMATIC INTERPRETATION OF TRANSITION ON A FLAT PLATE: (A) NATURAL TRANSITION;
(B) WAKE-INDUCED AND NATURAL TRANSITION (PFEIL, HERBST AND SCHRODER. 1982)
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MULTI-MODE TRANSITION IN AN LP TURBINE

Wake-induced transition

- Transition in separated flow
If steady flow transition

occurred at 0.4s 3 . -

» correlations predict 50% |
intermittency y at 0.75s

For wake-affected flow,
* Ymax < steady flow value
+ limits calming effect

» separation possible when
not instantaneously
turbulent

No. of wake passing periods, t*

ENSEMBLE-SKEW MEASURED BY
SURFACE HOT-FiLMS, RE = 1.3x105
(HODSON ET AL, 1993)

0.0 0.5 10

Fraction of Surface Distance. ¢°

DELAYED SEPARATION/TRANSITION

Caimed region behind turbulent 'events' delays separation/transition

4.0 -
Y (mm) 7 (0} Ensembis-Averaged Velocity Profiles
= [¢]
9.0 4
3.0 — Q
) ®
6.0 4
Case 5 (S q/C=08) E e
3.0 2.0 o
1 (o] a
. - a
9.0 0.0 4 ] ® e
[-Y
2 0.0 1.0 20 1 =
€8.0 1.0 ] @ I
Fay
-§‘ Case 4 (S, /Cn1.6) ‘E’ N
$3.0 }éf
. 0.0 T+ 1T
0.0 = 00 0.5 10
oo 1.0 20 WU
Fracton of Cydle Period Case 2, no wake low free stream turbulence
{a) Raw Velocty Traces o Case 4. just betore arnval of Wwibulent spot
s Case 5, : - )

WAKE-INDUCED TRANSITION IN A COMPRESSOR CASCADE (A) INSTANTANEOUS VELOCITIES
NEAR SUCTION SURFACE AND (B) ENSEMBLE-AVERAGED VELOCITY PROFILES FOR DIFFERENT
UPSTREAM WAKE PITCHES (DONG & CUMPSTY, 1989)
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MULTI-MODE TRANSITION IN 2-STAGE TURBINE

Tw
2001/\/\’/\/\/\/‘}\"]\'\&/% 04s’ l
150 ' - ' FA A LV LW VTV O S
I T T i M
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HOT-FILM OUTPUT SIGNALS ON TURBINE ROTOR MID-SPAN SUCTION SURFACE
(A) 1ST STAGE - LOwW TU BETWEEN WAKES (FROM HODSON ET AL 1993)
(B) 2ND STAGE: DISTURBANCES PRESENT BETWEEN WAKES

MULTI-MODE TRANSITION IN 2-STAGE TURBINE

3.0
© 2.0

2.0
g S
. -
o e
18]
o Q
o ~
[+V)
E £
[ ol
I

1.0 1.0

0.0 0.0

20.30.40.50.60.70.80.90100. 20.30.40.50.60. 70. 80. 90107
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DISTANCE TIME-DIAGRAMS OF ENSEMBLE-MEAN WALL SHEAR STRESS ON TURBINE ROTOR MID-
SPAN SUCTION SURFACE
(A) 1ST STAGE - LOW Tu BETWEEN WAKES (FROM HODSON ET AL 1993)
(B) 2ND STAGE: DISTURBANCES PRESENT BETWEEN WAKES
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SUMMARY OF WAKE-INDUCED TRANSITION

Low Reyngids Numper - Turbines >
Late laminar scparation suppressed
by wake induced transition.

——

High Reynolds Numbcr - HP Turbines
Early transition causcd by high frecstream
turbulence from combustor. 0.

Low Reynoids Numbcer - Compressors

Early laminar scparation causcs carly transition

——— e 2.

High Reynolds Nymber - Rig Tests

Clean frecstream flow 0.
0.0 0.5 1.0 0.0 0.5 1.0

S-T DIAGRAMS SHOWING START OF TRANSITION TRENDS FOR LOW AND HIGH REYNOLD
NUMBER FLOWS IN TURBINES AND COMPRESSORS (ADDISON, 1990)

WAKE-INDUCED TRANSITION

What reaily causes it - turbulence, velocity, pressure fluctuations ?

Where do spots/turbulent 'events' really form/how is this affected by changes in free-
stream?

Why do some see wake-affected intermittent flow while others see turbulent flow?

What are the implications of existence of calmed region
(a) at rear of spots inside wake-affected zone?
(b) at rear of fully turbulent wake-affected zones?

What happens when wakes traverse a separation zone/how do free-stream conditions
affect transition in separated flows?
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10 Nm-?

JKWﬁM{A

ENDWALL TRANSITION
IN AXIAL FLOW TURBINES

Secondary flow leads to

» 3-d boundary layers

e new, accelerating laminar flow
behind lift-off line

s intermittent flow in rear of blade
passage

How do we model 3-D transition?

HOT-FILM OUTPUT SIGNALS FROM
ENDWALL OF A 2-D TURBINE CASCADE
(HARRISON, 1989)

Horseshoe/passage vortex and suclion
surface comer vortex lift-off lines
A Reg<200 (boundary layer laminar)
B Interrmuttent hot film signal indicates transition
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RADIAL INFLOW TURBINES

Isentropic velocity

« significant skew/secondary flows on
blade surfaces

. Res= 106

« Continuous acceleration over much
of surface

« High values of acceleration
parameter

\Y
k=23 V(W)

especially in secondary flow direction

CONTOURS OF VELOCITY W/WRrapiaL iN

AND ACCELERATION |K|X106 ON SUCTION
SURFACE OF ROTOR OF A RADIAL INFLOW

TURBINE (HUNTSMAN & HODSON, 1993)

RADIAL INFLOW TURBINES

HOT-FILM OUTPUT SIGNALS AND SURFACE FLOW VISUALISATION FROM SUCTION SURFACE OF
ROTOR OF A RADIAL INFLOW TURBINE (HUNTSMAN & HODSON, 1993)
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INVESTIGATION OF TURBULENT SPOT FORMATION &
TRANSITION USING THERMOCHROMIC LIQUID CRYSTALS

PROBLEMS
Existing database insufficient to answer important questions
» Where and when do turbulent spots form?

* How is their formation and growth affected by free-stream conditions?

SOLUTION

e Investigate development of transitional flow using fast-response
instrumentation with full surface coverage, i.e. thermochromic liquid crystals

ADVERTISEMENT

« A opportunity exists for a Post-Doc to work on this project at Oxford then
Cambridge University

HOT FILM OUTPUT TRACEES
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SEPARATION/TRANSITION/LAMINARIZATION

Sharp leading edges can cause
separation on both surfaces near l.e.

Flow separates at low Re

Questions:

e where does it reattach?

« why does it reattach -
acceleration/transition?

« what happens after reattachment?

]aantropic MACH No.

1.0
) H
| SEPARATION BUBBL:S
R T o
Y R S
. P / :
8.6 1 | : i ! : !
nEd
i ;
2.4 ) | __J
1 ]
\\J | N
Rezs My 41‘
8.2 v 1.5 0.6%91 J
SEPARATION BUBBLES o 28 0.702 !
5.9 0.693 JJ
l J )]
D'BB.B >
x / Cy

MACH NUMBERS AROUND AN LP
TURBINE BLADE (HODSON, 1985)

EFFECT OF PRESSURE GRADIENT/REYNOLDS NUMBER
ON SEPARATION/TRANSITION/LAMINARIZATION

25.0 milli-seconds

20 Xs

13 Is

-
8

SUCTiON 3URFalt
w

6 Zs
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(B) RE = 9X105
SURFACE MOUNTED HOT-FILM OUTPUT SIGNALS FROM AROUND LEADING EDGE OF
AN LP TURBINE BLADE, Tu=0.5% (HODSON, 1985):



MODELLING TRANSITION IN TURBOMACHINES

Various approaches used in design
+ Integral B.L. codes
» Differential codes + algebraic transition/turbulence models

o Differential codes + differential transition/turbulence models
B.L. codes may be coupled to inviscid solvers or stand-alone
Differential codes based on 2-D or 3-D forms of Navier-Stokes or B.L. equations

Transition is modelled using either intermittency or turbulence models

INTERMITTENCY

Y(P)=1-exp | - fg(Po) dVo)
LV J

» applicable to all flows providing spot production rate g(Po) and dependence
volume V are known - these have never been measured

e 'natural companion’ to 2-D integral solutions (linear combination)
» difficult to use correctly with algebraic turbulence models (profile switching)

e exclude eftect of changing free-stream conditions - existing correlations
based on conditions up to start of transition only

How do we prescribe spot production rate g(Po) and dependence volume V for general
problems (unsteady, 3-D, variable free-stream conditions ..... )?
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TRANSITION VIA TURBULENCE MODELS

Solutions (e.g., via k-g equations)

rely on same boundary iayer test data as other correlations for validation
can account for effects of changing free-stream conditions

can give development of free-stream turbulence etc.

not limited to boundary layers

computationally efficient when y+ hard to fin 4, €.g. unstructured 3-D codes

do not contain all physics - e.g. influence zones in unsteady flow, intermittent
separation
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FINAL REMARKS (1)
We know
* some parameters are significant (e.g., pressure grad., Tu intensity, history)

* some parameters may be significant (e.g., curvature, Tu scale, skew)

In many cases, we do not know
« the nature of transition

» the magnitude/significance of the various parameters

We need

* more systematic studies of transition - must be applicable to turbomachines

FINAL REMARKS (2)

Various numerical approaches/codes used in design

Whatever the approach, majority of transition models

« rely on same experiments for validation/correlation

To be effective in design, we need

e integral 2-D steady B.L. methods ........... 3-D unsteady N-S codes

e consistent hierarchical models of transition based on physics
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End-stage Transition Seminar, August 1993
Transition Models for Engineering Calculations

C. J. Fraser
Dundee Institute of Technology

Abstract :- While future theoretical and conceptual developments may promote a
better understanding of the physical processes involved in the latter stages of boundary
layer transition, the designers of rotodynamic machinery and other fluid dynamic devices
need effective transition models now. This presentation will therefore centre round the
development of some transition models which have been developed as design aids to
improve the prediction codes used in the performance evaluation of gas turbine blading.
All models are based on Narasimha's concentrated breakdown and spot growth
hypothesis

The first model uses a correlation of the non-dimensional spot source rate density as a
function of the local pressure gradient parameter and the freestream turbulence level at
the onset of transition. Even although quite reasonable agreement is observed for a
significant number of transitional flows, the rigidity of a correlation based on onset
parameters leaves a lot to be desired.  For gas turbine blade flows in particular, the
pressure gradient may not only change rapidly in magnitude, but can also change in sign
during transition. Since it was thought that this could have significant influence on the
turbulent spot seeding rates, an alternative transition model was postulated in the
differential form of a first order system. In the differential model the transition length
parameter, A, is left as a limited function of the streamwise distance, x.

e, dyidx = {2Ax, /A, 21 - (x¢ MAg )(dA/dX)] exp(- Axe2 /A,,2)

A =10.25
where Agy = [1/x¢] Adxt ; A=0.411 and x; = (X - X¢rap)

=0

Preliminary studies have indicated that dA/dx may in some circumstances vary
significantly at the start of transition, but usually tends to zero for A > 0.2. Equally
good agreement with the experimental data is therefore found by simply using the
original Narasimha intermittency function with A, as defined above. These two latter
empirical forms however, impart the required dynamical flexibility on the intermittency
characteristics and uncouples the predicted distributions from the start of transition
parameters.

Comparisons of the boundary layer integral parameters using intermittency weighted
predictions and measured data are used as a basis for assessment and evaluation of the
transition models developed.
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Freestream Velocity Distributions

(from Sharma et al)
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Intermittency Functions

Y = 1 - exp (-Ax2/A2)

where A = 0.411 and x¢ = (X - X(ran)
Differential forms
dy/dx = {2Ax/A2} [1 - (x¢ /A)(dMdx)] exp(-Ax,2 /A2)

dy/dx = {2Ax, /Agy2} [1 - (x¢ /Aay)(dM/dx)] exp(-Ax2 /Ray?)
x.«u_
where Ay = [1/x¢] A dx,

ﬂdﬂo

vy = 1 - exp (-Ax¢ IAiv2)

Xy=10.25
where A,v = [1/x( A dx

N*”c

Distributions

[ntermitrency

data - Sharma et at, (aff-loaded blade)
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Superimpose blades y/n 7 y

Press return to start computation? [|

A Compresscr Cascade - Freestream Velocity Cisiributions

(Inviscic  Flow Analysis)
300 4

suction surface
200 N,

U (mls) pressure surface
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Intermittency Models and Spot Measurements

D.A. Ashworth
Rolls Royce Plc.
P.0O. Box 3 Fiton
Bristol, England

ABSTRACT

Experimental work at the University of Oxford Osney Laboratory
has demonstrated characteristics of the late-stage transition
process by the use of thin-film heat transfer gauges. The
development of turbulent spots has been observed in a range of-
environments, including flat plates, turbine blade cascade
tests and wake-passing experiments.

These results were taken at Mach / Reynolds Numbers and
gas-to-wall temperature ratios representative of gas turbines.
Analyses of the spot characteristics are consistent with
measurements taken in low speed experiments, and support the
Schubauer and Klebanoff type of turbulent spots. The addition
of simulated wakes from upstream stages has been observed to be
primarily superpositional for these tests.

Intermittency models have been developed which can simulate the
development of turbulent spots based on input of spot
generation rates. As reliable methods become available to
predict the streamwise distribution of spot generation rates,
such models will provide a better separation of transitional
influences, such as pressure gradient on spreading angle.

These models can be used in a time-averaged form ( by numerical
integration) or in time-resolved methods.

It is possible to adapt such intermittency models to perform
transitional boundary-layer calculations in conjunction with
existing flowfield CFD techniques. There are many instances
where the application of these models is appropriate to the
analysis of fluid dynamic environments, such as during the
design evaluation process or for simplified flowfield solvers.
Time-resolved models are particularly useful in support of data
analysis and interpretation. It is expected that further
experimental work and analysis underway at the Osney Laboratory
will help to develop practical applications for these
techniques.
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Transition Model

Nusselt
Number, Nu 1.25 mm Width 4 mm Width 10 mm Width
2000
; |
2000 ’ 10
‘ 1 411 1 da ok AALL d 4 4 4 i
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Effect of Variation in Spanwise Gauge Width on the Predicted
Instantaneous Values of Nusselt Number through Transition.
Intermittency Signuals Become Difficult
to Interprec as the Gauge Width Increases to 10 mm duc to the

Even the 'noise-less'

Effeces of Spanwise Averaping.
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Fractlonal Surface length
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Heat Transfer Measurements (as defined in Fig. 5.1) Drawn

to an Expanded Time-Scale. By Closely Spacing Adjacent
Traces the Degree of Similarity between Neighbouring
Gauge Measurements 1s Evident. A Pair of Disturbances
Occurring at about x/s 0.15 - 0.19 can be Tracked Along
the Surface until they Merge by x/s = 0.65.
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End-Stage Boundary Layer Transition Workshop Walker & Solomon
Syracuse University , 15-18 August, 1993 University of Tasmania

BOUNDARY LAYER TRANSITION ON AN AXIAL COMPRESSOR STATOR BLADE
- WAKE PASSING AND FREESTREAM TURBULENCE EFFECTS

G.J. Walker and W.J.Solomon
Department of Civil & Mechanical Engineering
University of Tasmania
Hobart, Tasmania
Australia

ABSTRACT

Quantitative observations of transitional boundary layers in regions of strong flow deceleration on an axial
compressor stator blade are reported. Measurements were obtained at a fixed chordwise position, and the
blade incidence was varied by changing the compressor throughflow so as to move the transition region
relative to the stationary probe. [t was thus possible to observe typical boundary layer behavior at various
stages of transition in the turbomachine environment. The range of observations covers separating laminar
flow at transition onset, and reattachment of intermittently turbulent periodically separated shear layers.

Transition was characterised by the regular appearance of turbulent spots in association with disturbances
from the passing wakes of upstream rotor blades. However, the initial breakdown did not coincide with the
wake passage as has usually been observed by other workers. The spots rather evolved from the growth of
instability wave packets which lagged the wake passage. This behavior is quite similar to that observed by
other workers in the wind tunnel studies of artificially generated turbulent spots.

Data presented from the compressor blade measurements include : mean and ensemble-average velocity
distributions and associated integral parameters; distributions of total, periodic and random disturbance
components; typical individual velocity fluctuation records; contours of ensemble-average random
disturbance level; and boundary layer intermittency distributions.

The transitional flow behavior is compared for two characteristically different types of freestream
disturbance environment:

(a) isolated rotor wake disturbances interspersed with regions of relatively low freestream turbulence level;
and

(b) isolated rotor wake disturbances with a continuous, relatively high freestream turbulence level
superimposed.

In the latter case there is a noticeable increase in random velocity fluctuations within the boundary layer and
a slight decrease in unsteadiness (i.e. amplitude of ensemble-average velocity variations with time).
Transition onset is a little earlier, but the essential character of the turbulent breakdown (with spots
appearing regularly in association with the rotor wake passage) remains unchanged. It is concluded that
freestream turbulence is not the dominant factor promoting transition in this particular case.
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Walker & Solomon
University of Tasmania

IGV - ROTOR

STATOR

Fig. 1 Cross-section of compressor blading, showing typical instantaneous wake
dispersion

~
~ \
Wake Flow ]
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Fig. 2 Stator blade boundary layer - hot wire traverse detail
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End-Stage Boundary Layer Transition Workshop
Syracuse University , 15-18 August, 1993

Walker & Solomon
University of Tasmania

Table 1 Test Parameters (time-mean values)

Case 1 2 3 4 5
o 0.726 0.704 0.609 0.752 0.791

i (%) 3.1 2.0 2.3 45 6.3
U, (ms) 20.3 19.8 17.6 20.8 21.4
Tug,.. 0.029 0.033 0.050 0.034 0.026

8 (mm) 1.44 1.44 2.80 115 111
0 (mm) 0.157 0.167 0.287 0.136 0.137
Re, 186 197 339 160 161

H 3.77 3.37 2.17 3.92 3.70
Cpx103 0.39 0.70 1.73 0.42 0.59

Case 8 9 10 11 12
o 0.785 0.755 0.732 0.700 0.607
i(°) 6.1 4.6 34 19 2.3
U,y (ms'h) 21.8 20.7 20.2 19.6 17.6
8 (mm) 1.19 1.28 1.44 1.52 2.74
6 (mm) 0.138 0.148 0.158 0.175 0.266
Re, 163 175 187 207 314

H 4.04 4.04 3.98 361 2.29
Cpx103 0.42 0.37 0.37 0.52 1.47
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¢=0.609 (Case3)

a. Stator blade suction surface clear of IGV wake street
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b. Stator blade suction surface in IGV wake street

Fig. 4 Mean velocity variation near stator suction surface, x/c = 0.60
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¢=0.791 (Case 5)
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b. Stator blade suction surface in IGV wake street

Fig. 6 Intermittency distributions for boundary layers at different stages of
transition, stator suction surface, x/c = 0.60
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Fig. 8 Ensemble-averaged velocity variation with time, stator suction surface,
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b. Stator blade suction surface in IGV wake street

Fig. 10 Ensemble-averaged velocity variation with time, stator suction surface,
x/c = 0.60
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Fig. 12 Ensemble-averaged velocity variation with time, stator suction surface,
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Fig. 14 Set of typical individual u(t) records for different y, stator suction surface,
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Fig. 16 Stator suction surface velocity distributions at mid-blade height
(Compressor speed 500rpm, Re,,, = 120000)
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Heat Transfer in Boundary Layer Transition

Ting Wang
Clemson Unijversity
Mechanical Engineering
109 Riggs Hall
Clemson, SC 29634

Experiments have been performed to investigate the effects of elevated free-
stream turbulence and streamwise acceleration on flow and thermal structures
in transitional boundary layers. The free-stream turbulence ranges from 0.5 to
6.4 ¥ and the streamwise acceleration ranges from K= 0 to 0.8x10 . The

onset of transition, transition length and the turbulent spot formation rate
are determined. The statistical results and conditionally sampled results of
the streamwise and cross-stream velocity fluctuations, temperature
fluctuations, Reynolds stress and Reynolds heat fluxes are presented. The
eddy viscosity, turbulent thermal diffusivity and the turbulent Prandtl number
are calculated. Different distributions of eddy viscosity and turbulent
thermal diffusivity across the boundary layer reflect the apparent disparity
between the momentum and thermal transports in the transitional boundary -
layer. Very mild acceleration (K=0.07x10 ) can significantly delay the onset
and length_of transition, while a further increase of acceleration to
k=0.25x10 only slightly changes the onset of transition. In comparison with
the acceleration, elevated free-stream turbulence is dominant in advancing the
onset of transition. Acceleration only slightly delays the transition but
significantly extends the length of transition at highly elevated free-stream
turbulence levels. In terms of conditional sampling techniques, nine separate
criterion functions are investigated. The results indicate that using a
criterion function based on Reynolds shear stress for turbulent/nonturbulent
discrimination in a heated transitional boundary layer is superior to a single
velocity or temperature scheme. To match the universal intermittency
distribution of Dhawan and Narasimha, the minimum values of intermittency at
about y/é=0.1 should be used as the representative "near-wall" value.
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FLUID MECHANICS AND HEAT TRASFER IN
TRANSITIONAL BOUNDARY LAYERS

TING WANG

Department of Mechanical Engineering
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Clemson, SC 29634-0921

Phone: (803) 656-5630
Fax: (803) 656-4435

Presentation at the
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On-going projects related to boundary layer transition at
Clemson University

1. Baseline: Natural transition

2. Effects of favorable streamwise pressure gradients

3. Effects of Free-stream turbulence intensity (FSTI)

4. Combined effects of favorable gradients and FSTI.

Effects of roughness

nh

6. Effects of adverse pressure gradients
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Figure 4.4 Mean velocity profiles for the baseline case in wall coordinates measured
by the three-wire probe.
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3-WIRE BOUNDARY LAYER SENSOR
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Figure 4.23 RMS temperature distribution for the baseline case in wall units.
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Figure 4.19 Reynolds shear stress distribution for the baseline case in wall units.
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Figure 4.28 Reynolds streamwise heat flux distribution for the baseline case in wall units.
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COMPARISON OF TWO CRITERION FUNCTIONS AND
CORRESPONDING INTERMITTENCY FUNCTIONS FOR
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Figure 6.13 Determination of x s and corresponding representative near-wall intermittency

in [ versus x coordinates using the value of " at different y/0 locations as the representative
intermittency.
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Boundary Layer Development on a Turbine Blade in a Linear Cascade

Dave Halstead and Ted Okiishi, lowa State University

Dave Wisler, GE Aircraft Engines

ABSTRACT

Several different boundary—layer development patterns for flow over the suction
surface of a turbine airfoil in a linear cascade were studied and documented using a sliding
surface hot—film sensor. The state of the boundary layer, whether laminar, transitional or
turbulent, was determined at numerous locations along the airfoil suction surface from
leading to trailing edge. Boundary—layer transition from laminar to turbuient flow through
laminar separation and turbulent reattachment, or through a combination of bypass transi-
tion and strong and weak separation and turbulent reattachment, or through solely bypass
transition without separation, was observed and benchmark data were recorded. Surface
flow visualization and numerical boundary—layer analysis results are consistent with the
hot—film data. Flow and geometry information necessary for numerical code operation

is available.
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Turbine Cascade Blading
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Characteristics of Boundary Layer Transition in a
Multi-Stage Low-Pressure Turbine

Dave Wisler, David E. Halstead and Ted Okiishi

General Electric Company
PO Box 156301
One Neumann Way,
Mail Drop H92
Cincinnati, OH  45212-6301

Anexperimental investigation of boundary layer transition in a multi-stage turbine has been
completed using surface—mounted hot-film sensors. Tests were carmried out using the two-stage
Low Speed Research Turbine of the Aerodynamics Research Laboratory of GE Aircraft Engines.
Blading in this facility models current, state—of—the-art low pressure turbine configurations. The
instrumentation technique involved arrays of densely—packed hot-film sensors on the surfaces of
second stage rotor and nozzle blades. The arrays were located at mid-span on both the suction and
pressure surfaces.

Boundary layer measurements were acquired over a complete range of relevant Reynolds
numbers. Data acquisition capabilities provided means for detailed data interrogation in both time
and frequency domains. Data indicate that significant regions of laminar and transitional boundary
layer flow exist on the rotor and nozzle suction surfaces. Evidence of relaminarization both near
the leading edge of the suction surface and along much of the pressure surface was observed. Mea-
surements also reveal the nature of the turbulent bursts occurring within and between the wake seg-
ments convecung through the blade row. The complex character of boundary layer transition result-
ing from flow unsteadiness due to nozzle/nozzle, rotor/nozzle, and nozzle/rotor wake interactions
are elucidated using these data. These measurements underscore the need to provide turbomachin-
ery designers with models of boundary layer transition to facilitate accurate prediction of aerody-
namic loss and heat transfer.

No figures available.
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A RESEARCH PROGRAM FOR IMPROVING HEAT TRANSFER PREDICTION CAPABILITY FOR
THE LAMINAR TO TURBULENT TI’QANSITION REGION OF TURBINE VANES/BLADES

Frederick F. Simon
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

A program sponsored by the National Aeronautics and Space Administration (NASA) for the investigation
of the heat transfer in the transition region of turbine vanes and blades with the objective of improving the
capability for predicting heat transfer is described. The accurate prediction of gas-side heat transfer is important
to the determination of turbine longevity, engine performance, and developmental costs. The need for accurate
predictions will become greater as the operating temperatures and stage loading levels of advanced turbine
engines increase. The present methods for predicting transition shear stress and heat transfer on turbine blades
are based on incomplete knowledge and are largely empirical. To meet the objective of the NASA program, a
team approach consisting of researchers from government, universities, a research institute, and a Small
Business is presented. The research is divided into the areas of experiments, direct numerical simulations
(DNS), and turbulence modeling. A summary of the results to date is given for the above research areas in a
high-disturbance environment (bypass transition) with a discussion of the model development necessary for use
in numerical codes.

INTRODUCTION

A NASA program is described and a progress report is given for the investigation of the heat transfer in the
transition region of turbine vanes and blades. The objective of the program is to improve the capability for
predicting the gas-side heat transfer for turbine vanes and blades. An improvement in the present predictive
accuracy for the heat transfer coefficient from +35 to +10 percent would significantly improve the ability to
predict blade metal temperatures (Stepka, 1980). According to Graham (1979) an error of 35 percent in the heat
transfer coefficient is equivalent to about a 100 °F error in wall temperature prediction which can result in an
order of magnitude error in the estimated life of a turbine blade. In addition, an inability to accurately predict
gas-side heat transfer often leads to an over-design for thermal protection with an increase in the use of coolant
air which penalizes propulsion efficiency.

The prediction of heat transfer on a turbine blade or vane is a formidable task due to the flow of high
temperature combustion gases with turbulence intensities that range from 10 to 20 percent over curved surfaces
that experience favorable and adverse pressure gradients. A research program in transition must consider and
evaluate the effects of free-stream turbulence, convex and concave curvature, favorable and adverse pressure
gradient, roughness, wake passing, and the stagnation region (fig. 1). A significant portion of the turbine blade/
vane may be in a transitional flow between laminar and turbulent boundary layer states. Heat transfer levels in
the turbulent flow region of the blade/vane can be as high as three times that of the laminar flow region.
Because of the complexity of the problem a program plan was developed at NASA Lewis in 1986 with empha-
sis on subsonic flows. The NASA Transition Workshop of 1984 (Graham, 1985) formed the basis for the
development of this plan. The plan took the approach of initiating the experimental and analytical research with
a simple geometry of a flat plate at a zero pressure gradient and systematically increasing the geometry and flow
complexities with an eventual effort of a turbine vane in an environment of high turbulence with and without
wakes.
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The knowledge base is limited for the situation of transition in an engine environment where disturbance
levels are initially large. In such a large disturbance environment, traditional linear mechanisms are bypassed
and finite nonlinear effects must be considered. This is demonstrated by using the work of Suder, O’Brien, and
Reshotko (1988) to make a comparison between the onset of transition for a linear and a nonlinear path (fig. 2).
In figure 2, time traces of flush-mounted hot films are shown for cases of low and higher free-stream turbulence
intensities. The low free-stream turbulence case shows the presence and amplification of Tollmien-Schlichting
(T-S) waves as the path to the onset of transition. The higher free-stream turbulence case shows the sudden
appearance of turbulence spots without a sign of linear disturbance growth (although they may be present). As
first indicated by Morkovin (1978) the linear stability mechanisms are bypassed and finite nonlinear instabilities
occur. Morkovin labels this path to transition as bypass transition. In the bypass model, amplification of
Tollmien-Schlichting waves may still be present, but at a much slower rate than the bypass mechanism, and,
thus, is of little effect.

The present paper presents the approach in which the NASA Bypass Transition Program proposes to
accomplish the stated objective of improved heat transfer prediction capability for the transition region of
turbine vanes/blades and a status report of some of the results to date with recommendations for future work.
To meet the objective requires that the physics associated with bypass transition heat transfer be investigated,
identified, and modeled. The results obtained to date are given in terms of their application to the prediction of
transition onset and transition path, as well as through transition skin-friction and heat transfer predictions.
Research results are presented in the three areas of experiments, direct numerical simulation (DNS), and turbu-
‘lence modeling.

NOMENCLATURE
Cs skin friction coefficient
H boundary layer shape factor
h heat transfer coefficient, W/mz, K
K pressure gradient parameter, (v/U,)0U,/0x
L, transition length
N nondimensional spot formation rate
Re, Reynolds number based on distance x from leading edge
Reg momentum thickness Reynolds number
Rey, enthalpy thickness Reynolds number
St Stanton number
Tu turbulence intensity at free-stream
U, free-stream velocity
U, friction velocity
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u,v,w’ fluctuating velocities in x,y,z directions

u streamwise mean velocity in wall units

X distance from leading edge

val normalized y distance in wall un‘its

a spreading angle of spot '
B velocity of center of spot divided by free-stream velocity
Y intermittency

0 boundary layer thickness

5 displacement thickness

n Blasius similarity variable

6 boundary layer momentum thickness

\% kinematic viscosity

Subscripts:

tr transition onset

E transition end

APPROACH

It is believed that a team approach will best meet the needs of a fundamental investigation into bypass tran-
sition. Simoneau (1986) states that research of a complex nature requires focus and organization and recom-
mends the use of research technology teams. The team members outlined in figure 3 consists of researchers
from NASA Lewis, the Center for Modeling of Turbulence and Transition (CMOTT), NASA Ames, NASA
Langley, The University of Minnesota, The University of Texas at Austin, Texas A&M, Case Western Reserve
University, The University of Toledo, and Dynaflow, Inc. The results of the team efforts in the three areas of
experiments, DNS and turbulence modeling are reviewed at annual contractor/grantee workshops sponsored by
NASA Lewis.

Experiments on flat surfaces, curved surfaces, and airfoil shapes with and without simulated rotor wakes are
being carried out in a number of facilities (figs. 4 to 7). Figure 4 shows the NASA Lewis closed circuit wind
tunnel for flat surfaces with variable free-stream turbulence levels and pressure gradient. Measurement systems
for this facility allow for characterization of the free-stream intensity and length scale, boundary layer mean
temperature and velocity measurements, boundary layer temperature and velocity fluctuations, boundary layer
turbulent streamwise and cross-stream stresses and heat fluxes, intermittency and mean surface heat transfer.
These same measurements are made for a curved surface in the University of Minnesota test facility (fig. S5).
Details of these facilities and measurement approaches may be found in the references of Suder, O’Brien, and
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Reshotko (1988); Sohn and Reshotko (1991); Kim and Simon (1991); and in an excellent summary of bypass
transition experimental results by Volino and Simon (1991). Measurements of the effects of wakes on transition
is being accomplished by using a squirrel cage wake generator at Texas A&M (fig. 6(a)) and the Spoked Wheel
Rotor Simulator at NASA Lewis (fig. 6(b)). Transition heat transfer measurements are being made at NASA
Lewis on a large blade sprayed with liquid crystals to obtain temperature distributions (fig. 7). Measurements
from the above experiments are providing benchmark data for investigation of fundamental mechanisms for
model development, and to check numerical predictions.

DNS analyses of a flat surface and an airfoil shape are being made at NASA Ames, NASA Langley, and
NASA Lewis. The resulting information provides a numerical data base for modeling and investigating mecha-
nisms. The experimental data generated in the program help to validate the DNS results. Parabolized Stability
Equations (PSE) methods are being developed by Dynaflow, Inc. to analyze transition and heat transfer in flows
over gas turbine blades.

Turbulence models are being developed at The University of Texas at Austin, Case Western Reserve
University, and NASA Lewis for the numerical prediction of transition heat transfer. The development and
assessment of these models are being guided by the experimental and DNS results.

RESULTS

A summary of the results to date are presented with emphasis on their application to the understanding and
prediction of transition onset and the transition region and the comparison of predictions with benchmark experi-
mental data.

TRANSITION ONSET

Fundamentally, the onset of the transition region is characterized by the intermittent appearance of turbulent
spots. These spots grow as they move downstream and eventually merge to form the turbulent boundary layer.
This event will have a different observed effect on the physics of flow, the skin friction, and the heat transfer,
resulting in different definitions for transition onset. Suder, O’Brien, and Reshotko (1988) experimentally
investigated several methods for determining the onset of transition on flat unheated surfaces for a range of free-
stream turbulence from 0.3 to 5 percent. The methods for determining transition may be classified into two
categories; (1) those based on the physics of flow dynamics and (2) those which result from measurements of
skin friction or heat transfer. Methods which fall into the category of flow dynamics are the mean profiles,
shape factor, RMS profiles, and the intermittency. Table I lists the five methods (according to the parameters
interrogated) employed with a comparison of distances from the leading edge to onset of transition. Mean
boundary layer velocity profiles were measured and compared to classical laminar and turbulent profiles. A
comparison of the mean profiles with the Blasius profile for a laminar boundary layer (fig. 8(a)) allows one to
determine deviation from the Blasius profile as one means of identifying transition onset. For the grid 1 case of
figure 8(a), deviation has already begun at 10 in. Another means of onset determination is the deviation of the
shape factor from its Blasius value of 2.59 to a decreasing value as the boundary layer becomes more turbulent.
A comparison of the boundary layer shape factor variation for four turbulence generating grids is shown in
figure 8(b). For the grid 1 case deviation of the shape factor from the traditional laminar value begins at a
distance of about 11 in. A more traditional approach for determining onset is based on the distribution of skin
friction versus distance as shown in figure 8(c). A comparison of the skin friction coefficient with its theore-
tical laminar value as shown in figure 8(c) allowed a determination of onset as departure from the laminar line,
which for grid 1 is about 9 in. from the plate leading edge. The rms of longitudinal velocity fluctuations is
another indicator of transition onset since the velocity fluctuations in a laminar boundary layer are much less
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than those obtained for a turbulent boundary layer. The rms profiles of the longitudinal velocity fluctuations
(fig. 8(d)) indicate that as the flow begins to transition, the rms values of the velocity fluctuations begin to
increase rapidly. In the case of grid 1 (fig. 8(d)) onset begins at approximately 9 in.

The intermittency factor is defined as the percent of time the boundary layer is turbulent and is therefore a
measure of the passage of turbulent spots. Therefore, measurement of the intermittency factor should produce
the most definitive indication of transition onset. The results presented by Suder, O’Brien, and Reshotko (1988)
of flush-mounted hot-films permitted a determination of the intermittency factor as a function of Reynolds
number (fig. 8(¢)). Transition onset was determined by the location of the hot-film which first recorded inter-
mittency. For grids 0.5 and 1, onset positions of 6. and 4.2 in., respectively, were obtained. In the case of
grids 2 and 3, transition onset occurred before the location of the first hot-film (4.22 in.). Based on a com-
parison of the above methods, Suder, O’Brien, and Reshotko (1988) concluded that the intermittency approach
gave the earliest indication of transition (table I), suggesting that the other approaches, given above, are not
affected by the presence of small amounts of turbulent spots. The five methods of table I show general agree-
ment with each other and show reasonable comparison with the empirical correlations of Van Driest and Blumer
(1963), Seyb (1972), Abu-Ghannam and Shaw (1980) and Dunham (1972). Suder, O’Brien, and Reshotko
(1988) also noted that, in addition to the influence of free-stream turbulence on transition, there may also be
an influence of the frequency distribution (or, alternatively, length scale distribution) of the free-stream
disturbances.

As indicated above, onset of transition as determined by the first appearance of turbulent spots is best
described by intermittency measurements. An accurate measurement for small values of intermittency is not
practical so that use of the extrapolation method of Narashimha (1957) is recommended. Simon and Stephens
(1991) used this method to determine the zero intermittency point and the transition length (fig. 9) for the
experimental data of Sohn and Reshotko (1991). Volino and Simon (1991) used this approach on the accel-
erated transition flow data of Blair and Anderson (1987). The results (fig. 10) indicate a change in slope at the
lower free-stream turbulence for a value of the function plotted on the ordinate of figure 10 of less than 0.3.
Narasimha (1985) and Blair and Anderson (1987) referred to this change in slope as a "subtransition."

Stuckert and Herbert (1992) compared their Parabolized Stability Equations (PSE) approach with the experi-
mental data of Sohn and Reshotko (1991) as shown in figure 11. The onset of transition as defined by the min-
imum Stanton number is predicted very well by the PSE method. Volino and Simon (1991) compared the zero
intermittency point with the minimum Stanton number (used by some as a definition for transition onset) and
determined that the minimum Stanton number is located somewhat downstream of the zero intermittency point.
This was also noted by Simon and Stephens (1991).

Use of two-equation near-wall turbulence models has in general been successful in the prediction of bypass
transition onset. Simon and Stephens (1991) used the Jones-Launder turbulence model to predict onset and
compared their results with experimental data and the correlation of Abu-Ghannan and Shaw (1980). The com-
parison of their results with the correlation of Abu-Ghannan and Shaw is good as shown in figure 12. Simon
and Stephens (1991) assumed the transition onset to occur when the numerical computations indicated a rapid
increase in turbulence kinetic energy, indicating a nonzero intermittency. This assumption was confirmed
(Simoneau and Simon, 1993) by comparison with the DNS calculations of Rai and Moin (1991) shown in fig-
ure 13 for the case of zero pressure gradient and 2.6 percent free-stream turbulence. Figure 13 shows how the
two-equation turbulence model captures the nonlinear disturbance growth which leads to the first sign of tur-
bulent spot formation. Suder, O’Brien, and Reshotko’s (1988) single-wire measurements within the boundary
layer indicated spot initiation at a boundary layer turbulence level of 3.5 percent regardless of the path to tran-
sition (high or low free-stream turbulence). This experimental result appears consistent with the calculations of
Simon and Stephens (1991) and Rai and Moin (1991) shown in figure 13.
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Figure 13 suggests that, below a certain critical Reynolds number, amplification of disturbances is not sig-
nificant. This was the basis for the assumption made by Schmidt and Patankar (1988) in their development of a
turbulence model for transition and the basis used by Simon and Stephens (1991) for initializing the calculations
for disturbance energy shown in figure 13. The assumption made by the above authors was that this critical
Reynolds number is close to the critical Reynolds number for linear instability. To help establish the credibility
of this assumption, DNS studies of controlled disturbances in a Blasius boundary layer are being performed at
NASA Lewis using Spalart’s fringe code (Ashpis and Spalart, 1992, and Ashpis and Spalart, 1993). The objec-
tive of these studies is to simulate bypass mechanisms by introducing into the boundary layer controlled discrete
disturbances and computing the space-time evolution of the resulting disturbances and their spectra. The input
disturbances are of linear and nonlinear amplitudes, and are introduced at subcritical and supercritical Reynolds
numbers. An example of a response to a pulsed disturbance is given in figure 14, which shows a structure
composed of a nonlinearly distorted wave packet superposed on a narrow, streamwise elongated, structure.
Wave packets may develop in various routes, one of which is into turbulent spots.

Other experimental and analytical values for transition onset are given in figure 12. Figure 12 shows some
experimental transition onset results given in the survey report of Volino and Simon (1991) and some examples
of the result of transition onset calculations utilizing a number of turbulence models developed at the University
of Texas at Austin. Figure 12 shows the general applicability of turbulence models for predicting transition
onset.. Turbulence models developed at the University of Texas at Austin (Crawford, 1991) called the Texas
model (TXM) and the Multi-Time-Scale (MTS) model have the potential of improved simulation of the transi-
tion region.

The K.Y. Chien turbulence model (1982) results shown in figure 12 were found by Stephens and Crawford
(1990) to give a premature value for transition onset. They explained that this is because the damping function
of the Chien model is dependent only on the boundary layer normal distance and that an improved onset predic-
tion is obtained when the damping function is dependent on the turbulent Reynolds number. The inability of
the K.Y. Chien model to simulate transition onset was also found by the heat transfer Navier-Stokes calculations
of a turbine blade by Ameri and Armnone (1992).

The effect of curvature on transition onset at low free-stream turbulence is summarized from the experi-
mental work of Wang (1984) and Kim and Simon (1991) in figure 15. As indicated in figure 15, a convex sur-
face when compared to a flat surface will delay transition onset and a concave surface compared to a flat
surface will shift transition onset upstream. The differences in onset location, based on the minimum in the
Stanton number, for a convex surface and a flat surface diminish as the free-stream turbulence increases
(fig. 16). :

TRANSITION REGION

This section describes the relevant physical characteristics of the transition region required for the under-
standing and modeling of the region. Figure 17 shows conditionally sampled velocity profiles in the transition
region of a flat plate as reported by Sohn, Reshotko, and Zaman (1991). Figure 17 shows the departure from a
Blasius profile as an indication of the transition region which occurs after transition onset. The nonturbulent
profiles increase in their deviation from the Blasius curve with increases in intermittency. With increase in
intermittency the turbulent part of each profile is seen to become more like that of a fully-turbulent boundary
layer. The effect of the nonturbulent profiles showing increased deviation from a Blasius profile with increased
intermittency is attributed by Kim and Simon (1991) and Sohn and Reshotko (1991) to a post-burst relaxation
period required for a disturbance in the nonturbulent part of the flow to damp-out. With an increase in the
number of turbulent spots, or increased intermittency, there are more post-burst relaxation periods included in
the nonturbulent part of the flow. Figure 17 demonstrates that the transition region cannot be accurately
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described by a combination of Blasius and fully turbulent boundary layer profiles as proposed by Dhawan and
Narasimha (1958) by using an intermittency weighting approach.

As can be observed in figure 8(d), the streamwise component of turbulence intensity measurements will,
under certain conditions, exhibit a double hump. The observance of a double hump in the data is attributed to
the switching between laminar and turbulent boundary layer flows as a turbulent spot goes by a hot-wire probe.
Confirmation of this switching explanation is seen in the DNS calculations of the streamwise fluctuation of Rai
and Moin (1991) which do not exhibit a double hump (fig. 18). This switching effect gives rise to a velocity
fluctuation level which is higher than that obtained in either the laminar or the turbulent regions and affects the
experimental shear stress profile (Kim and Simon, 1991).

It is generally known that a concave curvature has a destabilizing effect on flow, with transition occurring
earlier than on a flat plate. Gortler vortices are the primary mode of instability. Kim and Simon (1991) estab-
lished the existence of stable vortices on a concave surface for low free-stream turbulence, but found no stable
vortices for a higher turbulence intensity case (8.3 percent). Figure 19 displays Stanton number results obtained
at the University of Minnesota (Volino and Simon, 1993). They show the effects of concave curvature and
acceleration as compared to unaccelerated flow on a flat plate. The unaccelerated, flat plate, 8 percent free-
stream turbulence data (Kim and Simon, 1991) are only slightly above a standard, fully-turbulent flow, flat-
plate, low turbulence intensity correlation, which is shown in figure 19 for reference. Unaccelerated flow,
concave wall data taken at 8 percent free-stream turbulence intensity lie well above this correlation. Acceler-
ated concave wall data fall below the correlation as do accelerated flat plate data of Blair and Anderson (1987).
The accelerated flat plate data taken at 5 percent turbulence intensity show a transition from the laminar to
turbulent flow; however, there is no sign of transition for any of 8 percent turbulence intensity cases, even the
accelerated-flow cases. On the concave surface, acceleration lowers the Stanton number in opposition to the
curvature effect. This countering of the curvature effect by acceleration was also seen in the measurements of
the shear stress profiles obtained at the University of Minnesota, figure 20, where acceleration counteracts the
concave curvature effects, reducing the shear stress profile to unaccelerated flat-wall levels. Increasing the
acceleration is expected to further reduce the level of shear stress. The above mentioned effects of free-stream
turbulence, curvature, and acceleration lend further understanding of the highly-disturbed flow and will play an
important role in the development of predictive models.

Experimental and calculated values of the momentum thickness Reynolds number at the onset and end of
transition, as compared with the correlations of Abu-Ghannam and Shaw (1980), are given in figures 12 and 21.
In these plots, the transition region may be defined as existing between an intermittency of 0 and 0.99 or
between the points of minimum and maximum heat transfer. These curves present a good summary of the
measurements and calculations for the transition region. These curves demonstrate the strong effect free-stream
turbulence intensity plays, although it is expected that the spectra and length scale of the free-stream turbulence
will be needed to further refine the turbulence effects.

As indicated above, the use of low Reynolds number, two-equation turbulence models (figs. 12 and 21)
appears to have some success in simulating transition onset and end which is governed by the transport and
production of turbulence in the boundary layer. Generally, as can be seen in figure 21, these models give an
underprediction of transition length. A reason for this may be found in the work of Volino and Simon (1993).
Volino and Simon (1993) applied an octant analysis to the experimental data to analyze the difference in
structure between turbulent and transitional flows. They indicate that transitional boundary layers show
incomplete mixing or incomplete development of turbulence with a domination of the large scale eddies. This
is attributed to the incomplete development of the cascade of energy from large to small scales. Based on this
observation, it is stated that the standard k-¢ turbulence model does not comprehend the physics of the transition
region and what is needed is a model that will comprehend both large and small scales separately. This would
require a modified k-¢ equation with perhaps two equations for the turbulent kinetic energy (k); one equation for
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the large scale eddies and one for the small scale eddies. Such a multi-time-scale (MTS) model for application
to transition flows has been implemented by Crawford (1992). This model is an evolution of two-scale k-g
models developed by Hanjalic, Launder, and Schiestel (1980) and Kim (1990). A preliminary result (fig. 21)
shows promise for this MTS model’s ability to simulate the transition region for turbulence levels greater than
2 percent.

Schmidt and Patankar (1988) attributed the underprediction of the transition length to the production term
of the turbulent kinetic energy equation. They modified the production term to make predictions consistent with
experimental results. Figure 22 shows the effect of the modification as compared with the Abu-Ghannam and
Shaw (1980) correlations.

Simon and Stephens (1991), following the concept of Schmidt and Patankar, utilized stability considerations
for determining the location of the initial profiles in the numerical calculations, and developed a basis for
utilizing intermittency in transition calculations. They followed the method of Vancoille and Dick (1988) to
develop conditional averaged turbulence model equations for heat transfer. This approach is felt to be better
than a global time average approach which does not take into account a transition zone which consists of
turbulent spots surrounded by laminar-like fluid. The method of Simon and Stephens (1991) assumes the
universal intermittency relationship of Narasimha (1957) which compares favorably with the experimental data
as presented by Volino and Simon (1991). As can be seen on figure 23 a determination of intermittency
requires knowledge of the transition length. This was done by Simon and Stephens by utilizing the approach of
Narasimha (1985) which expresses the transition length in terms of a nondimensional spot formation rate (N).
Narasimha (1985) demonstrates that N reaches a constant value at the higher turbulence levels. Figure 24 gives
the value of N used by Simon and Stephens which is based on experiment. The value of N given in figure 24
may be compared to the result of an analysis by Simon (1994). The analytical value of N reported by Simon is
a constant of 0.00029, in agreement with the experimental data of figure 24 and in accordance with the analysis
dependent on turbulent spot characteristics. The use of N permits a determination of transition length by means
of the following equation reported by Simon and Stephens (1991):

2.15
Re; = Z_Reg *? . ¢y

" VN

Transition calculations were made by Simon and Stephens (1991) utilizing equation (1) and the inter-
mittency path equation of Narasimha (1957) with the TEXSTAN code of Crawford (1985). Results of calcula-
tions employing equation (1) are compared to the experimental results of Volino and Simon (1991, table 5) in
figure 25. The experimental data of Kim and Simon (1991), Suder et al. (1988), Sohn and Reshotko (1991),
and Kuan and Wang (1990) are for zero-pressure-gradient flow on a flat plate. The data of Blair and Anderson
(1987) is for two flat plate data sets with two values of acceleration. In general, there is a good relationship
with equation (1) and the experimental data with the exception of the higher acceleration data. With an increase
in flow acceleration there is an apparent increase in transition length. This increase in transition length is
consistent with the characteristics of turbulent spots under accelerating conditions as shown by Simon (1994).
Simon using the Narasimha (1985) reported results of Wyganaski (1981), which show a low turbulent spot
spreading angle of 5 degrees for a favorable pressure gradient case, calculates a value of N given in figure 25.
The results of the numerical calculations utilizing the TEXSTAN code are given in figure 26 for cases computed
with and without intermittency. The value of using intermittency for improvement of the transition model is
clearly demonstrated. It is interesting to note, according to the calculations, that the boundary layer acts as if it
were a laminar boundary layer up to a significant value of the intermittency. This is consistent with the meas-
ured velocity profiles of Sohn, O’Brien, and Reshotko (1989) which showed a laminar-like overall profile in the
transition region for intermittency value up to 0.34 at 1 percent free-stream turbulence.
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EXAMPLES OF COMPUTATIONAL RESULTS

Some examples of computations compared to experimental data are presented here as a means of demon-
strating "the bottom line" objective of successfully predicting bypass transition heat transfer.

A DNS calculation of transition on a flat plate, for a free-stream turbulence and velocity of 2.6 percent and
100 ft/s, was performed by Rai and Moin (1991). Rai and Moin use a high-order-accurate finite-difference
approach for the direct numerical simulation of transition and turbulence. Figure 27 compares the experimental
results of Suder, O’Brien, and Reshotko (1988) and Sohn and Reshotko (1991) with the numerical results for
two computational grid distributions. Sufficient confidence has been established with the DNS approach that the
resulting numerical base is seen as valuable for the development and testing of turbulence models applicable to
bypass transition.

As explained above, Schmidt and Patankar {1988) modified the production term of the turbulent kinetic
energy equation. They referred to this approach by the acronym PTM or Production Term Modification. Fig-
ure 28 demonstrates the improved prediction of transition as a result of using PTM. Examples of calculations
comparisons with experimental data, as reported by Schmidt and Patankar, are given in figure 29. The com-
parison with the data of Wang (1984) for a flat plate at 2 percent free-stream turbulence is excellent (fig. 29(a))
and is an improvement over the mixing length approach of Park and Simon (1987). The use of the PTM
approach for predicting the flat plate heat transfer data of Rued (1985) for a free-stream turbulence range of 1.7
to 10.8 percent is shown in figure 29(b). A comparison with the C3X blade results of Hylton et al. (1983) is
given in figure 29(c). The calculations for figure 29(c) required the modification of the near-wall length scale
due to the presence of an adverse pressure gradient on the suction side of the blade. The lower curve for each
run shows the effect of the length scale modification. While there is a favorable comparison of the computa-
tions with experiment, the accuracy of the prediction in the fully turbulent region diminished as the blade
Reynolds number increased.

The use of the intermittency computational approach of Simon and Stephens (1991) has promise for predic-
tion of transitional flows. A comparison with the experimental data of Blair and Werle (1980) is given in fig-
ure 30. There is generally good agreement. Figure 30 contrasts the definition of transition onset based on
intermittency and the minimum in heat transfer.

At the University of Texas at Austin, a number of turbulence models have been tested for their ability to
simulate bypass transition. Examples of results of comparisons with the flat plate experimental heat transfer
data of Sohn and Reshotko (1991) and the benchmark skin friction data set of the European ERCOFTAC con-
ference, coordinated by Savill (1991), are given in figures 31 and 32. At a free-stream turbulence level of
3 percent, the experimental data of Sohn and Reshotko are best described by the Launder-Sharma (LS) and
Texas (TXM) models (Crawford, 1993). There is some confirmation of this in the skin friction coefficient
comparison of figure 32 (Crawford, 1992). The Nagano-Tagawa (NT) model also shows some promise. A
more critical test of turbulence models for the prediction of the heat transfer on turbine blades was made by
Sieger, Schulz, Crawford, and Wittig (1992). An example of their results is given in figure 33. Figure 33
shows that for a free-stream turbulence of 8.3 percent, the heat transfer experimental data of the pressure side
of the Hylton et al. (1983) blade is reproduced well by all the models tested. The lowest heat transfer is given
by the Launder-Sharma model. The pressure side has a transitional like behavior over the entire surface. For
the prediction of transition on the suction side of the blade, figure 33 indicates that improvements are needed in
the turbulence models. With the exception of the Launder-Sharma model, all the models give an early transition
at the high free-stream turbulence intensity. '

The potential of the Launder-Sharma model to simulate transition was further confirmed by the work of Wu
and Reshotko (1991) as shown in figure 34. The work of Yang (1991) suggests an improvement over the
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Launder-Sharma model by the use of a new low-Reynolds-number turbulence model (Y ang and Shih, 1992) and
an intermittency weighing factor. The intermittency weighing factor used by Yang is related to an intermittency
factor defined by the variation of the boundary layer shape factor through the transition region. The intermit-
tency weighing factor is used to modify the calculated eddy viscosity in the transition region. The result is an
improvement over the Launder-Sharma model, as shown in figure 35. In addition, Yang and Shih point out that
a drawback of the LS model is its inability to perform as well as other models for fully-developed turbulent

boundary layers.

As indicated above a possible improvement to the k- turbulence model is the Multi-Time-Scale (MTS)
model. A comparison of this model, developed at the University of Texas under the supervision of Crawford
(1993), with data set T3A is given in figure 36. Comparmg figure 36 with figure 32 shows the potential of the
MTS model.

CONCLUDING REMARKS

This progress report of a NASA research program for the prediction of transition heat transfer on turbine
vane and blades has demonstrated the value of a team approach with an appropriate experimental and analytical
skill mix, as recommended by Simoneau (1986) for complex problems. The synergism resulting from a team of
experimentalists, analysts, and modelers is required for the complex research area of bypass transition which
requires an in-depth investigation of the effects of free-stream turbulence, convex and concave curvature, favor-
able and adverse pressure gradient, wakes, and the effect of the stagnation region of a blade or vane. The team
effort has led to the following accomplishments:

1. An extensive experimental data base of bypass transition on flat and curved surfaces has been obtained.
The detailed nature of the data base permits an investigation of the physics involved and is an aid in the devel-
opment and testing of turbulence models. Conditional analyses have demonstrated that the transition region is
not a simple combination of Blasius and turbulent boundary layer profiles.

2. Effects of convex and concave curvature on transition have been documented. When low free-stream
turbulence level cases are compared to the results of transition on a flat surface at equivalent turbulence levels,
convex curvature will delay transition onset and concave curvature will shift transition onset upstream.

3. The effect of acceleration and free-stream turbulence for a transitioning boundary layer on a concave
surface is being documented. The existence of stable vortices on a concave-curved wall were found at low free-
stream turbulence intensities. No coherent vortices were found at the higher free-stream turbulence intensities.

4. Two-equation turbulence models appear to capture the growth of nonlinear disturbances in bypass
transition and are capable, with appropriate damping functions and constants, of predicting transition onset.
These models under-predict the transition length, however, unless (1) provision is made for the intermittent
nature of the transition region, (2) a modification is made for the rate of turbulence production, or (3) a
multiscale model is used to account for the incomplete nature of the turbulent energy cascade in the transition
region. The need for a multiscale turbulence model has been confirmed by an analysis of the experimental data.
A number of low-Reynolds number turbulence models have been assessed. The Launder-Sharma, the Texas and
the Yang and Shih turbulence models were found to be effective for simulating bypass transition, although
improvements in these models, and all the models tested, are required.

5. Direct Numerical Simulation (DNS) has proven to be a very powerful tool for (1) understanding the
physics, (2) supporting and guiding the experimental results, and (3) forming a data base for the development
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and testing of transition turbulence models. Results obtained with DNS compare very well to the experimental
resuits.

6. Transition onset was well predicted by the Parabolized Stability Equations (PSE) method. This method
has the potential of predicting most of the transition region with reasonable computational requirements.

The following recommendations for future work are based on the annual NASA-Lewis bypass transition
workshops:

1. There are indications that spectra and length scales of free-stream turbulence play a role in the transition
process. These factors should be investigated. The use of laboratory and DNS numerical experiments would be
useful here.

2. Future experiments should better document the free-stream turbulence by providing the three compo-
nents of velocity fluctuations, the frequency range over which the free-stream turbulence was measured, and
other turbulence characteristics.

3. DNS calculations with heat transfer and for a turbine blade geometry should be made. DNS calcula-
tions should be applied to the study of boundary layer receptivity to free-stream disturbances and their effect on
stability. A DNS data base should be established.

4. A study on the effect of the leading edge geometry on transition, with use of experiments and DNS,
should be initiated.

5. There needs to be an increase in the range of the turbulence levels studied (6 to 20 percent), which are
more in line with the levels present in a combustor.

6. The community should continue to develop the use of the PSE approach as a design tool.

7. There should be an increase in the experimental Mach number to better simulate actual engine condi-
tions and permit increased computational efficiency of the numerical codes for the purpose of comparison of
numerical and experimental results. Also there should be transonic measurements with shock-boundary layer
interactions to investigate this effect. '

8. The community should continue the development of turbulence models which are more faithful to the
physics of transition, as determined by DNS and experimental efforts. Development of multiscale, two-equation
turbulence models should continue.

9. The application of Large Eddy Simulation (LES) to bypass transition should be investigated.

10. Spectral measurements within the late transitional boundary layer should be made to determine which
wavelengths are amplified and the relationships of these wavelengths to the most unstable wavelengths
computed from linear stability theory.

Some of the above recommendations are already being carried out by members of the NASA bypass transi-
tion team. In addition, the work on the effect of unsteady flows (e.g., wakes) has been initiated. Significant
progress has been made in the understanding and improving predictive capability of heat transfer on turbine
vanes and blades. This progress has, to date, been mostly limited to flat and curved surfaces with little work on
actual vanes or blades. A key recommendation of the transition team is to increase the effort being made on
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vanes and/or blades. This recommendation is consistent with the original plan of 1986 of increasing geometry
and flow complexities. We believe we are on schedule.
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