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gradients in order to check the validity of Eq. (13) for these
cases as well.
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Mass Transfer in a Binary Gas Jet
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Introduction

URBULENT gas jets have been investigated extensively
in the past because of their intrinsic importance to the
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study of supersonic and hypersonic flows, combustor perfor-
mance, geophysical flows, and variable-density mixing
phenomena. In most of the earlier investigations, mea-
surements were limited to the jet growth rate, centerline decay
behavior, and similarity scaling parameters.! With the advent
of hot-wire anemometry, hot-wire type concentration probes
were developed to measure the concentration field alone?3
and to measure the concentration and velocity fields
simultaneously.*® Later, these probes were used to study the
density field in a two-dimensional mixing layer of helium and
nitrogen® and to measure velocity and helium volume concen-
tration simultaneously in a helium/air mixture.® The latter
study was able to demonstrate that some of the turbulent mass
flux terms normally neglected in the jet equations were not
small compared to those mass flux terms that were retained in
the equations. Since detailed measurements of the mixing pro-
cess were not made, the behavior of mass transfer in a
variable-density flow was not studied.

Alternatives to hot wires are optical techniques. Batt® pro-
posed the use of a fiber-optic probe to measure species concen-
tration whereas Raman and Rayleigh scattering techniques
were developed by Birch et al.” and Pitts and Kashiwagi.?
These techniques were far better than the hot-wire probe*
because the concentration measurements were independent of
velocity, and they can be integrated easily with laser Doppler
anemometry (LDA) to measure concentration simultaneously
with velocity. Even though LDA/Raman and LDA/Rayleigh
techniques have not been used to study binary mixing, the two
techniques have been applied to examine premixed®!® and
nonpremixed!! flames. These studies led to an understanding
of mass transfer in flames and showed that, because of heat-
release effects, the gradient diffusion assumption that was
commonly made to model turbulent axial mass flux was not
valid.!! In spite of these advances, mass transfer in isother-
mal, binary mixing is still little understood.

Since the hot-wire type concentration probe? measures
species concentration independent of upstream velocity, it can
be used with LDA to measure velocity and concentration
simultaneously. Zhu et al.'? took advantage of this fact and
developed a laser/hot-wire technique to do just that. As a
result, a simple technique is now available for the study of
mass transfer in binary gas jets. This Note presents the results
of an attempt to use the laser/hot-wire technique'? to measure
velocity and concentration simultaneously in the developing
region of a free binary gas jet.

Experimental Setup

The jet test rig consisted of a cylindrical plenum fitted with
a well-contoured convergent nozzle at one end of the cylinder.
The cylindrical plenum was 304.8 mm in depth and 132.4 mm
in diameter, while the jet nozzle diameter (D) was 9.5 mm. A
honeycomb section of 127 mm in length installed just ahead of
the convergent nozzle was used to straighten the flow and to
destroy the large eddies inside the plenum. Premixed
helium/air mixture with 50% of helium by volume was de-
livered to the plenum from compressed gas bottles. A DISA
Model 55L18 seeding generator capable of generating liquid
droplets (50% water and 50% glycerine), centered around 1
pm in size, was connected to the plenum. Since the liquid
droplets were carried into the plenum by an air stream, the
resultant helium/air mixture delivered to the jet had a helium
volume concentration of <50% depending on the droplet
concentration required for accurate LDA measurements of the
jet velocity field. Once the right droplet concentration was
determined, the supply pressures of the seeding generator air
stream and the helium/air mixture were fixed and maintained
constant for the whole experiment. Consequently, a fairly
constant jet plenum condition was obtained, and the jet veloc-
ity and helium volume concentration were quite uniform at the
jet nozzle exit. The whole facility was arranged vertically so



AUGUST 1989

that a free round jet in the vertical direction was established.
This was necessary in order to eliminate buoyancy effects
across the jet.

The laser/hot-wire measurement technique of Zhu et al.!2
was used to measure the jet flow. Details of the technique and
the various instruments used are given in Ref. 12. The LDA
and the concentration probe were mounted on a two-
dimensional manual traversing mechanism. Traverse in the
radial or r direction was accurate to 0.2 mm whereas in the ax-
ial or x direction was accurate to 0.5 mm. However, the spatial
resolution of the setup was determined by the LDA sampling
volume that has dimensions of about 1 mm length and 0.06
mm width, and the location of the concentration
probe, which was set up at about 0.5 mm behind the sampling
volume. Once the probe was properly installed, the whole
setup was fixed and the traverses were controlled by the two-
dimensional traversing mechanism. The LDA system was first
set up to measure i, the instantaneous axial velocity. This,
together with the concentration probe, gave simultaneous
measurements of # and ¢, the instantaneous helium volume
concentration. Then, the optics in the LDA system were
rotated by 7/2 to facilitate the measurements of 7, the instan-
taneous radial velocity. Since § and p are related to ¢, the
signals were analyzed to give the statistics of &, o, ¢, 6, 5,
o717, and p’v’, where @ and p are the instantaneous mixture
mass fraction and density, respectively, and the prime quan-
tities represent the fluctuating components. The sampling rate
was always chosen to be much less (roughly an order of
magnitude) than the particle arrival rate in order to avoid bias
in the velocity measurements.!*> Consequently, the velocity
data were sampled at fairly low rates and spectral calculations
were not attempted.

Discussion of Results

As the jet grows, the cross-sectional area increases and the
seeding concentration decreases. Therefore, the LDA signal
will become weaker as the traverse moves downstream and
towards the edge of the jet. Consequently, simultaneous
measurements of @, 0, and ¢ were carried out only at the
following locations: x/D=0.46, 3.80, 5.13, 6.46, and 9.13.
The jet Reynolds number was determined to be 4300, and the
jet-to-ambient fluid density ratio was 0.64.
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Results of the measurements at x/D =0.46 are presented in
Fig. 1. The mean axial velocity and mixture fraction, U and 0,
are indeed uniform over 90% of the jet nozzle diameter, and
the jet boundary does not show any appreciable growth at this
point. This shows that the flow at the jet exit is axisymmetric
and very uniform and the turbulence level is low, approx-
imately 1% for i and § and 2% for 0. However, the turbulent
mass fluxes across the jet are not uniform. The flux —p’v’ is
positive all across the jet, while the flux —p’u’ is negative.
Scatter in —p’u’ and —p’v’ is large because of the large
measuring volume. Even then, a clear trend is evident in the
measurements of —p’v’ and p’u’ The flux —p v’ increases
as the jet edge is approached, while the flux —p’u’ decreases
away from the jet centerline. Since 6, and hence p (the mean
mixture density), is constant across the jet, the gradient diffu-
sion relation

—p v =DT (1)

is not valid in the region immediately downstream of the jet
exit, where Dy is the turbulent diffusivity. It is not possible to
comment on the relation

-7 ap
ax

—p’'u'=Dr 0]

because dp/dx at this location is not known. The results sug-
gest that dp/dx is zero at the centerline but becomes negative
as r increases.

In order to assess the gradient diffusion relations, Eqgs. (1)
and (2), in the developing region of the jet, the mean density
gradients dp/dr and dp/dx also were calculated from the
measured data. These are plotted with p’#’ and p’v’ in Figs.
2 and 3. If Eqgs. (1) and (2) are valid, p' v’ and dp/dr are of op-
posite sign and so are p’u’ and dp/dx. The results shown in
Fig. 2 validate the gradient diffusion relation, Eq. (2), for
p'u’ at x/D=6.46. For smaller x/D, Eq. (2) is not valid over a
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Fig. 1 Properties of jet at x/D=0.46.
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substantial part of the jet, except near the jet core where p’u’
and 3p/dx are of opposite sign. On the other hand, the gra-
dient diffusion relation, Eq. (1), is valid for p’ v’ downstream
of x/D=5.13. At x/D=3.8, Eq. (1) is not valid inside the jet
potential core but is true over the rest of the jet region. This
behavior is opposite to that of p’u’ and points to the diffi-
culty of modeling the near field of a binary gas jet through the
gradient diffusion assumption. These results show that the jet
adjusts slowly to a gradient transport process. From the
measured p’v’ and p’u’, it is obvious that D is not constant
across the jet. This finding is consistent with the theoretical
result of So and Liu.!*

Both p’u’ and p’v’ are two orders of magnitude larger
than their corresponding values at x/D =0.46 and show their
rapid increase in the jet near field. The mass flux profiles show
one peak in the mixing region of the jet. As the jet develops,
the peak value decreases, rather drastically for p’ v’ but not as
drastic for p’u’. The eventual peak value reached by p’u’ and
p’v’ is about the same. In general, p’u’ and p'v’ are about
equal across the jet and so are their variations with r and x.
This means that the axial gradients of p'u’ and p’ v’ are about
equal and so are their respective radial gradients.

If the jet Reynolds number is very high, viscous effects can
be neglected, then the Reynolds equations for isothermal,
binary gas jets can be simplified to those given by So and
Liu.!* The simplified equations may be true for the jet far
field.!* However, the validity of the simplified equations for
the jet near field has not been sufficiently demonstrated. The
present results show that, in the jet near field, the terms
p'v'U,p’'u’V, p’v’'V, and p’u’U are not small compared to
pu’v’. Consequently, the resultant jet equations are different
from those given by So and Liu!* because diffusion in the x
direction is also significant in the jet near field. Therefore, the
present results cast doubt on the suitability of the conventional
jet eqautions for the jet near field because neglecting the tur-
bulent mass flux terms in the jet near field may not be
justified.
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Fig. 2 Distributions of p’u’ and dp/dx across the jet.
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Fig. 3 Distributions of p’v’ and dp/dr across the jet.
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Unsteady Transition Location

Kenneth F. Stetson*
Air Force Wright Aeronautical Laboratories,
Wright-Patterson Air Force Base, Ohio

Nomenclature

h =local heat transfer coefficient (recovery tem-
perature of 0.9 T, assumed, Btu/ft2-s °R)

k =roughness height, cm (in.)

2 = pressure, k Pa (Ib/in.?)

R =radius, cm (in.)

Re =Reynolds number

RexT =transition Reynolds number based upon con-

ditions at the edge of the boundary layer and
the surface distance from the stagnation point
to the location of transition

Reg = Reynolds number based upon conditions at
the edge of the boundary layer and the lami-
nar boundary-layer momentum thickness

t =time, §

T =temperature, "K(°R)

X =surface distance, cm (in.)

(€] =laminar boundary-layer momentum thickness,
cm (in.)

Subscripts

ad = adiabatic

B =base

e =edge of boundary layer

N =nose

w =wall

oo = freestream
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Introduction

HE movement of boundary-layer transition on a wind

tunnel model, while the freestream conditions remain
constant, is an old topic, yet one that is not well under-
stood. The stability theory of Lees' indicated that wall cooling
had a stabilizing effect on a laminar boundary layer at super-
sonic Mach numbers. Van Driest> made calculations that in-
dicated after a certain cooling temperature ratio was exceeded,
the boundary layer remained laminar for any Reynolds
number. Subsequently, wind tunnel experiments were per-
formed to check the validity of these theoretical predictions.
The early wind tunnel investigations of the effect of wall cool-
ing on boundary-layer transition found, as predicted by
theory, that decreasing the model surface temperature in-
creased the transition Reynolds number. However, when li-
quid nitrogen was used to obtain additional surface cooling,
an unexpected event occurred®: The stabilizing trend was
reversed and the transition Reynolds number decreased with
further reductions in surface temperature. There were two
branches of the Re,_ vs T,/ T,y curve: The upper branch fol-
lowed the trend ofT theory and suggested that the laminar
boundary layer would be completely stabilized for tempera-
ture ratios below about 0.5; the lower branch showed an
adverse effect of surface cooling that has never been explained
(called transition reversal). Transition reversal was observed
for several configurations, both with and without surface
roughness. Surface roughness was not believed to provide a
suitable answer for the observed results.

Muir and Trujillo* reported an unsteady transition location
on their blunt 8-deg half-angle cone tested at Mach 6. They
observed that for the 32% blunt nosetip (Ry/Rz=0.32), tran-
sition moved rearward with time, similar to the blunt configu-
rations of Ref. 3. It was noted that this phenomenon occurred
only with the large nosetip bluntness, and for the sharper con-
figurations, which were subjected to the same environment
and experienced similar increases in wall temperature, the
transition location remained unchanged with time.

During the course of a more recent wind tunnel investiga-
tion of the effects of nosetip bluntness on boundary-layer
transition, some transition movement with time results were
also obtained.>” These new results do not provide an explana-
tion for the transition-reversal phenomenon, but they do pro-
vide a better understanding of why transition can be unsteady
on some blunt configurations.

Results and Discussion

The experiments were conducted in the Flight Dynamics
Laboratory Mach 6 wind tunnel. This tunnel is a blow-down
facility operating at a reservoir temperature of 611 K (1100°R)
and a reservoir pressure range of 4827 to 14,480 k Pa (700 to
2100 psia), corresponding to a unit Reynolds number range of
31.8 x 10° t0 99.4 x 10°/m (9.7 x 10° to 30.3 x 10°/ft).
The test core of approximately 25.4 cm (10 in.) is produced by
a contoured axisymmetric nozzle with a physical exit diameter
of 31.2 ¢cm (12.3 in.). Additional details of the wind tunnel can
be found in Ref. 8. The test model was a thin-skin, 8-deg half-
angle cone containing two rays of thermocouples and had a
base diameter of 10.2 cm (4 in.). The location of boundary-
layer transition was obtained from heat-transfer measure-
ments. Heat-transfer rates were caluclated from the increase in
the wall temperature of the model, using standard thin-skin
data reduction techniques.

Transition experiments of Ref. 7 found low transition
Reynolds numbers associated with the initial portion of a cone
frustum; i.e., for several nose radii downstream from the
nosetip, in spite of the existence of a favorable pressure gradi-
ent (designated as early frustum transition). It was determined
that nosetip instabilities were responsible for these low transi-
tion Reynolds numbers and that the occurrence of transition
in this region could be related to some threshold value of
nosetip Reynolds number and nosetip roughness. This was the



