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INTRODUC TION

In selecting test cases for use in this conference, both the Langley Conference

Committee and the Data Selection Committee recognized the need to include shear lay-

ers among the selected test cases. However, because of the confusion and apparent

contradictions which existed in the interpretation of the experimental data, three of the

five shear-layer test cases were specified without reference to any particular data.

The primary purpose of this paper is to review the relevant data and to present the

results in a convenient form for comparison with the numerical predictions for these

three test cases (test cases 1, 2, and 3). Since these flows were specified to be devel-

oped turbulent flows, this will be the primary concern of the present paper. Some men-

tion will be made of transitional flow, but only to differentiate it from developed turbu-

lent flow. This is not intended to be a detailed study of the transition process itself.
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r velocity ratio, u2/u1

u velocity

x,y Cartesian coordinates

e eddy viscosity

u 1 - u 2

u 1 + u 2

momentum thickness

kinematic viscosity

similarity parameter, cry/x

p density

fir constant in similarity parameter 4, also called spreading parameter

Subscripts:

O

1,2

value when u 2=0

conditions on high- and low-velocity side of shear layer, respectively

Primes denote fluctuating quantities.

ANALYTIC SOLUTIONS

The analytic solution of the boundary-layer equations generally used to compare

with experimental data for the two-dimensional shear layer (fig. 1) was first derived by

GSrtler in 1942 (ref. 1). This solution is well known and, since details of its derivation

are readily available (ref. 2, pp. 689-690), the results will only be briefly summarized

here.

It is assumed that the effective kinematic viscosity is given by

e= kb(u 1 - u2) (1)
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where k is a constant, b is the width of the shear layer, and u 1 and u 2 are the

velocities on both sides of the shear layer. The adoption of a stream function and the

assumption of similarity automatically satisfy the continuity equation and reduce the

boundary-layer equations to a simple third-order differential equation

F'"(_) + 2a2F(_)F"(_) = 0 (2)

aywhere _ = x with boundary conditions F'(_) = 1 ± k at _ = +_ where

u 1 - u 2

u 1 + u 2

This leads to the general series solution in powers of

Ul +u2_ ._u = 2 + _ erf(_ + d) + . (3)

leaving two constants, a and d, to be determined. The constant a, which is a mea-

sure of the spreading rate of the shear layer, depends on the magnitude of the eddy vis-

cosity and must be determined experimentally. The second constant d appears because

only two of the three required boundary conditions have been specified. Note that this

constant merely deflects the mixing region and has no direct influence on a.

There has been considerable discussion in the literature on the correct third bound-

ary condition (refs. 3, 4, and 5), but this relates primarily to the theoretical problem of

semi-infinite streams. In practice the flow is always bounded. Experimentally and

numerically the shear layer is generally approximated by the near field of a jet, and the

requirement that au/ay be zero, on the line or plane of symmetry, is employed as the

third boundary condition; thus the problem of indeterminancy is eliminated.

EFFECTS OF LOW REYNOLDS NUMBER

Before discussing the spreading rate in a developed turbulent shear layer, it is

important to define what is meant by the term "developed." From an experimental point

of view, it is seldom sufficient to require simply that the mean flow be self-similar, since

it is often extremely difficult to establish when this has been achieved. This is especially

true if only mean velocity measurements are available. The turbulence components are

a much more sensitive indication of similarity, and it is strongly recommended that they

be measured whenever possible. For present purposes the term "developed" will be

used to refer to shear layers for which the data indicate that the turbulent and mean

velocity components have achieved self-similarity and the maximum shear stress
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has reacheda constant value. However, it should be emphasized that this is no guarantee

that the flow is truly developed. Some examples will be given of flows which appear to

be self-similar, on the basis of mean and fluctuating velocity data, but which still do not

seem to have reached their asymptotic spreading rate.

The variation of the center-line shear stress with downstream distance in a sub-

sonic shear layer with zero velocity ratio is show schematically in figure 2. When the

boundary layer is laminar at the point of separation, the near field can be divided into

two more or less distinct regions. The first region E 1 is shown here as the distance

from the point of separation to the point of maximum shear stress. This region is some-

times defined as the distance to the point at which the fluctuating velocity component is a

maximum (ref. 6) or as the distance to transition (ref. 7). The second region _2 is the

subsequent distance to developed flow. The distance _1 has been reported to be vir-

tually independent of Reynolds number (refs. 6 and 7), depending only on the initial

boundary-layer thickness, but it is important to remember that E1 is a strong func-

tion of the initial disturbance level. This disturbance level will, in general, be differ-

ent for different apparatuses and may also vary with Reynolds number for the same

apparatus.

The second region _2 is much less sensitive to initial conditions, and at least
Ul0

for the range 500 < _ < 1000, Bradshaw (ref. 6) found that the Reynolds number basedv
on _2 was nearly constant. Since for a typical laboratory experiment _2 is 5 or

10 times fl' it is generally sufficiently accurate to quote a combined length

v (4)
_i + _2 _ 7.0 x 105 u-_

as the length required for both the mean and the fluctuating velocity components to become

similar, while the mean velocity profiles alone appear to be similar at about

v (5)
_1 + _2 = 4.0 X 105 u-_

a

Recent results by Spencer (ref.8) indicate that ifthe fluctuatingpressures are consid-

ered, true similarity may require a Reynolds number, based on shear layer length,of

about 1.3 × 106. When the boundary layer is turbulent at the point of separation, the

shear stress rises slowly and the maximum again becomes approximately constant at

x = 7.0 × 105 u_" However, itsvalue is higher than that produced by a laminar boundary

layer (refs.6, 9, and I0). This suggests that one or perhaps both of these flows are not

truly fullydeveloped and that a constant value of the peak shear stress, independent of

initialconditions,is only achieved far downstream. At present there are no experimental

results to confirm this conclusion. The available results all show that the shear stress
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in a shear layer depends on initial conditions, even in regions of the flow which otherwise

appear to be developed. (See table 1, refs. 8 to 18.)

For velocity ratios u2/u 1 greater than zero, the situation becomes very complex.

The flow now develops from two boundary layers which will in general have different

momentum thicknesses. Both boundary layers may be laminar or turbulent or one may

be laminar and the other turbulent. It seems very unlikely that the developing region of

such flows can be accurately characterized by any simple criteria, but, in general, the

length required for the flow to become fully developed will increase with velocity ratio.

These results are based on a fairly limited range of conditions, but they do give a

simple and useful guide for the design of experiments and provide an excellent first check

on experimental data for which no turbulence measurements are available. To put it

another way, failure to satisfy Bradshaw's criteria (eq. (4)) may not prove that a flow is

transitional but it does place a burden on the experimenter to demonstrate that his flow

is developed. Simply showing that the mean velocity data can be collapsed on a similar-

ity plot is not good enough.

Data taken in low Reynolds number shear layers generally yield low values of a,

if the boundary layer was laminar before separation. This effect is believed to be simi-

lar to that described in references 19, 20, 21, and 22 for low Reynolds number boundary

layers. The difference between the values of a computed over the developing region of

the flow and in the developed region is seldom more than 20 to 30 percent in subsonic

flows with low velocity ratios. However, the peak shear stress can reach twice its

developed value (ref. 6) and the difference does appear to increase with Mach number

in supersonic flows.

I

VARIATION OF c_ WITH u2/u 1

So far discussion has been restricted mainly to shear layers with a velocity ratio

u 2
E = 0. In 1962 Golik (ref. 23) proposed the relation
u 1

% Ul - u 2_ = (6)
u 1

based on data by Szablewski (ref. 24), for the variation of a with u2/u 1. The following

year Sabin (refs. 25 and 26) and Abramovich (ref. 27, pp. 36-42) independently published

the relation

Cro Ul_ u2 = 1- r
-ff-=u 1 + u 2 1+-'-_ =

and supported their theoretical arguments with new experimental data.

Shih (ref. 28) proposed the relation

(7)

In 1968 Miles and
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(8)

and in 1972 Yule (refs. 29 and 30) proposed

%_ l-r
(Y

(1 + r) 1/2

(9)

All these relations were supported by experimental data. These four relations are shown

in figure 3, and obviously predict different variations of _o/_ with r. However, the

situation is not as bad as it might seem at first sight. Golik's result can probably be

discounted since it was based on very limited data which were not supported by later

experimental results. Yule's relation appears to be based on only two new data points,

and this does not seem to be sufficient to establish any relation between a and r. In

any case, these new data by Yule differ only slightly from the data obtained by Miles and

Shill. However, equations (8) and (9) do differ significantly. In particular, note that equa-

tion (9) unlike equation (8) predicts that 1 _ 0 as r - 1.0, which seems to be required

theoretically.

Before discussing the experimental data in detail, it is important to emphasize that

the expression for eddy viscosity and the variation of _ and r are directly related and

cannot be specified independently. Sabin characterized equation (7) as "a plausible func-

tional relation between these two quantities." This statement is certainly true, but it has

led to some confusion since it seems to imply that the result cannot be formally derived

from GSrtler's theory.

Consider GSrtler's expression for e

where c

and

or

kcx(ul- u2)
is a constant defined by

b= CX

l(kc_)-l/2
_=2

(IO)

(11)

If the width of the mixing layer is defined as

b = Ya - Yb = cx (12)
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where Ya is the value of y where _= 1 and Yb is the value of y where _ =0,

it follows since

or

then

1
C _

C

In general, for any consistent definition of

Inserting this into equation (11) gives

b, ccc 1
c"

or

% =x (13)
C

Therefore, if Prandtl's hypothesis is used in the form

e =kb(u 1 - u2)

where the viscosity is based on the actual width of the mixing region, as is usual in

numerical solutions, it is not necessary to use equation (13) explicitly. If the resulting

solution is self-similar, it will automatically satisfy equation (13).

The available experimental values of _ are shown in fi_dre 3 as a function of the

velocity ratio r. The data from reference 27 (pp. 36-42) were given in nondimensional

form, and other values of (_ (refs. 9, 12 to 14, 17, and 25 to 33) have been normalized

by using a value of % = 11. Although this is common practice, it is an unsatisfactory

method of illustrating the variation of c with r for a number of reasons. First, it

gives equal weight to all data points (some of which were measured in transitional flows).

Second, the variation in % mentioned earlier tends to exaggerate the scatter in the data.

(See tables 1 and 2.) It is not possible to establish the variation of c with r by com-

paring values of a taken in different apparatuses at different velocity ratios unless the

corresponding values of ao are known and in many experiments % was not measured.

If the variation in _ is to be determined separately from each set of experiments, then

it is suggested that c be measured for at least four different values of r. Of the six

sets of data which satisfy this requirement, one (ref. 31) must be discarded because of low
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Reynolds numbereffects. Of the remaining five sets of data (fig. 4), three include deter-
minations of ao, but in only one case (ref. 34)* is the numerical value of _o given; in
the other two cases, the data are given in nondimensionalform (ref. 27, pp. 36-42). This

leaves two sets of data for which no values of _o are given. For thesedata a value of
_o was chosenwhich best collapsed the data. A value of _o = 11 was used to normal-

ize Sabin's data, which is the value originally used in references 25 and 26, while ao = 9.3

was found to be best for the data published by Miles and Shih, compared with ao = 12

which they used in reference 28. This last set of data was also modified slightly. As

originally reported (ref. 35), mean velocity profiles were taken at five x stations for

each value of r. The spreading parameter _ was then computed for each velocity pro-

file, and the resulting five values of _ were averaged. The value of x used in the cal-

culations was the actual distance from the end of the splitter plate rather than the distance

from the virtual origin of mixing. This led to some error in the calculated values of

which increased with velocity ratio r and with initial boundary-layer thickness but

decreased with increasing x. Since two sets of data were given for different initial

boundary-layer thicknesses, it was possible to partially compensate for these errors

without repeating the calculations. First, the values of a computed for the two sta-

tions closest to the origin were dropped, and a new average was calculated. Then, a

linear extrapolation through these two sets of data was used to estimate the values of

which would correspond to a flow with zero initial boundary-layer thickness. This

resulted in no change in _ for velocity ratios less than 0.3, but the correction increased

for higher velocity ratios, resulting in a maximum increase in _ of about 20 percent

for a velocity ratio of 0.83. The resulting data were then normalized by using a value

of _o = 9.3. It is not clear why these data required a lower value of (_o to bring them

into correspondence with the data from the other experiments, but it seems possible that

the boundary layers may have been turbulent before separation. The agreement between

these data and those reported in reference 29 seems to support this conclusion, since the

boundary layers in the latter experiment were turbulent.

As can be seen in figure 4, the data from the five experiments, normalized as

described previously, are all in good agreement with the prediction of equation (7). Note

that the data points corresponding to the highest velocity ratio for each of the two experi-

ments reported in reference 27 (pp. 36-42) have been omitted from figure 4. These data

points deviate significantly from the rest of the data and obviously do not correspond to

the mixing rates in fully developed shear layers. This deviation is discussed in refer-

ence 27 (pp. 36-42) and is attributed to the increased influence of free-stream turbulence

on mixing rate at high velocity ratios.

The authors would like to thank B. G. Jones for pointing out that the
reference 34 was a measured value.
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It is perhapsworth emphasizing at this point that while the data in figure 4 seem
to confirm the predictions of GSrtler's simple theory, the result is, for many practical
problems, rather academic. GSrtler's theory is only valid for regions of the flow which
are sufficiently far downstreamthat the effects of initial conditions can be ignored and
the flow hasbecomeself-similar. This distance increases quickly with velocity ratio,
and much of the available experimental data and manypractical problems do not satisfy
these criteria. For such flows the mixing rates will be affected by the initial conditions
and may differ significantly from the prediction of equation(7).

StephenJ. Kline of Stanford University recently suggesteda newmethodof plotting

the data shownin figure 4. If ao/g is plotted against _, the result is a straight line

passing through the origin and the point (1,1). This method of plotting the data seems to

offer some advantages over other methods: It simplifies the selection of a _o to opti-

mize the fit between theory and experiment, and it may also be very useful for studying

flows in which the velocity ratio r is varying. The data plotted in this form are shown

in figure 5.

VARIATION OF cr WITH MACH NUMBER

Figure 6 shows experimental values of (r for zero-velocity-ratio shear layers as

a function of Mach number. This includes a determination of (r at a Mach number of 5

recently obtained at the NASA Langley Research Center (LaRC). The total temperature

in each of these flows was approximately constant. Again some selection was involved in

the presentation of these data in that not all the available data listed in table 3 (refs. 16,

36 to 44) are shown in figure 6. To present all the available results would lead to a scat-

ter of data, matched only by the attempts to correlate them (refs. 27 (pp. 293-302), 45 to

53), and would tend to mask any real experimental trend which may be indicated. It seems

reasonable to discount Johannesen's early results (ref. 39) since the author himself sug-

gested that the mixing rate was affected by shock waves in the nozzle, and he later

repeated the experiment with a new nozzle (ref. 40). The discrepancy between Cary's

data (ref. 38) and those obtained by other workers over the same Mach number range is

not as easy to explain. It is pointed out in reference 16 that the data, which were obtained

by using an interferometer, would have limited accuracy especially for the lower Mach

number flows. Although this is true, the discrepancy appears to be larger than can be

explained as a simple experimental error and probably indicates some difference in the

actual flows. While the present authors can offer no clear explanation for the difference,

it does seem that the preponderance of data, which indicate lower values of g for this

Mach number range, is more representative of the mixing in a developed shear layer.

Therefore, to illustrate the general experimental trend more clcar!y_ Cary's data have

been omitted from figure 6.
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The remaining dataseem to follow two more or less distinct curves. For clarity,
these two sets of data havebeenmarked by openand solid symbols in the supersonic
region. Oneset of data, marked by opensymbols, indicates a sharp increase in _ with
Mach number as the flow becomessupersonic with a tendencyto level out again for hyper-
sonic velocities. The secondset of data, marked by solid symbols, showslittle or no
variation with Mach number. At a Machnumber of 5 the two sets of data differ by about
a factor of 3, and this difference appears to be increasing with further increases in Mach
number. The only obvious significant difference betweenthese two sets of data is in the
Reynolds number, the data marked by solid symbols generally having a lower value of
Rx. Note that the Reynoldsnumber for the Mach4 and the Mach8 data (ref. 41) is con-
siderably lower than the Rx of at least 4 x 106required to achieve fully developedmean
profiles for the Langley Mach 5 shear layer. The data from reference 44 refer specifi-
cally to the developing region of a shear layer and extendonly about 10 to 15 initial
boundary-layer thicknesses downstreamfrom the separation point. There is no reason
to believe that the mixing rates calculated for these flows will equal the mixing rates in
developedturbulent flows. It is therefore suggestedthat on the basis of the data availa-
ble at present, the faired line shownin figure 6 best represents the variation of _ with
Mach numberfor developedshear layers. However, becauseof the limited dataavail-
able at present andbecauseeffects of initial conditions are still poorly understood, some
uncertainty must exist as to the absolute accuracy of thesedata, and further high Reynolds
number data for supersonic andhypersonic shear layers are very desirable.

Interest in the effects of Reynoldsnumber on the turbulence levels in supersonic
and hypersonic free shear flows hasbeenheightenedby a recent paper by Finson (ref. 54).
In this paper Finson draws attention to the significant differences betweenthe turbulence
levels in high and low Reynoldsnumber hypersonic wakes. While the flow in a hypersonic
wake is considerably more complex than the mixing in a simple shear layer, the Reynolds
number effects described in reference 54seemto be at least qualitatively similar to those
discussed previously in this paper.

VARIATIONOF _ WITH DENSITYRATIO

Althougha numberof correlations of the variation of _ with Mach number have
been proposed,the authors know of no publishededdy viscosity model, applicable to a
wide rangeof free turbulent flows, which includes a specific Machnumber effect. Most
models assumethat the changein _ is dueto the associated changein density ratio
across the shear layer andthat for a given velocity and density distribution, the mixing
rate is independentof whether the density distribution is dueto changesin temperature,
composition, or Machnumber. This conclusion has recently beenchallenged by Brown
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and Roshko(ref. 32), who claim that density differences in subsonic flows have relatively

small effect on the turbulent mixing rate.

The spreading rate in a developed turbulent shear layer appears to be linear with

x for both homogeneous and heterogeneous flows at all velocity ratios, and conditions on

both sides of the mixing layer do not change with distance downstream. This would seem

to make the shear layer an ideal flow in which to study the effects of density ratio on the

turbulent mixing rate. Although this is probably true, the design of a suitable apparatus

poses a number of serious problems. It is no coincidence that most of the detailed stu-

dies of the mixing in homogeneous shear layers employed rather large apparatuses

(refs. 8, 9, and 14). This may have been due in part to a desire to generate a shear

layer which was large enough to allow detailed measurements t_o_be made, but more

important, it was necessary to employ a large apparatus or a high unit Reynolds number

(ref. 6) to insure that the flow would be developed. To achieve suitably high Reynolds

numbers in a heterogeneous experiment can be quite difficult. The experimenter finds

that in selecting a suitable gas combination which will give the required large density dif-

ference, he often must season his selection with considerations of expense and danger.

As a result of these difficulties there are little data available for the mixing in heteroge-

neous shear layers, and in none of these experiments is the flow clearly developed.

Of the four available experimental studies, three list values of a (table 4). Values

of a are not available for the fourth (ref. 55), but the variation in spreading rate with

density ratio m is given. These experiments cover approximately the same density

ratio and Reynolds number range as those described in reference 32. Although there

are insufficient data at any one velocity ratio for a meaningful plot of the variation of

a with m, it is obvious that there is considerable disagreement between the four sets

of experimental results. There is good agreement between the measured values of

in references 18 and 33 for a density ratio of 4.0 and a velocity ratio of about 0.25, but

the results differ by nearly a factor of 2 at a velocity ratio of approximately 0.5. At a

velocity ratio of 0.377 Brown and Roshko found that a varied by only about 60 percent

when the density ratio was changed by a factor of 49; Abramovich et al. found that the

spreading rate changed by nearly a factor of 4 over the same range of density ratios. In

all these experiments R x was less than that generally required to give developed flow

in a homogeneous shear layer. It is difficult to draw any definite conclusion from these

results except that most of the data are probably influenced by low Reynolds number

effects. A comparison of the measured values of a in the homogeneous mixing exper-

iments from references 18, 30, and 33 with those from references 8 and 25, tends to

_ort this conclusion. (See fig. 3.)

The turbulent mixing in heterogeneous shear flows has been studied for more than

and it is surprising and disappointing to find that one of the most fundamental
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questionsstill remains unanswered: Does density ratio have any significant effect on the
mixing rate ? This question is important and must be answeredbefore we can claim any
real understandingof the turbulent mixing in supersonic or variable-density free shear
flows.

Although the absolutevalues of _ from these heterogeneousmixing experiments
are of questionablevalue for determining the effect of density ratio on mixing rate, the
reported variation of _ with velocity ratio is still of some interest. This is due to the
widely different predictions of available eddy viscosity models. Thesedata plotted as a
function of velocity ratio r are shownin figure 7. Except for the experiments from
reference 55, where the spreading rates at r = 0 are given, the data have been normal-

ized by using a value of ao, which fits the points corresponding to the lowest velocity
%

ratios to the curve _- = _. Note that in spite of the expected scatter most of the data

fall close to the curve. This suggests that the variation of Cro/Cr with r is not strongly

dependent on the density ratio across the shear layer. In contrast to this, many eddy vis-

cosity models show a strong dependence on density ratio. For example, a simple mass

flow difference model of the form

{
= kb{(pu)I - (_u)2

predicts a variation given by

(14)

go {1-mr I
"6-= { l+r { (15)

Equation (15) is plotted in figure 8, and it can be seen that it predicts a strong dependence

on m. For values of m > 5.0 and r > 0.2, _o/Cr increased with r, and in some

cases, values of go//g were nearly an order of magnitude greater than those found

experimentally. It should also be noted that equation (14), unlike Prandtl's constant

exchange hypothesis, is not invariant with respect to a Galilean transformation.

CONCLUSIONS

One of the most important conclusions of this study must be that many, if not most,

of the apparent inconsistencies which exist in the interpretation of the experimental data

for free shear layers result from confusing data taken in developed turbulent flows with

those taken in transitional or developing flows. Only a small fraction of the flows studied

thus far appear to be developed, and many workers are apparently unaware that the effects

of the initial conditions can persist far downstream. The present authors are not sug-

gesting that experimental studies of developing flows are unimportant. On the contrary
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many flows of practical importance are not developed,and one of the major advantagesof
the better turbulence models is their potential ability to predict such flows. However, as
the authors have attempted to showin this review, experimental studies in developing
flows can lead to erroneous conclusions if the mixing rates in the corresponding devel-
opedflows are not known.

The conclusions of this study as they relate to the first three conferencetest cases
are as follows:

1. The variation of _o/a with r in a developed subsonic homogeneous shear

layer is best represented by

(_o=1- r
l+r

u 2

where r = u-_' _ is the spreading parameter, % is the spreading parameter at

u 2 = 0, and u 1 and u 2 are velocities on high- and low-velocity side of shear layer,

respectively. Although some of the data do not support this relation, the discrepancies

appear to be satisfactorily explained as low Reynolds number effects or the effects of

initial conditions.

2. The effects of Mach number are more uncertain primarily because of limited

data and the absence of any turbulence measurements for supersonic shear layers. On

the basis of the data available at present, the faired line shown in figure 6 seems to best

represent the variation of the spreading parameter with Mach number for a developed

supersonic shear layer.

3. The data available for heterogeneous shear layers are not sufficient to clearly

establish the effect of density ratio on mixing rate. Although there is little experimental

evidence to suggest that variations in the density ratio across a shear layer will greatly

change its mixing rate, it appears to the present authors to be more appropriate at this

time to emphasize the need for better data at high Reynolds number than to speculate on

the absolute accuracy of the available data.
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TABLE 2.- EXPERIMENTAL VALUES OF a FOR VARIOUS VALUES OF u2/u I IN SUBSONIC SHEAR LAYERS

30
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27 (pp. 36-42)

27 (pp. 36-42)
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8 × 104
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DISCUSSION

S. J. Kline: I merely want to comment in respect to Sabin's theory that the curve of

_o/_ versus velocity ratio was not fitted. Itwas derived before there were any data,

and he derived it in a different way than you suggested - he derived iton the basis of

the assumption that the transverse velocity component is a function of velocity ratio

only. Itdoes not require anything but that, and the answer pops out and then the data

were subsequently plotted on, so the theory was never fitted to the data.

S. F. Birch: No, the point I was trying to make was that in his paper he was somewhat

modest on this point. He characterized itas a plausible functional relation between the

two quantities. I believe this has been confusing to a number of people, in the sense that

he did not emphasize the fact that this was derived directly from Prandtl's constant

exchange hypothesis. It does follow directly. One method has been indicated by

Professor Kline, and there is a second way of doing it, described in my paper. We

have also checked the result numerically.

M. V. Morkovin: What flows do you feel are good touchstones for the theories that we

are going to hear, and will the audience know "what flow is what number" when they are

discussed ?

S. F. Birch: Everyone was sent a list of the test cases with the letter of invitation. Is

this what you are referring to ?

M. V. Morkovin: Everyone in the audience or just the predictors ?

S. F. Birch: No, everyone who received an invitation got a list of the test cases. If they

have not brought them with them, we can supply some extra copies.

M. V. Morkovin: The question was also which are good touchstones ?

S. F. Birch: Well, we believe that the shear layers (or near field region of jets) are

more sensitive than some of the coaxial downstream mixing regions to such things as

density ratio and Mach number ratio. This was the reason they were included in the

flow test cases. To a certain extent itwill be up to the committees, in general, to

decide whether or not this is correct.

A. Roshko: I have a comment on a remark made toward the end of your talk. I am not

sure I understood you correctly - did you say, or imply, that you would want Galilean

invariance for an eddy-viscosity model?

S. F. Birch: I think it is possible to model some flows with a model which is not invari-

ant. However, if it is not invariant, you do restrict yourself in its application or range

of application.

A. Roshko: But, ifyou require Galilean invariance, then you are immediately requiring

that the effect of p2/Pl be the same as that of pl/P2.
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S. F. Birch: The ratio pl/p 2 is not changed by Galilean transformation.

A. Roshko: Well, that is what I mean. For example, let us say you have the low density

on the high-speed side, that will have one effect on the spreading rate, but if you require

that the model be Galilean invariant, then you could reverse the velocities without revers-

ing the densities. Then you ought to expect the same spreading rate on the requirement

that it be Galilean invariant. I do not think that for the steady flows you can require them

to be Galilean invariant, or equivalent to a nonsteady flow, say an infinite sheet spreading

simply in a transverse direction.

S. F. Birch: I am not sure that I really follow your remarks. It seems to me that the

shear stress must be invariant with respect to Galilean transformation in the full equa-

tions. Perhaps, I do not understand your point.

A. Roshko: Possibly we could take it up separately.

S. F. Birch: Yes, certainly.

I. E. Alber: I do not know if you have considered the parameter which describes the

effect of the initial turbulent boundary layer or whether you have reached a similarity

state or not, but some earlier calculations show that you have to go a distance of at least

about 100 initial momentum thicknesses before you have essentially washed out the char-

acter of the initial boundary layer, at least in terms of its scale and this increase signifi-

cantly with Mach number as well, so that, in fact, many of these cases at higher Mach

numbers may not really be similar.

S. F. Birch: Yes, this is a point which perhaps I did not emphasize enough in my talk.

In the experiments which were run here at Langley at Mach 5, we found that the Reynolds

number required to get what looked like fully developed flow was 5 to 10 times higher than

would have been required for a subsonic flow. Therefore, apparently this distance does

increase with Mach number. I am not absolutely certain that our Reynolds numbers were

high enough, in spite of the fact that we did get good similarity behavior for the mean pro-

files. The data reported here were for the highest Reynolds number test run so far, so

presumably it best represents the fully developed spreading rate.

The following comments were submitted in writing before the conference and are included

here because of their relevance to the discussion:

P. Bradshaw: It seems just possible that Brown and Roshko's 1 "two-dimensional large

eddies" are the same as the posttransitional disturbances that delayed the onset of self-

preservation in my experiments. 2 However, I am not confident about the use of my sim-

1 Brown, Garry; and Roshko, Anatol: The Effect of Density Difference on the Turbulent
Mixing Layer. Turbulent Shear Flows, AGARD-CP-93, Jan. 1972, pp. 23-1 - 23-12.

2
Bradshaw, P.: _,,_ ...._L of Irdtial Cu._,.t_un_ on the Development of a Free Shear

Layer. J. Fluid Mech., vol. 26, pt. 2, Oct. 1966, pp. 225-236.
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(x )ple Reynolds number criterion for self-preservation u 1 _ > 7 × 10 5 at exit boundary-

layer Reynolds numbers very different from the range I used. Certainly my results

indicated a Reynolds number criterion rather than an x/0 o criterion but it is not

obvious physically why the viscosity should matter to the posttransitional decay. As

usual we need more data. It would be very helpful to have measurements of velocity

or density fluctuations in Brown and Roshko's rig to see if rms values (p' or u') are

self-preserving.

I don't think the uncertainties about self-preservation are strong enough to invali-

date the conclusion that density ratio has little effect on spreading rate. We can take

Brown and Roshko's order-of-magnitude arguments a little further and examine the Mach

number fluctuation, which Morkovin's hypothesis requires to be small. For simplicity

look at Mr = _h-VI. in a mixing layer at M = 1 (about the Mach number at which the
a

spreading rate starts to change significantly) we have M%max = 0.1. In a boundary

layer at M 1 = 4 with cf = 0.001, we again have M%max = M 1 = 0.1. Therefore,

if the Morkovin limit is roughly M 1 = 4 in a boundary layer, it is plausible that it

should be only M 1 = 1 in a jet. Of course, the insensitivity to density ratio implies

that Morkovin's hypothesis breaks down because of the effect of pressure fluctuations

on the turbulence (if rmspcc0u--v, rms P-'-_'-ccTM_-2)"pabs This deserves further thought,

but will cheer the people who are interested in large density ratios at low speeds.

4O


