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1. . Technical Summary

The general objective of this oroaram in the 1979-80 period was to
extend the application of the transition theory advanced by the Principal
Investiocator primarily to the case of tne free shear layer, and secondarily
to the case of boundary layers with surface roughness and pressure qradients.

Section 2 of this report outlines the successful application of the
theary to the case of the free shear layer. The weight placed on this

facet of the theorv derives from the explicit interest within certain
directorates, such as the Air fForce Weapons Laboratory, in improvina

the design of high-eneray fluid lasers. One of the many basic fluid-
mechanical problems inherent in these devices is the predictionof laminar-
turbulent transition alona the shear layer separating two co-flowing
streams; initially laminar flow in this la,er is expected due to the small
size of the working-fluid and additive-injectant nozzles. In this period
the theory addressed homoqeneous (same c“2mistry) mixing across a two-
dimensional 1amiaar shear layer of arbit. ry “junp" conditions. A pre-
dictive formula was derived and was satisfactorily tested against the
available data.

The development 1% Section 2 refers to a “momentumless” shear
layer, i.e. one wnich has no wake component created by the shed bcundary
layers. This is somewhat icealistic, because the wake component is
computed to be significant in laser cavities of finite length. In antici-
pation of fittina the transition theory to the true "non-equilibrium"
shear laver, the problem of the arbitrary asymmetric two-dimensional laminar
wake was solved and is discussed briefly in Section 3.

Together with its application to the wake, the transition approach
adopted here brings to two the aeneral classes of flows in which it has
produced useable results. Its anplica -or to boundary layers has met
with varying reactions from the community, .n view of the controversy
surrounding the comparison data, in which the wind-tunnel stream turbulence
apparently plays a yet unresolved role. Especially when pressure gradients
and surface roughness are present, progress is made difficult. As Section
4 points out, the necessary data used as innuts to the data do not exist.
At this point no more proaress has been or can be made with the theory
until such data peyin 2prearing in the open literature.




Since the transition theory for boundary layer applications has
therefore been carried as far as it can safely go, it appears that the most
valuable contribution which can be made oy this laboratory is to return
to the exnerimental stability studies. The statement of work for the
1980-81 period therefore visualizes the performance of experiments in the
Supersonic (Mach 3) Wind Tunnel of this laboratory, dealinrg with supersonic

bounda}y—layer stability.




2. Transition Predictions for the Free Shear Layer

"The work statement for the present contract required concentration
on the transition characteristics of the free shear layer in two-dimen-
sional flows. By way of background, the Principal Investigator had
conducted experiments at AECC/3 in the 1978-79 period, under AFOSR
cognizance, designed to measure transition in such a layer. A strong
motivation for performing the present work was to extend the theory of
Reference L and 2 1in order to interpret these transition measurements.

If one begins with the customary definition of the turbulence
Reynolds number
o0 - ul L)
Q‘A - .;}\ \
it is possible to derive the variation of this quantity in the free
shear layer (FSL)-by usina appropriate, although approximate, expres-
sions for the velocity fluctuations u', scale length A and kinematic
viscosity variation. In the present instance, the scale variation
was the least known and yas therefore assumed to be a constant fraction
of the FSL width, as was done in Reference i . The latter width was
in turn obtained from the work of Ortwerth and Shine (Reference 3 ) as

LYY

6o
where £ 1is the distance from the FSL origin % is the incompressible
spreading parameter, M] the Mach number in the "fast" side of the layer
and A the customary "speed ratio"

2= W, -4z (3)
u,+u?_

The fluctuation intensity u' was obtained from essentially
empirical correlations exemplified by that of Reference 3 :
u’ZOJbFUM)%%kM (4)
where F(M]) is another function of the fast-side Mach number. Finally
the kinematic viscosity was found by combining the so-called Crocco

relation for the FSL, with the velocity converted to ): -
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By utilizing the relations mentioned above, an expression was
derived for the transition Reynolds number based on "fast-side" pro-
perties and the distance from the virtual oriain of turbulence. To
convert this to a Reynolds numter based on the actual origin of
the pre-transitional (laminar) flow the recent work of Moeny (Reference -)
was utilized, which provides expressions for arbitrary laminar FSL

growth. In the end, the transition Reynolds number based on the fast-
side properties of the arbitrary FSL is

2 a = i”_ { TEi‘— )llk+\) /\+')L . \é)
¢ XY rwi.:]. . —1——' L .3\_
where G is a function of N, M] and TO2/TC1 and k the exponent o7 the

temperature-viscosity relation. This is a perfectly general formula
on predicting the transition distance from the origin of an initially
laminar shear layer. Its implications are that the transition zone
moves downstream as A decreases, i.e. as the velocities of the two
streams approach each other; it also moves downstream as the "fast"
side Mach number increases. A similar downstream movement occurs

when the total temperatu;e of the fast stream exceeds that of the slow
stream. Of these results the former two were intuitively expected but
had been never before expressed quantitatively.

Figures 1 and Z show the theoretical results compared with the
rather sparse FSL transition data available at present, which are
taken from References 5, & and 7. Considering the relative un-
sophisticated approach adopted in the present theory, the comparison
is rather flattering to the theory. More important, the theory
specifies the parameters which are significant to the FSL transition

process, in itself an element of progress over the previous state of
the art.




3 The Development of The Non-Equilibrium Shear Layer

A large body of theoretical literature exists on the shear
layer problem, concentrating mostly on the “far" or "equiiibrium"
shear layer developing far from the flow origin. Typical of the
classical solutions is the work of Mills (Reference & ) which
considers arbitrary jumps across the layer and gives solutions for
both the laminar and the turbulent cases. By contrast there has

been little work done on the “non-equilibrium" problom, that is the
shear layer region just downstream of the trailing edge (T. E.) of
the splitter plate (or "partition") separating,. initially, the two
dissimilar streams. A solution to this problem is offered here.

Since the partition sheds its two boundary layers into the
stream, the non-equilibrium flow problem in its general form requires
prediction of the development of a composite profile downstream of
the T. E. There is a "shear layer component" generated by the
uniform but arbitrary streams on either side of the partition; and
a "wake component"” consisting of the merging boundary layers.

These two layers are generally taken to be different in momentum
thickness and thus the wake component, which will eventually decay
to zero, is asymmetric in the initial conditions, while the shear-
layer component is asymmetric in the boundary conditions. The
problert solved here is that of the wake component, and corresponds
to the arbicrary two-dimensional compressicle laminar wake generated
by unequal (asymmetric) boundary layer thickness 0, #9,

A useful landmark for comparison was the classical solution
for the incompressibie, symmetric flow (©,=98,) past the trailing
edge produced many years ago by Goldstein (Reference 3 ).

Using the Oseen approximation Kubota (Reference 10 ) extended
Goldstein's results and derived the asymptotic ("linear") solution
of large distances from the T. E. for the arbitrary {compressible)
wake; Gold (Reference !l ) then showed, using the same method,
that the same linear solution obtains for any arbitrary initial
profiie.




.

The present solution was obtained by prescribing the velocity
‘profiles at the T. E. and then using the Gold solution to see how
the wake develops, for arbitrary initial 2,+68,. Simple exponential
~functions were chosen to represent the initial Blasius profiles, so
that the complete profile is an asymmetric cusp. A simple analytic
solution resulited for the velocity field downstream of the T. E. as

follows:
L \ i 3P1+jP - 3
I*JQ:T_LL (I—Evl{‘_i'x(?*z)&j_j)‘f'
; A= . - .- ;o = “ (7)
T e 5'\t+:1f1j§{%;—4)j3j
where u is the velocity, u, the edge (infinity) velocity, P the
asymmetry ratio 2,.3., and
= 27 Rey = b
T ERe, 7
a Y oa
j;:'::i_'\_]du R . . )
3, Fyde e Y ¢ ) = physical quantity. ‘=

This solution meets all the standard validity tests such as the
boundary conditions for large y, recovery of the initial profile,
momentum balance, etc. The solution indicates that a non-dimensional
longitudinal variable more appropriate than x is

*
’ x o )
X = ——e 5, Y =0+8, (9)

Sreg

and at large x' the asymptotic solution of Kubota and others is
recovered.

The results provided by eq. ( 7 ) are plotted on Figures 3
through 7 . The first three of these show the lateral velocity
profiles for the symmetric case (Fig. 3 ) and for an asymmetric-
case example (P = 10). In both instances it is seen that the initial
cusp-like profile becomes smooth immediately after the T. E. The
gradual symmetrization of the initially asymmetric profile for P =
10 is evident as one proceeds downstream. At large distances the
universal asymptotic profile predicted by Kubota is achieved.




It is seen that the profile peak shifts away from the axis

‘after the T. E. and does not return to it until very far downstream.

This excursion is not practically significant, but it invites
caution when plotting the "defect" or center-line velocity; this
defect does not, therefore, represent the minimum velocity point
(unless P = 1) and is thus called the "pseudodefect". Plots of
this quantity appear on Figure <& , which carries two points
representing the minimun-velocity points for the P = 10 case. The
conclusion drawn from this Figure is that asymmetries, even large
ones, affect the profile but not the magnitude of the minimum
velocity in the wake. Except for positions extremely close to the
T. E., in fact, the solution is only of order 20% - 30 lower than
the asymptotic solution which can be ccnsidered to be the crudest
rossible estimate.

The present solution is linearized in the sense that its
momentum deficit exactly at the T. E. does not precisely =qual
It is all that more surprising, therefore, to note its comparison
with Goldstein's theory (which is in some ways also approximate)
and with experimental data on Figure  , which comparison is done
for P = 1, no data Or other theories being available for P # 1.

In fact, the equation ( 7 ) gives results which are always within
45, of Goldstein's predictions.

The presen t results, btesides providing the wake-compcnent
solution for usc in solving the non-equilibrium FSL problem, are
directly applicable, say, to fluid laser problems involving laminar
mixing in multiple nozzles.

~J




4. Influence of Pressure Gradient and Wall Roughness on Transition

The theorv Yorrmulated by this author to describe transition in the
bourdary layer is based on a minimum possible turbulence Rewnalds

nuricer Wi ce

I - «d-
N
A\

"

which is required 7or the maintenance of turbulence. The calculation
orocedure requires that the layer is first assumed turbulent throughout
and Re, is calculated both alona and across this turbulent flow. In

‘ereHce 2 this is done by finding u', " and v as functions of the c¢co-
metric coordinates and flow parameters, as follows. The velocity fluct-
\

sation u' is taken from experimental data (e.g. Referencesle and 1. ) to

he of the form

u

A - /o +
oz A S~ = O /?\); o (_-7‘

VL\}-)'C,}:; \ P *jl‘j)‘}
while the integral scale & is obtained from the turbulent thickness :t:

s
A :C?—d? (Ll
ard the kinematic viscosity - from

Y\+-!/‘; \i:/

- )‘r& (,P)(.’, /:‘\)
where the exconent n arises in the usual viscosity-temperature relation.

Insertion of the latter three relations into (.0 ) then results in

Qe,\ . 7/1~ y SN+l ,
iz =0 Lield )H M Reg.) | FiMe)] L- (;) (14)
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This formula ellows one to compute Re. as a function of the distance y/S§;
its maximum value is picked and the trans1t1on momentum Reynolds number
Re.7 is computed for that particular set of flow parameters Ae’ TW/TO, etc.
In this manner results were obtained for zero-pressure-gradient

boundary layers at Mach numbers from O to 10 and temperature ratios Tw/T0
from 0.1 to 1. The results showed manvy of the familiar trends of

experirental observations and even provided an explanation of the well-

known "reversal” pheromenon of transition.




}.1 Study of the Transitior Criterion with Roughness and Pressure fradient

A substantial amount of time was devoted in tne present contract oeriod
in attempting to extend the above theory to the case of a boundary-laver
with pressure gradient and roughened surfaces. This effort was largely
unsuccessful For the followina reasons.

As can be seen from equation (:i) through (12), the present theory
requires certain inputs for computing the turbulence Reynolds number
Re .. At first glance from eq. (10) these inputs are the integral scale
X, the wideband fluctuation intensity u' and the kinematic viscosity
crofila v (v/5). By the time the exprecsion for the transition (momentun)
Reynolds number (!4) is written down additional requirements nave developed
e.q. for the form factor H = §/9, the wall friction or friction coefficient
and the correct form of the turbulent boundary layer velocity profile.

Such information is available, often with accuracy, only for the "simplier"
boundary layers; indeed, the earlier computations were carried out and
numerical results obtained for the flat, smooth wall; when such simplicity
is removed, data on the ‘quantities mentioned above beccme very scarce.

As an examole, a thorough search was made for the necessary information
in boundary layers with favorable pressure aradients (FPG). It is known
that the wall friction decreases for such gradients, so that the right-
hand-side of eg. (14) decreases because it is proportioned to some positive
power of Ce. Such an increase predicts, on the basis of eq.(i4), an increase
of the transition Reynolds number, which is also exparimentally observed.
Superficially, therefore, the present theory produces the right trend,
which originally steered the work toward verifying this trend quantitatively.
The right-hand-side of (14), as it was discovered however, is affected by
the FPG indirectly via the effect cf the latter on & and u'. If, for
example, the FPG "stretchad" the longitudinal scale A then its benign
effect on Ce could be cancelled out. No data on the FPG effect on scale
Tengths could be found, or data of the FPG effect on the fluctuations.

No fluctuation data were reported during the 1978 Stanford Conference

(Reference 13) or during the 1280 Stanford Conference on Complex Turbulent
Flows (Reference 19).




Nor were the 1 and u' the only ones absent. There is very little
available on the friction variation, too. The 1977 AGARD Compendium
(Reference 7 )} lists 16 potential contributions to the knowledge of the
FPG effect on Ce. Of these, eleven do not reoort the value of the
pressure gradient parameter, one has larce normal pressure gradients and
the remainder are susvected to represent transitional flows!

A similar situation was found to prevail for the effect of roughness
on transition. Again, since Ce (or 7w) increases with rcuchness, one finds
from eq. ({+) that transition moves forward as the roughness height
increases, fr example; a remarkably simple means of finding the rcuahness
effect on transiticn quantizatively thus appears at hand. However, tneve is
nothina known on the effect of roughness on A, so that final conclusions
are impossible. ~

To surmarize, no progress toward applving eq. (14) to a roughened
wall or one with pressure aradients could be made because the inputs
necessary to that equation are unavailable. To the extent which a 1ist
of required experiments jo fiil the gaps was produced, the study had
positive aspects. This list, intended to fulfill needs for a more general
understanding of turbulent boundary layers, is as follows:

1) The general requirement is for the production of experiments with
comnressible boundary layers under conditions of (a) surface curvatures,
(b) favorable and adverse pressure aradient, (c) surface roughness. Mean
(average) flow measurements must include surface friction coefficients,
the Crocco relationship (i.e. the temperature velocity relation) and the
velocity profile, specifically the exponent value in the relation

g , oA -
L= () L

Ue 3
or alternately, the value of the free parameters in the Clausen-Coles
description of the boundary layer. The form factor 9/¢& is also required,
2) Locel wideband r.m.s. fluctuation intensities of the velocity
fluctuations and the longitudiral scales must be also measured. It is
important to obtain these properties as profiles across the layer, rather
than as single values at a point.
3) The standards set in the 1968 and 1930 Stanford Conferences are

important to waintain in performing and documenting these experiments.

10




Publications of the Staff

or in

The folltowing dacuments describe work performed, in their entirety
part, under this contract:

1) Demetriades, A.: "Consequences of a Necessary Threshold for
Boundary-Layer Transition", submitted to the AIAA Journal. October
1979,

2) Demetriades, A.: "Necessary Conditions for Transition in a
Free Shear Layer", AFOSR TR 80-0442 (MSU/SWT Report Wo. $2-1),
Montana State University, Bozeman, MT, February 1980.

3) Demetriades, A., Ortwerth, P. J. and Moeny, W. M.: "Growth

and Transition Behavior of Arbitrary Laminar free Shear Layers".
ATAA Paper 80-1302, Snowmass, CO, July 1980; submitted for publication
to the AIAA Journal, 1981.

4) Chevallier, T.: '"Development of an Impact Pressure Probe for
Flow Vector Measurements", M.S. Thesis. Department of Mechanical
Engineering, Montana State University, Bozeman, MT 59717, December
1980.

Professional Personne] Active on the Research tffort

The majority of the work reported here was performed by Or. Anthony

Demetriades, Professor of Mechanical Engineering at Montana State Univ-

ersity and Director, Supersonic Wind-Tunnel Laboratory.

The Principal Investigator was assisted by Travis Chevallier,

nraduate student. Mr. Chevallier is scheduled to receive his M. S.
degree from the University in December 1980.

Interactions and Counling Activities

a) Meetings and Exchanges

The Principal Investigator delivered a paper entitled "Growth and

Transition Behavior of Arbitrary Laminar Free Shear Layers", in the 13th

Fluid
1280.

AFOSR-

and Plasma Dynamics Conference of the AIAA in Snowmass, CO, July

At the invitation of its organizers, he also attended the 1980-81
HTM-Stanford Conference on Complex Turbulent Fiows held at

Stanford University in September 1980.
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The Principal Investiaator has also been invited by the
Director of Teéhno]oqy, USAF/AEDC, to attend an organizationa® meeting at
AEDC for a working group to recommend hypersonic turbulence research
and related topics to that organization. The meeting is scheduled for
Novcmber 13980,

5 Counling Activities

* The work performed in this period relates closely to and benefits
otner USAF directorates and government agencies. The work of course
actively supports the high-energy-laser program at the Air Force keapons
Laboratory (DOr. P. J. Ortwerth). The Princival Investigator remains in
close contact with AFWL, exchanges technical data with them and has steered
an apprcpriates portion of this year'swork toward basic aercdynamics
problems affecting fluid laser desian.

The Principal Investigator remains in touch with the Air Force's
BMD group at Norton Air Force Base. California, through a subcontract
received by the MSU/SWT Lab from the AVCO Systems Division, BMO's prime
contractor on the BMO MITSCT program. The SWT Laboratory task is to measure
experimentally boundary layer transition over a surface with large favor-
able pressure gradient, various degrees of surface cooling and a two-dim-
ensional type of surface roughness. These experiments will be done in
the Laboratory's Mach 3 Wind-Tunnel and are naturally closely relatad to
this year's effort to predict theoretically the location of transition
under these conditions. Thus, despite the lack of success evident so
far in applying the transition theory to such conditions (due to lack of
available data, see Section 4) empirical transition data will be at least
obtained and the interest of the MSU researchers will remain focused on
the problem for some time.

An interesting exanple of the possible benefits to USAF/BMO accruing
from the AFOSR-funded work on boundary layer stability and transition is
the followina case history. In the recent past this investigator has been
supported by AFOSR to study the pre-transitional instability of high-speed
boundary layers. These studies led to the discovery of very intense
osciliations of the hypersonic boundary layer flow near the Tocation of
transition to turbulence (References 12, 13 and 14). Recently this




13

inQestigator was called in as a consultant to help evaluate a sub-surface
(stethoscopic) ‘acoustic transducer, developed by BMO to resolve transition-
related problems in hypervelocity vehicle desian (Reference 15). Uhile
studying taped signals of the transducer outout, he found the same oscil-
lations to correlate well with the occurence of transition near the sensor,
and enabled him to qualify the sensor as a good transition detector. The
transducer should be very useful to BMO during ground or flight tests,

and its utility was greatly abetted by the earlier, basic research done
under AFQSR auspices.

In July 1980, representatives from BHO and their MTSCT contractor
visited the Supersonic Wind-Tunnel Laboratory and were briefed on the
on-going AFOSR program and related programs, as well as the forthcoming
rough-wall boundary-layer stability studies funded by AFOSR at MSU
during the 1980-8] period.

The Supersonic Wind-Tunnel Laboratory at MSU has been also working
on a procgram for the Army's Ballistic Missile Defense directorate at
Huntsville, AL (Mr. J. Papadopoulos) to measure and correlate hypersonic
and supersonic boundary layer spectra for applications to ICBM interceptor
design. One importantlaim of this work is the measurement and correlation
of the turbulence intensity u' and inteqral scale A in turbulent boundary
layers over a wide range of Me and TW/TO. This affords a gocd opportunity
to cross-check the inputs of u' and A into the theory of the OSR-funded
effort (see Section 4, eq's. 11 and 12). In fact it was found that the
values already chosen for the transition theory (A = 2.03 and u' as given
by eq. (11)) were quite accurate.
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