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T X/Re=10 RUN 4 ejected gas) is assumed to coincide with the U profile (a. = U/
UL). Then, simple calculations lead to
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Fig. 3 Transverse profiles; temperature.
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corresponds to 6 = 00=29.S°. This is because of the gradient
of static temperature in the exit section of the nozzle, when en-
tering the boundary layer. As the model does not describe the
viscous layer, the comparison with the experimental profile
must be restricted to the region between the axis and the in-
ternal shock. The measured profile exhibits the same overall
features as the predicted one. A sudden change in the slope is
observed at the predicted value of 60, a finding which con-
firms the validity of the determination of 60 from Eq. (3), But
both profiles really do not coincide. The fact that the
measured Tr profile coincides with the Tr profile deduced
from the p profile, using the isentropic relation, suggests that
the discrepancy is mainly because of the inadequacy of the
semiempirical/(0) at such abscissa, and possibly because of
the experimental error.

Jet Boundary

Under our experimental conditions, the gas was so rarefied
that the flows could be classified in the transition regime. Dif-
fusion phenomena forbid speaking of a well-defined jet boun-
dary. Draper and Sutton7 consider that the theoretical boun-
dary obtained from a continuum theory then can be in-
terpreted as the line of equal concentration of the external and
the ejected gas, provided that both gases had approximately
equal molecular weights. We have plotted in Fig. 4 the lines of
equal density deduced from the exploration of the flowfield of
run 8, and we developed a very simple calculation for deter-
mining the position of the line of equal concentration, based
on the following assumption.

Near the boundary, a region exists where the external air
diffuses into the ejected nitrogen. We consider this region as a
boundary layer with a uniform pressure Px, a velocity profile
£/, and a temperature profile T, related to the U profile by
means of the modified Crocco relationship,

U/UL - Tf(U/UL) 2 (5)

where the recovery temperature Tf may be approximated by
the local total temperature Tt in the jet at the boundary of the
viscous layer. Furthermore, the a profile (concentration of

PN2

Po

a + 0.79(I-a)
(6)

For run 8, the stagnation temperature T0 is equal to 7^, so
that Tf is approximately equal to T0 all along the boundary.
The line of equal concentration a = Vi coincides with the line
of constant density

= L19P00T0/(P0T00)=L16 10 (7)

Figure 4 shows that the calculated boundary nearly coin-
cides with the line of equal density pN2/p0 = \Q~4. Con-
sidering the approximations made in the present calculation, a
better agreement was not expected. Nevertheless, it seems that
the interpretation by Draper and Sutton for the calculated
boundary in the transition regime is confirmed to the present
experiment.
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Hot-Wire and Vorticity Meter
Wake Vortex Surveys

A.D. Zalay*
Lockheed Missiles & Space Company, Inc.,

Huntsville, Ala.

RECENTLTY, as part of a systematic study on
wake vortices, surveys have been conducted using both a

hot-wire anemometer and a paddle-wheel-type vorticity
meter.l As anticipated, the hot-wire and vortex meters gave
similar results for concentrated trailing vortices. When the
vortex wake was "aged" by turbulent injection, however, the
vorticity meter significantly underestimated the strength of
the vortex field. Comparisons of the vorticity meter and hot-
wire wake vortex surveys, summarized briefly in the following
Note, indicate that vorticity meters behave in a nonlinear
fashion in weak vortex fields.

Measurements have been conducted of the trailing vortex
formed 6.5 chord lengths downstream of a 21-in. chord, rec-
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tangular, AR = 5.6 airfoil with an NACA 0012 profile,
operating at £/«, = 150 fps, Re= 1.6x 106, CL =0.57, and CD
= 0.045. The tangential and axial velocity profile of the
trailing vortex is shown in Fig. 1 as measured by a three-
component hot-wire system traversed rapidly (-20 ips) across
the vortex, with and without axial injection. Note that the in-
jection of a turbulent jet from a 0.5-in.-diam. sonic nozzle, m
= 0.12 Ib/sec, into the center of the vortex spreads the viscous
core but leaves the outer potential flow essentially unchanged.
This trend agrees with previous measurements conducted by
other investigators.2'3 Additional information on the mean
and turbulent velocity characteristics of the vortex and the
hot-wire instrumentation systems and calibration is available
inRef. 1.

The wake vortex surveys presented in Fig. 1 have been
repeated, using a vorticity meter. As described in Ref. 4, the
vorticity meter consists of a paddle-wheel sensor mounted on
a rotating shaft and fitted with a jeweled bearing. Calibration
of the vorticity meter is accomplished by attaching a
"calibration collar," fixed-vane-type swirl generator, to the
device. The efficiency of the vorticity meter is established as a
function of different axial velocities according to the relation,
H = l /[l+(k / V x ) ] , where 77 is the ratio of the rotational
velocity of the vanes to that of the fluid, Vx is the axial
velocity at the probe location, and k is a calibration constant
taken to be equal to 27.8. For the present test sequence, the ef-
ficiency factor of the vorticity meter ranged from rj =0.85 to
0.90 and included a minor correction resulting from the axial
component of the turbulent jet at the probe location.

The survey of the trailing vortex by the vorticity meter is
presented in Fig. 2. Note the relatively low level of scatter and
apparent axial symmetry of the trailing vortex which has been
noted also in the hot-wire measurements. To compare the hot-
wire and vorticity meter surveys shown in Figs. 1 and 2, the
measurements have been integrated to yield the circulation of
the trailing vortex presented in Fig. 3. From the results shown
in Fig. 3, it is seen that the circulation measured by the hot-
wire and the vorticity meter are in close agreement, for the
concentrated trailing vortex. When the vortex core is spread
by the turbulent jet as characteristic of an "aged" vortex,
however, the vorticity meter indicates a significantly lower
circulation strength than the hotwire. Indeed, according to the
vorticity meter, turbulent injection reduces the total vortex
strength to one-third the nominal value, an interesting
development in the light of Kelvin's conservation of vorticity
theorem.
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Fig. 1 Tangential and axial velocity profile of trailing vortex
measured by a three-component hot-wire anemometer system.

Comparing the hot-wire and vorticity meter surveys for the
"aged" vortex, it can be seen that the vorticity meter shows a
constant circulation strength and zero vorticity for rl c>0.14.
The hot-wire shows, however, that there is a vorticity at ex-
tended radial distances, i.e., rl O-0.14; and, in fact, a slight
circulation overshoot exists in comparison to the unmodified
concentrated vortex. It would appear that the vorticity meter
is less sensitive than the hot-wire in weak vorticity fields.
There is no calibration available to account for this non-
linearity.

Since wake vortex surveys have been conducted by several
investigatiors under approximately the same test conditions
using hot wire, laser velocimeter, and yawhead pressure probe
measurements, it is useful to compare these and the present
results. A summary of wind-tunnel wake vortex measure-
ments is shown in Table 1, where the circulation parameters
Tc/v and rc/c are the dimensionless core circulation and core
radius of the trailing vortex, respectively. From the
measurements given in Table 1, a substantial increase in the
radius of the viscous vortex can be noted when a momentum
deficit or excess is introduced into the core region. In addition
to increasing the core radius, the wingtip mounted drag or
thrust producing devices also increase the core circulation of

Table 1 Comparison of trailing vortex measurements

Investigator
Corsigliaetal.7

Orlof f and Grant8

Marchman and
Uzel9

Present Tests1

Survey
Rotating hot
wire

Laser doppler
velocimeter

Pressure
probe

Hot-wire
traverse
Vorticity
meter
Hot-wire
traverse

Vorticity
meter

x/c
53.0

53.0

7.0

7.0

10.0

10.0

6.5

6.5

6.5

6.5

CL
0.65

0.65

0.80

0.80

0.67

0.67

0.57

0.57

0.57

0.57

AR RexlO~5

5.3

5.3

5.3

5.3

12.0

12.0

5.6 '

5.6

5.6

5.6

9.0

9.0

7.3

7.3

2.8

2.8

16.4

16.4

16.4

16.4

r c / ,xio-4

9.6

13.9

13.6

18.3

7.9

7.9

19.6

26.1

33.5

13.9

rc/c
0.05

0.21

0.09

0.09

0.09

0.38

0.03

0.05

0.12

0.08

Comment
Clean wing

Wing with tip
spoiler
Clean wing

Wing with tip
spoiler
Clean wing

Wing with tip
spoiler

Clean wing

Clean wing

Wing with
vortex injection

Wing with
vortex injection
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Survey Mode

O Normal to Chord Left Traverse

A Normal to Chord Right Traverse

D Parallel to Chord Outboard Traverse

O Parallel to Chord Inboard Traverse
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Fig. 2 Vorticity of trailing vortex measured by vorticity meter.
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Fig. 3 Comparison of vortex circulation strength calculated from
vorticity meter and hot-wire measurements.

the vortex as shown by the hotwire, laser velocimeter, and
pressure probe measurements. On the other hand, the vor-
ticity meter surveys indicate the opposite trend, a decrease in
the core circulation with vortex injection. Thus, the vorticity
meter measurements are not consistent with the hot-wire sur-
veys or with the trends obtained by other measurement
techniques.

Although vorticity meters have been used often to measure
vortex flows, no study has been done to compare the vorticity
meter with other flow measuring devices. Comparisons of the
vorticity meter and hot-wire system discussed in this note in-
dicate that the vorticity meter behaves in a nonlinear fashion
for weak vortex flows. This may explain the low vortex cir-
culations cited in Refs. 4-6 and avert future misun-
derstandings.
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Prediction of Turbulent Boundary
Layers at Low Reynolds Numbers
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Introduction

FINITE-DIFFERENCE calculation methods, using
eddy-viscosity or mixing length models, have become

reasonably well established as efficient and reliable tools for
predicting most features ot two-dimensional turbulent wall
boundary layers under a fairly wide range of conditions.
However, some uncertainty apparently still exists regarding
the nature of turbulent flow at low Reynolds numbers, and
the form of the turbulence model required to accurately
predict this flow using a finite-difference calculation
procedure.

Although numerous turbulent models which have been
proposed differ in detail, many share the use of damped
mixing length evaluation for the turbulent viscosity in the in-
ner region according to the form

dinner) =P^ ldW/dy I (1)

with £ being specified for at least part of the inner region as

Minner) — ' (2)

where K is the von Karman constant and D is a damping func-
tion which accounts for the effects of the kinematic viscosity
on the turbulence near the wall. To a large extent in the outer
region, the majority of the simple models employ either a
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