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ABSTRACT
An experimental investigation of the steady, laminar near-
wake flow field of a two-dimensional, adiabatic, circular cylinder
with surface mass transfer has been made at a free-stream Mach

number of 6. 0, and free-stream Reynolds numbers Re = 0.9 and

w, d
3. 0x10%.

A flush-mounted porous section was used to transfer argon,
nitrogen or helium into the near wake of the circular cylinder to
determine the flow field associated with the addition of a passive
scalar. Two cases were studied: mass transfer from the forward
stagnation region, and mass transfer from the base. The pressure
field was mapped by standard Pitot- and static-pressure measurements.
The mass-concentration field was monitored by a continuous sampling
mass-spectrometer system which utilized the output of a single mass
peak to determine the relative mass-concentration levels.

For mass addition from the base, a recirculating vortex re-
mains in the near-wake flow and the characteristic near-wake pressure
is the pressure at the stagnation point created by the interaction of the
reversed flow with the injected fluid. This pressure, and the entire
near ;Wake flow field, correlates with the ratio of the momentum flux -
of the injected fluid to the momentum flux in the cylinder boundary
layer upstream of separation, and not the mass flow of the injected
fluid as predicted by Chapman.

For mass addition from the base, the axial mass concentration
decays rapidly away from the base as a consequence of the counter -

current diffusion of mass into the oncoming recirculating flow. In
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addition; strong transverse mass-concentration gradients exist in the
region between the two stagnation points and a local maximum occurs
in the vicinity of the u = 0 locus for those cases in which ReSc > 0(1)
for the reversed flow.

With moderate mass addition from the forward stagnation re-
gion, the near-wake pressure field is unperturbed. In addition, be-
cause there is no source in the base region, the near-wake mass-
concentration field is nearly uniform in the region of reversed flow.
Bounding the uniform region, in the vicinity of the viscous shear lay-
ers, narrow diffusion layers govern the transport of mass into the
outer flow.

In the intermediate-wake region, immediately downstream of
the neck, the mass-concentration fields for both forward and base .
injection are explained by a single model which incorporates the influ-
ence both of the accelerating axial velocity and of an assumed Gaussian
distribution for the mass-concentration of argon. This model predicts
the axial decay of mass concentration in the intermediate wake, and
establishes the location of the virtual origin of the asymptotic far wake

in terms of the mass-concentration profile parameters at the neck.
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1. INTRODUCTION

In the past several years, considerable attention has been given
to problems associated with separated flows. Initially, the interest
was centered on the "base pressure problem;' however, more recently,
both the level of understanding and the sophistication involved in these
investigations has increased and the emphasis has shifted to a more
detailed description of the physical processes occurring in thesc highly
complex flows. With the advent of high performance re-entry vehicles,
a primary emphasis has centered on the near- and far-wake flows as
they relate to the wake discrimination problem. For wake discrimina-
tion, the production and quenching of observables in the wake are asso-
ciated with the diffusion of scalar quantities, e.g., mass, temperature,
within the near -wake flow, which generates the initial conditions for
the development of the far-wake flow field.

The primary emphasis at GALCIT over the past few years has
been on the fundamental physical processes associated with the wakes
behind elementary hypersonic, two-dimensional bodies, in particular
the structure of the flow over a circular cylinder (Figure (1) ), first

(1)

described theoretically by Reeves and Lees and later in more detail

(3)

by Grange, et. al. ,(2) and by Klineberg. These theoretical investi-

gations are based on the use of moment methods, and employ the mix-

(4)

ing theories outlined by Crocco and Lees' ' to describe the flow which
originates at the forward stagnation point and proceeds downstream
through the wake neck into the asymptotic far wake, discussed by

Kubota,(s) and by Gold.(é) These theoretical models include the effects

of heat transfer on the flow, but do not consider the effects of mass



addition.

(7) (8)

Experimentally, the work of McCarthy, and

(9)

Dewey
Behrens on the adiabatic cylinder without mass addition has provided
“detailed information on the near- and far-wake flow field behavior, and

on the stability of these flows. Mohlenhott,+?) (A1)

and later Kingsland,
experimentally investigated the problem of mass diffusion in the far
wake of a uniformly porous cylinder, using argon and helium tracers

to determine the distribution of the injected species in the equilibrium

(

far wake. In addition, Herzog 12) has investigated the near-wake flow
field with mass addition at the baée, using nitrogen as an injectant, for
a range of mass transfer extending beyond the value required to elimi-
nate the recirculating flow. Herzog's investigation demonstrated that
for mass transfer equivalent to 1.5-2. 0% of the free-stream frontal-
area mass flux, the mass entrainment requirements of the shear layers
are satisfied, and the recirculation zone vanishes. Elsewhere, the
problem of mass transfer in separated flows has been investigated by

(13) (14) and others.

Ginoux, Chapkis, et. al.,
Several questions remain, however, and this thesis will address
itself to two of the primary problems: (1) the behavior of the base
pressure with mass addition, and (2) the question of the distribution
in the near-wake flow of foreign species transferred to the flow from
the body surface.
1. Base Pressure
Perhaps the oldest question, and that which has led to much of

the current research in separated flows, is that of the base pressure,

or characteristic near-wake pressure. A theoretical development by
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Reeves and Lees(l) has established that, in the absence of mass addi-
tion, the base pressure for the circular cylinder is weakly dependent
on Reynolds number through the viscous-inviscid interaction. The
determination of the base pressure with mass addition becomes even
more complex, however, and no satisfactory theory is currently avail-
able. It is obvious, a priori, that mass addition into the near wake,
via the base stagnation region, will produce some perturbation of that
basic flow field ; however, it is not obvious what effects, if any, will
be produced by mass addition from the forward stagnation region. It
is anticipated that the effects of mass addition will be dependent on
both Reynolds number and the molecular weight of the injectant.

For mass addition from the base, two fundamentally different
mechanisms have been proposed to describe the influence of base mass
addition on the base pressure. These will be briefly summarized:

a. Korst, et. a1.(15) proposed that the base pressure is estab-
lished by an expansion of the gas from the free-stream direction to a
direction parallel to an assumed, straight ¥ = 0 streamline whichbounds
the recirculating flow, and that the change in base pressure with mass
addition can be calculated by considering the spread of the V = 0 stream-
line to accomodate the added mass.

b. The arguments advanced by Chapman,(lé)(l7) for a fully-
developed mixing-layer profile, establish the base pressure in terms
of the velocity u* on the stagnating streamline. When the mass entrain-
ment in the shear layer is partially satisfied by mass addition, u* is
less than 0. 587, fhe value for a fully-developed free shear layer, and

as a result, the less energetic compression supports a smallerpressure
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rise to reattachment, and the base pressure is increased. In the ab-
sence of definitive experiments, it has been generally believed that
this criterion 'is correct when modified to include the influence of a
finite initial boundary layer on the development of the non-similar
mixing profile.

The arguments by Korst, et. al., and by Chapman, both con-
clude that the base pressure, and hence the near-wake structure, de-
pend only on the properly normalized mass flux of the injected fluid.
These arguments seem to be supported by the experiments ofG'moux(l?’)
who examined the effects of mass addition on the separated flow over a
rearward facing step and concluded that, for the case of small momen-
tum in the injected fluid, the dominant parameter controlling the near-
wake pressure field is the mass of the injected fluid.

The present experiments will examine the effects of mass addi-
tion on the laminar near-wake flow in order to determine the physical
mechanism associated with the influence of mass addition on the base
pressure and the near-wake pressure field, and the correlation, if any,
of these effects with Reynolds number and molecular weight.

2. Distribution of the Injected Species

To the present time, no theoretical or experimental investiga-
tions have been performed to determine the distribution in the near-
wake flow field of mass species transferred to the flow from the body.

In the present investigation, the distributions of the injected
species were measured in the steady near-wake flow of an adiabatic
circular cylinder‘at a free-stream Mach number of 6.0, and free-

stream Reynolds numbers Reoo q= 0; 9 and 3. O><104, and the important

2
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mechanisms that determine the distribution of passive scalars (i. e.
mass) in the near wake are examined. In addition, to understand the
behavior of the asymptotic far-wake di stribution of the injected species,
an intermediate-wake region, immediately downstream of the wake
neck, is examined to determine the influence of the boundary conditions
on the body on the development of the asymptotic far wake.

To investigate these points, a flush-mounted, spanwise-uniform
porous section of 88. 5% included angle was used to transfer argon, ni-
trogen or helium into the near-wake flow field at mass rates up to 30% of
the mass flux in the cylinder boundary layer upstreamof separation. Two
cases were studied: mass transfer from the forward stagnation region,
and mass transfer from the base. The pressure field was mapped by
standard Pitot- and static-pressure measurements outlined in Chapter
II. The mass-concentration field was monitored by a continuous sam-
pling mass-spectrometer system which utilized the output of a single
mass peak to determine the relative mass-concentration levels. This
mass-spectrometer configuration has not been used previously, and
was found to be more accurate than that used by Chow,(18) for example,
for the determination of the diffusive separation in a free jet of nitrogen
and oxygen.

The results for the influence of mass addition on the pressure
field are given in Chapter III and the results of measurements of the
mass-concentration field are given in Chapter IV. In addition, an
analogy between heat and mass transfer, and some aspects of the heat
transfer models of Chapman(lé) and of Scott and Eckert(lg) are dis~

cussed in Chapter IV, and a complete analogy is outlined in Appendix A.



-6-
II. EXPERIMENTAL TECHNIQUE

II. 1., Flow Facilities

The experiments were performed in the M = 6 leg of the
GALCIT hypersonic facility. This facility is a closed return, con-
tinuous flow tunnel with a 5 in. X 5 in. test section. The stagnation
pressure is variable from 25 psia to 115 psia with an accuracy of
4 .02 psia, and the stagnation temperature is maintained at 735°R, with
an accuracy of * 1°R, to avoid nitrogen condensation in the test section.
The models were located 23 inches downstream of the throat on the
horizontal centerplane of the tunnel, in the forward portion of the 10
inch long test rhombus. The tunnel empty distribution of free-stream
Mach number and static pressure within the rhombus possess gradi-

(20) (9)

ents, as given in the work by Batt and Behrens, which amount
to at most 3% of the measured static pressure at the model station.
Corrections for these gradients have been applied to the measured
pressure data as discussed in the following sections.
II. 2. Models

The wind tunnel models used in this investigation (Figure (2))

consisted of 0.200 inch diameter stainless—steel tubes which

spanned the 5 inch test section and were supported by dual O-ring

seals in lucite or glass ports on either side wall, as shown in the fig-
ure. This configuration has been adapted from the design used by
Herzog. (12) To relieve the interaction of the cylinder with the wind
tunne.l wall boundary layer, 20°, 5/8" long, wedges have been mounted

on the cylinders in the vicinity of the wall, in the manner described
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by Behrens. (9) Ramaswamy* has shown that the use of these wedges
leaves the central portion of the near-wake pressure field unchanged
(see Appendix B ). To isolate the flow in the uniform core in the
tunnel from the wall boundary-layer flow, triangular cross-flow
fences were installed on the model with a spacing of 3 inches, as
illustrated in the figure. The influence of these fences on the span-
wise distribution of base pre ssui‘e and mass concentration is dis-
cussed in Appendix B.

The angle of attack of the models was controlled using a flat
portion machined on the model extremity to externally align the modecl
with the free-stream flow direction. An angle of attack of + 5° gave
no measurable change in the Pitot-pressure field for moderate mass
transfer rates; however, an angle of attack renders the mass-concen-
tration field, discussed in Chapter IV, asymmetric through the asym-
metric boundary conditions. This asymmetry was manifested in the
levels of the mass concentration occurring in the vicinity of the shear
layers for either mode of mass addition, and was used to align the
model with the flow direction.

A summary of the flow conditions used in the present investi-
gation is given in Table 1. The free-stream Reynolds numbers used
were Rem’d = 0,905 x 10*, 2.95 x 10%, for a nominal free-stream
Mach number of 6.0. Other constants of the flow are given in the

table.

E
Ramaswamy, M. A. - Private Communication



Pressure Model

Model C-5 (Figure (2b)) has an internal O-ring designed to
seal the Pitot probes shown in the figure to the model, which formed
the pressure lead to a silicone-oil micromanometer for the measure-
ment of the reversed flow Pitot pressure. The Pitot probes listed
in the table in Figure (2b) have a shank 0. 032'" O.D. and a probe body
0.012" O.D. x 0.006" I.D., witﬁ a chamfered tip. As a consequence
of these dimensions and the low base pressures, the response times
for the reversed flow measurements were of the order of ﬁ:inutes.
The Pitot-pressure distribution on the axis was measured by inter-
rupting the flow and interchanging the family of probes. The model
was subsequently regligned using a Gaertner* cathetometer, which
allows an alignment of the probe tip of within + . 002" of the flow axis.
Measurement of the off-axis distribution was attempted by rotating
the model through an angle of attack; however, probe interference
and angle of attack effects cause difficulties in the interpretation of
the data, and it will not be shown here.

The centerline static pressure was measured using the insert
static-pressure probes shown in Figure (2b), for the reversed flow
measurements on Model C-5., The interchangeable probe tips used
two 0.0135"D orifices, spaced at 180°, with their axis aligned paral-
lel to the model span, to measure the axial distribution of static pres-
sure for 0.5 < x/d < 2. 75, using the tunnel horizontal actuator., The
static pressure was conducted by a lead through the tunnel side wall

to a silicone-oil micromanometer.

Gaertner Scientific Corp., Chicago, Ill.



Mass -Transfer Model

For the mass-transfer model (see Figure (2a)), a machine-
able porous c’erémic insert of Al Si Mag-Z-ZZ* was bonded into
an opening in the stainless-steel cylinder using Eccobond-ZéT epoxy.
The individual ceramic inserts were carefully selected fbr uniformity
‘before machining to 3" x 0. 140" sections and bonding into the model
shell. Pressure taps were not included in the model because of the
possibility of interference with the flow through the ceramic material.

In the GALCIT M = 6 facility, oil vapor present in the free
stream accumulated on the model surface and contaminated the ceramic
material, altering the distribution of the injected gas. To alleviate
this problem, Xylene was periodically injected through the porous
ceramic to remove the accumulated oil. The model cleaning pro-
cedure and the use of Eccobond-26 epoxy were chosen specifically
because of the degradation of other epoxy resins by the use of Xylene.
With periodic removal of the oil, repeatable data were obtained for the
mass-concentration field.

In order to understand the exit condition of the gas from the
model, a brief description of the flow through the ceramic material
is necessary. The mass flux per unit area through the material is
given by D'Arcy's Law,

rh; = E—tI—{IrT (Poz"P: )

where K is the porosity and t is the thickness of a plane slab. Then,
for Poz >> P:, the material is choked and the mass flux per unit area

is independent of external pressure. Hence, the spanwise plenum-

tr—

%

American Lava Corp., City of Industry, Calif.
T Emerson and Cuming, Inc., Canton, Mass.
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pressure distribution is expected to be uniform.

The spanwise distributions of the plenum pressure and tem-
perature were measured by inserting small diameter pressure and
thermocouple probes into the model plenum in such a way that the gas
flow was essentially undisturbed. The model plenum pressure, found
to be spanwise uniform within less than % 0. 5%, is shown in Figure (3)
as a function of volume flow rate at 30" Hg. and 30°C for the two
models, C-1 and C-4. These models differ only in the nature of the
ceramic material, the porosity being different by a factor of nearly 7
between the two. Figure {(3) shows that the flow through the ceramic
material is choked for both argon and helium, i.e., the mass flux is
independent of the external pressure. Figure (18) demonstrates that
the porosity has no effect on the external flow field associated with
mass addition.

Measurements of the model plenum temperature, given in
Figure (4) as a function of spanwise position, with mass transfer rate
as a parameter, show that the gas temperature in the plenum is very
nearly the adiabatic—wall temperature of the model. The primary in-
fluence on the temperature distribution is conduction toward the side
walls by the model. From a simple calculation of the heat transf.erred
to the gas during its expansion through the ceramic material, it is
concluded that the flow through the ceramic approaches an isothermal,
choked flow, and as a consequence, the exit Mach number Mi - L .
The infinite heat transfer rates required in the limit invalidate a.ni
equality; however, this approximation is expected to closely repre-

sent the flow from the model, and will be used in Section IIl. 2.
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Mass transfer from the model occurs through a random,

closely-spaced distribution of low Reynolds number jets which inter-
act and decay by viscous dissipation. The Mach-number distribution
in this flow is shown in Figure (19). Because of the random jets,
attempts to measure the spanwise uniformity of the model by using
a hot wire give a highly non-uniform profile; whereas, measure-
ments of the spanwise pressure é,nd mass-concentration fields using
sampling probes yield a very uniform profile because of the integrating
effect of the probe. The spanwise pressure and mass-concentration
measurements shown in Figures (5) and (6) demonstrate the spanwise
model uniformity. A further description of the uniformity of the flow
field is given in Appendix B.

Gas Handling Apparatus

Figure (7) is a sketch of the apparatus constructed to monitor
the transfer of gas to the model. The flow rate of the filtered, pure
gas was regulated with a Brooks* model 1355 flow meter at a constant
pressure of 30" Hg. and 30° C. Figure (7) shows the Xylene injection
system and a system for mixing calibration samples of liquid-nitrogen
trapped air and the test gas by partial pressure. These samples are
stored in the volume illustrated in Figure (7) for calibration of the
instrumentation. A further description of this process is given in
Section II. 4.

II.3. Pressure Measurement

Probes and Equipment

The pressure field was measured using a 0-5 psia Statham.r

Brooks Instrument Co., Hatfield Pennsylvania

%
T Statham Instrument Co., Los Angeles, California
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pressure transducer, shown in Figure (7), and a vacuum reference
silicone-oil micromanometer. Both instruments had a reference
pressure less fhan 0.5 4, and for each the measurement errors are
less than 14.

All measurements in the vertical centerplane of the tunnel
were performed using the existing tunnel actuator system, which is
repeatable within * 0. 001" in both the x and y directions. Measure-
ments made in the spanwise direction, and at spanwise stations away
from the vertical centerplane of the tunnel, ‘used the spanwise tran-
verse mechanism shown in Figure (8). This device mounts in an aft
wind tunnel access port and possesses freedom of motion along the
three coordinate axes, two of which are externally controllable. The
gear driven lead screw sets the y position to + . 002", using the mi-
crometer head for calibration. The spanwise (z) position is given to
+.010" by a manual drive and a counter, while the x position is pro-
vided only by set screw adjustments using- feeler gauges, within the
tunnel, with an accuracy of £.003'". The probes are mounted in a
dual O-ring seal, shown in detail in Figure (8), and are secured by
two set screws to the drive arm which serves as a pressure lead to
the monitoring system.

The static-pressure and Pitot-sampling probes used in this
investigation are illustrated in Figure (9). The family of Pitot-
sampling probes shown in the figure were constructed to investigate
the effects of probe Reynolds number on the sampling problem, dis-

cussed in Section II. 4, and to provide an adequate sample with a
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minimum probe dimension and minimum response time for each
4

value of Reoo dr For Reoo q= 3 x10°, the 0. 005" probe was

required for mass sampling, whereas for Re 0.9 x 104 , the

w,d

2

0. 009" probe was necessary to obtain an adequate sample in the
vicinity of the base.

Three separate static-pressure probes were used in this
investigation. First, the probes described in Section II.2 allowed.
measurement of the axial static pressure for model C-5, without
mass addition. Second, the far-wake axial static pressure, down-
stream of the neck, was measured with the cone-tipped static-pressure
probe illustrafed in Figure (9), and used by Behrens(g). The third
static-pressure probe used interchangeable_z tip sleeves (see Figure
(9) ) to measure the axial static-pressure distribution near the base
with mass addition. The axial position was varied by interrupting
the flow and changing the tip sleeve, which was positioned against
the base to provide a continuous probe diameter from the orifice to
the model base. The axial static pressure from this probe agrees
within 1% with the pressure measured by the cone-ipped probe for
2.5 <x/d < 3.0, the vicinity of the neck.

Both the static and Pitot-sampling probes exit from the tunnel
through a bellows seal on the tunnel side wall aft of the model station,
where a teflon Swagelok fitting allows a sliding ‘seal for the pressure
lead, and are connected directly to either the micromanometer or the
sampling inlet system shown in Figure (7).

Data Reduction

To estimate the influence of the presence of a probe on the
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measured pressure field, the base pressure on model C-5 was meas-
ured as a function of the distance of the tip of theinsert static-pressure
probe from thé model base. The results are shown in Figure (10),

with ReOO as a parameter, where Pb o is the undistrubed basepres-

,d
sure. The corrections implied by these measurements were used in
computing the axial Mach-number distribution given in Figure (19).

No other corrections for probe influence were used.

Using the 0. 005" probe to measure the Pitot-pressure profiles,
no correction for finite probe size is required, except in the definition
of the shock wave locations. The measured Pitot-pressure distribution
through a thin, steady, oblique shock wave exhibits a thickness greater
than the probe dimension because of the interaction of the oblique wave
with the subsonic region behind the bow shock on the probe. In addi-
tion, from hot-wire measurements by Behrens,x< the shock system
associated with the separated flow has a non-steady behavior, which
further broadens its Pitot-pressure profile. Therefore, the shock
wave location is assumed to be given by the location of the mean of the
intersections of the maximum slope with the maximum and the mini-
mum of the measured Pitot-pressure profile through the shock wave.
Because the distribution is not symmetric, this value does not corre-
spond to the midpoint in the pressure rise through the shock, but corre-
lates well with the location of the peak in the hot-wire fluctuationtraces
(cf. Behrens*).

As a consequence of the low Reynolds numbers in the near-wake

flow field, viscous corrections are required for both the Pitot-

and the static-pressure data. The viscous corrections to the Pitot-

* Behrens, W. Private Communication.
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pressure data are taken from the work of Sherman(‘?‘l), and result in
a maximum correction of a 3. 5% for the larger value of Rew, a°
whereas, for the lower value of Reoo’ 3’ the maximum correction is
~ 18% of the measured Pitot pressure. This correction is only appli-
cable in the region of forward-facing flow, and rapidly decreases to
zero away from the plane of symmetry in the near-wake region.

Corrections to the axial static pressure account both for the

tunnel-empty gradients, by normalization with the local tunnel-empty

static pressure, and for viscous interaction effects on the probe in

the same manner as described by Behrens, (9), (22) Behrens has
shown that,
—=1+AYX +By}?
_ M2 YT
where y = = , and the constants A, B are given in Ref. (22).
JReao X

The cumulative effects of both corrections amount to at most 2% of the
axial static pressure.

In addition to the above corrections, the influence of angle of
attack on the measurement of Pitot pressure must be considered. The
results of Dewey(g) indicate that for angles of attack less than 12°, no
measurable influence is found on the Pitot pressure. Since the maxi-
mum flow inclination in the near wake is a 14°, no attempt was made
to correct for this effect in the measured Pitot-pressure profiles.

The location of the u = 0 locus, shown in Figure (32), was
found by a comparison of the corrected Pitot- and static-préssure pro-

files. The corrected static pressure is assumed to be constant and
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equal to its value on the centerline of the reversed flow. This pres-
sure is equated to the Pitot pressure, and the location of the u= 0
locus is determined from the transverse Pitot-pressure profiles. The
same technique is used in defining the rear stagnation point, as shown
in Figure (25).

Where required, half profiles are formed by averaging the
measured pressure from opposite sides of the wake at a fixed v/d.
This technique assumes that any differences arise from the flow and
from measurement errors, not from errors in probe position.

The overall accuracy of the pressure measurements is + 1%
for the region of forward-facing flow. Within the reversed flow, the
measurements of the centerline Mach-number distribution are witiﬁn
+ 3%, Measurements in the reversed flow using a standard Pitot-tube
configuration must be carefully interpreted because they result in the
measurement of a base flow on the probe. Consequently, no correc-
tions have been placed on these measurements.

II. 4. Mass-Concentration Measur ement

Sampling Process

In any investigation involving the removal of a sample from a
flow, a primary difficulty arises in insuring that the sample collected
for analysis is representative of the undisturbed flow. Chow, (18)

(23) and later Reis and Fenn( 24) have demonstrated that for

Masson,
the flow of a binary mixture of gases of disparate molecular weights,
the presence of a sampling probe can cause barotropic species sepa-

ration by virtue of the existence of a strong lateral pressure gradient
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in the vicinity of the probe tip. Strong streamline curvature causes
the heavier particles to diffuse across streamlines, creating a signif-
icant perturbation in the local mass-concentration field.

From the work of Masson, and that of Reis and Fenn, the
magnitude of the species separation is a function of Mach number,
Reynolds number, the disparity between the constituent molecular
weights, and the mass-transfer boundary condition at the probe. Of
these effects, the latter is the most important. Because Masson
assumed the surface mass flux to be negligible, his work is not appli-
cable in the present investigation, and hence no criterion exists with
which to estimate the separation effects, a priori. These effects
were investigated experimentally in the flow regime of interest,

The mass-sampling configuration, shown in Figure (7),
uses the Pitot-sampling probe to measure either Pitot pressure
Oor mass concentration, using the same apparatus. The gas sample
to be analyzed is extracted by a 15 CFM mechanical pump, both
to insure a short response time and to provide the desired mass flux
through the probe. A small portion of the sample is liquid-nitrogen
trapped and expanded into the mass-spectrometer inlet, as shown in
the figure,

An important parameter in the mass-sampling problem is the
ratio of the effective probe area to the actual probe area, Ae/Ap,
i.e., the size of the sampled stream tube.compared to the incident
cross-section of the probe. This quantity is deduced from the equation

Ae _ I:hprobe

Ap poc uoc
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where rhprobe is the mass flux per unit area through the sampling
. probe, calculated by measuring the inlet pressure to the mechanical
pump with the Vacustat McLeod gauge, shown in Figure (7), and
comparing the results to a calibration for known mass flow rates.
To obtain the proper range of Mach number and Reynolds number,
the flow was investigated on the axis downstream of the rear stag-
nation point. The results, plotted in Figure (11) against the local
Pitot pressure, demonstrate that the probe tip is choked by viscous
effects, and that the sampled stream-tube area is much less (0.2)
than the incident probe cross-sectional area. Included in Figure (11)
are the locations of the rear stagnation point in the flow (Ae - ), the
sonic point on the axis, and the location of the point of shock detach-
ment (6§ = Gmax) for the individual probes. These results are con-
sistent with the results of Coles,(zs) who found a reduction in the
sampled stream-tube area with decreasing probe Reynolds number,
for probe Reynolds numbers nearly two orders of magnitude greater
than the present case.

To verify that the measured mass concentration is correct
under these conditions, two experiments were performed. A blow-
down jet facility was constructed to give Mach and Reynolds numbers
in the desired range, using a known binary mixture as a working fluid.
No measurable barotropic species separation was found in this device
for Mi= 1.3, 2.6 and for 25 < Rep < 1000, using a 0.5 mole fraction
of argon in air.

In addition, measurements were performed on the axis of the

near wake behind the cylinder, with mass addition from the base, and
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at selected off-axis stations. For these measurements, the mass -
concentration at a point, for a constant set of flow conditions, was
measured as a function of probe Reynolds number (by changing probe
size), and the mass flux through the probe, for argon and helium
addition. Neither an increase in probe Reynolds number by a factor
of five, nor a change in probe mass flux by a factor of ten gave a
measurable change in the mass concentration for either gas, or for
different mass concentrations at a given point in the flow.

On the basis of these measurements, it is concluded that, by
virtue of the low Mach numbers and the large probe mass flux, baro-
tropic species separation does not occur for the present measurements
and the sample obtained is representative of the undisturbed flow field.

Mass-Analysis System

The heart of the mass-analysis system, shown in Figure (12),
is the Varian Partial Pressure Gauge, T a small magnetic mass spec-
trometer utilizing a modified Bayard-Alpert source with a thériated-—
iridium filament. This design allows the measurement of the system
total pressure with the standard Bayard-Alpert technique, and the
mass spectrum for 2 £ m/e < 70, with the same device. The thoriated-
iridium filament reduces the presence of CO, formed when tungsten
filaments are used in the presence of hydrocarbons and oxygen, and
prolongs the filament life. The spectrometer is maintained by a
liquid-nitrogen-+rapped oil diffusion pump using Convalex- 101. fluid to

reduce back streaming and keep the entire system free of -silicones,

Varian Associates, Palo Alto, Calif.

T Consolidated Vacuum Corp., Rochester, N. Y.
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which have a detrimental effect on the spectrometer. The LN; trap
is an internally silvered concentric sphere type with an internal
volume of 1 liter and a total life time of > 44 hours under vacuum.
During operation of the spectrometer, the system pressure is mon-
itored by a CVC* discharge gauge. The spectrometer operating
pressure is 2)(10-a torr; the background pressure is = 2)(10-a torr,
and is principally water vapor, as is the case for all such vacuum
systems.

In principle, the output from a mass spectrometer is pro-
portional to the product of the collision cross-section for ionization
at the given m/e, and the number density of the species. For the
Varian spectrometer this is in fact not the case, as a non-linearity
is introduced by the existence of pressure dependent space charge
effects within the source. This effect appears to be reproducible
and has been included in the calibration procedure. Because of the
dependence of the output on number density, the mode of operation
selected establishes a known spectrometer pressure and monitors
the output as a function of mass concentration, or mole fraction, by
means of a calibration technique.

To provide the known pressure in the spectrometer, the gas
sample from the inlet is throttled by the inlet valves to a constant
pressure (254}, monitored on a Pirani* gauge, and maiﬁtained by the
mechanical pump shown in Figure (12). - Back streaming of oil from
the mechanical pump is eliminated by a second LN, trap. A portion

of this sample is expanded from the constant pressure region into the

Consolidated Vacuum Corp., Rochester, N. Y.
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spectrometer inlet section through a fixed geometry capillary.
Because the pumping system is stable, the maintenance of a constant
Pirani gauge pressure provides a stable, known reference pressure.
The Pirani gauge is a temperature compensated thermal-conductivity
device, and hence the measured gauge pressure is a function of mass
concentration. However, this effect can be included in the calibration,
along with any differential pumping caused by the influence of molecular
weight.

The system as illustrated in Figure (12) suffers from a.coupling
between the inlet system and the spectrometer through the diffusion
pump. This coupling occurs only for the case of helium mixtures as
a result of the high diffusion coefficient for helium and the consequent
backstreaming of helium through the diffusion pump. For the meas-
urement of helium, the m/e = 4 peak is unsteady, as a result of this
backstreaming, and consequently the m/e = 32 peak, characteristic
of the primary stream, was used for the measurements of helium con-
centration. This technique has the disadvantage of a decreased accu-
racy at the lower values of mass concentration, but is otherwise
acceptable. The coupling can be remedied by the installation of a
second mechanical pump in the inlet system, uncoupling the inlet and
spectrometer systems, except through the capillary.

Calibration and Data Acquisition

The spectrometer system described above is calibrated by
introducing, through the inlet system shown in Figure (7), known
sample mixtures, prepared by partial pressure. To calibrate the

instrument, a single peak is chosen for the mixture, i.e., m/e = 40
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for argon-air, m/e = 32 for helium-air, m/e = 28 for nitrogen-air
and the output of the spectrometer is recorded under the inlet condi-
tions PPirani = 254, normalized with the spectrometer output for the
pure gas under the same inlet conditions. The normalization removes
any dependence of the absolute output on system pressure, long time
drift, and other random effects. The calibration process relies on
the fixed cracking pattern for any molecule at a given ionization beam
energy, and the short term stability of the overall electronics and
pumping systems. The dependence of the inlet pressure on the mass
composition of the sample is included in the calibration procedure.

To facilitate the data handling, the electronic control for the
Varian spectrometer was modified in the manner illustrated in Figure
(13). The figure shows the entire electronics system uscd to measure
mass concentration, including the spectrometer modifications required
to display the m/e output on a digital voltmeter and the modification
to allow remote operation of the mass-scan circuitry. The remaining
circuitry provides the inversion and bucking of the output signal to
allow amplification of the signal for small mass concentration.

The results of the calibration are shown in Figures {(14), where
both the mole fraction, Xi’ and the mass fraction, Ci’ are plotted as
a function of K , the normalized spectrometer output. The repeat-
ability of the calibration is largely dependent on the accuracy with
which the calibration sample is mixed. 'Each data point in Figure (14)
représents the mean of 10-20 measur ements taken from a'given gas
sample. The scatter between points for a given sample is uniformly

less than 1% for all but the lowest mass concentrations, and everywhere
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less than 1.5%. The scatter between samples accounts for the scatter
shown in the curves. For argon, the maximum scatter is ~ 1.5%; for
nitrogen, < 14; for helium ~ 1.54. However, the error in the meas-
ured mass concentration differs from the experimental scatter in the
calibration curves. For argon, because the primary peak m/e = 40
is used, the error in the measurements is at most 1. 5% of the meas-
ured value over the entire range of mass concentrations. This is a
consequence of the fact that the background gas contains only a trace
(< 14) of argon. For a 1% error in the measurement of nitrogen, the
percent error in the mass concentration of the injected species be-
comes unbounded as the injected species approaches zero concent;‘a—
tion because the background gas (air) contains ~ 80%nitrogen. For
measurement of transverse profiles, this effect is offset by the fact
that the mass concentration of the injected species decays to zero at
the outer edge of the profile, allowing the establishment of a distinct
zero level, and thus a greater accuracy in the description of the mass -
concentration field.

The primary sources of error in the measurement of mass
concentrations result from the scatter in the data for the various cali-
bration samples and in the inherent error in the manual control of the
inlet pressure to 25y, using the Pirani gauge. This pressure can be
repeated to within + 0. 254, or within %1% in the spectrometer output.
In addition, electronic drift and fluctuations in system pressure ac-
count for some measurement errors. By scanning the desired mass
peak, the error associated-with the shift in the mass peak with pres-

sure is avoided. If the peak is not scanned, this error can be serious
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for the Varian instrument, as the mass peak acceleration voltage is-
a function of pressure.

Errors in the measured mass-concentration field, resulting
from the flow system itself, must also be considered. The flow-
meter system is rated at + 3% accuracy; however, careful handling
allows a repeatability of the injection rate to ~ 14, for the injection
rates used. Because the hypersonic tunnel is a closed-return system,
.some concern for the stability of the background concentration is
justified. Continual monitoring of the background concentration for
argon shows that over an eight hour run, no measurable change in the
background mass concentration of argon was found. This is a conse-
quence of the low mass transfer rates compared to the very large mass
flow in the tunnel (typically rhix’,/rhT ~ 8x10—5), and the rather large ex-
change rate for the primary fluid as a consequence of the process of
venting and the addition of makeup air to stabilizc the total pressure
in the tunnel.

The measurement of mass concentrations in the near wake,
using the experimental systems shown in Figures (7) and (12), follows
the reverse of the calibration procedure. The system response time
is determined by the purging time for the system, and the time re-
quired to restabilize the constant pressure system for a change in the
input pressure to the mass-sampling probe. For the near-wake field,
where the gradients in Pitot pressure and mass concentration are
large, the response times are of the order of 30-45 seconds per data

point.
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For the near-wake mass-concentration field, each mass-
concentration profile is individually normalized using the pure gas,
and the zero'level of mass concentration is verified at the extremities
of each profile by sampling the free-stream component. The dataare
transformed to mass concentrations using the calibration curves
shown in Figures (14)andare reduced to mean profiles, where appli-
cable, by averaging the value of Ci from opposite sides of the wake

at constant values of y/d.
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III. THE STRUCTURE OF THE FLOW FIELD
WITH MASS ADDITION

The pﬁrpose of the present experiments is to determine the
interrelationship between the basic transport mechanisms of convec-
tion and diffusion for a scalar quantity, i. e. mass, within the frame’—
work of the near-wake flow field of the circular cylinder at hypersonic
speeds, illustrated in the Schlieren photograph and sketch in Figure
(1).. The Pitot-pressure profiles, overlaid on the basic flow-field
structure in Figure (15), serve to illustrate the more salient features
of the undisturbed near-wake flow field.

It is obvious, a priori, that mass addition into the near wake,
via the base stagnation region, will produce some perturbation of that
basic flow field, and thus influence the convection and diffusion mech-
anisms. However, it is not obvious what effects, if any, will be pro-
duced by mass addition from the forward stagnation region because the
near-wake boundary conditions are entirely different for this case.
The present discussion will investigate the nature of the change in the
near-wake pressure field caused by mass addition, and will evaluate
its effect on the measured mass-concentration field to be discussed in
Chapter IV.

III. 1. Mass Addition From the Forward Stagnation Region

Measurements of the near-wake pressure field for mass addi-
tion from the forward stagnation region demonstrate that the Pitot-
pressure distributions (Figurcs (16), (17) ) and the base pressure
(Figure (18) ) are completely independent of mass addition, i.e., that

no discernible perturbations of the flow field exist although the mass
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addition rates are large compared to the local boundary-layer mass
flux in the vicinity of the stagnation point.

Measuvrements in the outer, inviscid, rotational flow generated

by the curved bow shock wave show that, for the range of the mass

m,
L] 1
transfer parameter M =

sz. - used in this investigation, the loca-
tion of the bow shock wave is not measurably altered by mass addi-
fcion as a result of the accomodation afforded by the existence of a
large standoff distance for the bow shock wave (Figure (1)). Further,
because of the existence of the strong favorable pressure gradient on
the cylinder, disturbances of the boundary layer caused by injection in
the stagnation region decay rapidly as the flow expands and do not
change the boundary-layer profile near the separation point on the cyl-
inder (cf. Figure (16)). Finally, the dynamics of the flow along the
dividing streamline are not significantly altered by moderate mass ad-
dition rates because the near-wake mass concentrations are suffici-
ciently low that the density and specific heats ratio % are essentially
constant (Section IV. 2, Appendix D).

Liarge mass transfer rates were not studied in this investigation;
however, it is certain that as the mass transfer rate is increased, the
near-wake flow will be affected, both through perturbations on the
boundary conditions on the body, and through the influence of finite
mass concentrations on the recompression process by their effect both
on density and on .

It is concluded, on the basis of these measurements, that the
mass-concentration field corresponding to moderate rates of mass ad-

dition from the forward stagnation region is representative of the field
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of a scalar quantity diffusing in the otherwise undisturbed near -wake
flow, where the presence of the scalar introduces no perturbation into
the fundamenfal flow field.

II1. 2. Mass Addition from the Base - Base Pressure

The most important result of the present experiments is tl;z.at
neither the Korst nor the Chapman theory outlined in the Introduction
gives a proper description of the behavior of the base pressure with
base mass transfer. The present experiments show that, under the
condition that a non-vanishing recirculating flow exists in the near
wake, the base pressure, and the entire near-wake pressure field
correlates with the momentum flux of the injected fluid. Figure (18)
demonstrates that the base pressure, normalized by its undisturbed
value, Pb /Pb(O), depends only on the injection parameter

[ - my Mair

mp g 7y

This parameter is the momentum flux of the injected fluid, properly
normalized to account for the influence of free-stream Reynolds num-
ber and the molecular weight of the injectant. Its origin and derivation
will be discussed in the following paragraphs. The correlation, shown
in Figure (18), holds within +2% for 1 < 16x10'2 for argon, nitrogen and
helium addition at both values of Reoo, d and includes two different
models, C-1 and C-4, which differ by a factor of nearly seven in po-
rosity. The complete correiation of the near-wake pressure field
.with the parameter I will be demonstrated in Section III. 3.

(16), (17)

Since the predictions given by the Chapman model are

incorrect for this flow, it is necessary to construct a physical model



29-
for the behavior of the base pressure with mass addition which includes
the interaction of the injected gas with the near-wake flow field.

Base Pressure Model

The prescnt experiments suggest a physical model for the base
pressure which depends on the dynamics of the interaction of the in-
jected gas with the recirculating near-wake flow field. This model
possesses two aspects: (l) the interaction of the injected fluid with the
reversed flow forms a stagnation point off of the body, and consequently
(2) the injected fluid is turned away from the axis and is impressed on
the free shear layer near its origin, inducing an increase in pressure.
Both aspects are coupled and result in a momentum flux dependence for
the base pressure. Each of these aspects will be examined separately
below.

The first aspect of this model is the interaction between the in-
jected fluid and the reversed flow. For moderate mass addition rates,
a recirculating vortex remains in the near wake, and hence two stag-
nation points exist on the axial streamline: the rear stagnation point,
and a stagnation point in the vicinity of the base. Figures (19), (20)
demonstrate that the total pressure of the injected gas is comparable
with the total pressure on the centerline of the recirculating vortex,
and hence the base stagnation point is formed off the body by a balance
between the total pressures of the two interacting streams. THhe gen-
eralization of the base pressure, or characteristic near-wakepressure,
is the. stagnation pressure of the highly dissipative reversed flow at the
base stagnation point, as measured by the plateau in the axial Pitot-

Pressure profiles near the base (Figure (20) ), and is therefore
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determined by the momentum flux of the injected fluid.

The total pressure on the axial streamline decays monotonically
from its valué at the rear stagnation point to its value at the base stag-
nation point as a consequence of viscous dissipation (Figures (23),(25)).
Therefore, as the momentum flux of the injected gas, and hence its
total pressure, is increased, the base stagnation point moves toward
the rear stagnation point into a region of increasing total pressure for
the reversed flow. For this reason, the base pressure increases with
increasing mass addition. When the total pressure of the injected
fluid exceeds the maximum available total pressure in the reversed
flow, the entrainment required by the shear layers is satisfied by the
injected gas and the reversed flow vanishes. This case was examined
by Herzog,(lz) and will be discussed further in Chapter V.

The flow in the immediate vicinity of the base is a stagnation
point boundary layer for which, for moderate mass addition rates, the
stagnation point is estimated to lie intheregion 0.05 < fa]i < 0.10, as indi-
cated by the Pitot-pressure profiles in Figure (20). However, no exact
measurements have been made of the location of this stagnation point
for moderate mass transfer rates because of the difficulty of making
static-pressure measurements very near the base. For large mass

(12)

transfer rates, the data of Herzog may be used to determine the
motion of the base stagnation point.

From the above discussion it is concluded that the generalized
base pressure increases with increasing mass addition, and that the

entire near-wake pressure field is governed by the momentum flux of

the injected gas. The proper scaling for this momentum flux is given
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by the momentum flux of the reversed flow.

The second aspect of the model involves the interaction between
the injected gé.s and the separating free shear layer. A physical model
will be proposed for this interaction; however, its complete analytical
formulation is, as yet, not evident.

The boundary layer on the cylinder proceeds smoothly to a sub-
critical non-similar, constant pressure free shear layer whose initial
profiles are not strongly distorted from their form in the boundary

(3)

layer upstream of separation (c¢f. Klineberg'~’). In the present model,
the gas injected from the base is turned by the reversed flow in a dis-
tance L~ & = 8y (rhi/ )’7}3? ), the distance from the body to the base
stagnation point, and is impressed on the separating free shear layer
over a distance of the order of L. The effects on the free shear layer
caused by the impressed mass are determined by the amount of mass

that the layer is required to entrain. For a compressible laminar

mixing layer, the entrainment is given by

..go = )\e C ,

where

-0 -00
Ny T Tom ,
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and & = Qc is the value of the stream function for v./ue - 0. In the

present model, on the u = 0 locus,

m,
i

Pro V-0 ™ 2L
The Reynolds number for the non-similar free shear layer is undeter-

mined and will be arbitrarily assumed to be characterized by Re | a4
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Taking the Chapman-Rubesin factor Coo =1, and a mass flux
rhi/Zn'nB' 1,. = 0.05as a typical example, then from the experiments,
4 < Ao )’R*e(;:1 < B8.6. For comparison, if the idealization proposed

by Chapman(26)

is used, an upper bound can be determined for the
mass entrainment resulting from viscous stresses. From Chapman's

solution, viscous stresses in a constant pressure free shear layer

produce a unique value of mass entrainment given by

o = (oM
where -fp = 1.10
for M = 3.0
e

It is concluded from these arguments that in the present exper -
iments viscous stresses are no longer sufficient to turn the flow and a
pressure increase is induced by the interaction which turns both the
impressed flow and the flow in the free shear layer. The amount of
the turning of the shear layer flow, and hence the induced pressure,
is determined from a balance between the momentum flux of the im-
pressed flow and some characteristic momentum flux associated with
the free shear layer. The proper normalization cannot be determined
from these rough arguments, but is obtained from the previous discus-
sion and from experiment.

The relationship between the momentum flux of the flow im-
pressed on the free shear layer and the momentum flux of the gas in-
jected from the base is simply

L
m. v
i =00 d

m. u. ~ 2L ’
1M
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where —;—I-J is an undetermined, non-linear function of the momentum
flux from the base. Therefore, so long as the entrainment is large
compared to the entrainment specified by the Chapman solution, and
so long as a recirculating vortex exists in the near wake, the change
in the near-wake pressure field with base mass addition will be a
function only of the momentum flux of the injected gas, properly
normalized, as discussed previously. The validity of this model for
low mass transfer rates and the validity of the Chapman model, will
be discussed further following the derivation of the mass transfer
parameter.

Mass Transfer Parameter

Both aspects of the base pressure model described above de-
pend only on the properly normalized momentum flux of the injected
fluid and are independent of the model porosity, as long as the ceram-
ic is choked. In addition, the base stagnation point interaction deter -
mines that the proper scaling is given by the momentum flux in the
reversed flow. However, for the circular cylinder, because the sub-
critical separation process allows a smooth transition from the cylin-
der boundary layer to the non-similar laminar free shear layer, the
Reynolds number scaling is the same for both the reversed flow and
the cylinder boundary layer. Therefore, the characteristic near -wake
momentum flux has been taken as that associated with the cylinder
boundary layer upstream of separation and is justified entirely on the
basis of the proper Reynolds number scaling.

Using these ideas, an injection parameter is formulated from

the ratio of the momentum flux of the injected gas to the momentum
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flux in the boundary layer upstream of separation, given by

H:
2(p u?) SO —P——— dy

Evaluating the integral,

m T. y. =3
"o, (2] )—— S el

As in Chapter II, the porous ceramic is assumed to be isothermally

choked, hence Mi - -i— , and Ti = Tq., where Tg. is the measured
i i

' ‘)/.
plenum temperature of the injectant given in Figure (4). Therefore,

i ey

e s

where

1
I = m [ 772Air:l 2
2mp LMy

is taken as the injection parameter for the momentum dominated mass
transfer problem. For large Reynolds numbers, where the boundary

layer on the cylinder is small compared to the cylinder diameter, and
for hypersonic Mach numbers, the quantity

%
: s :H__, ] FiM,. 7)
M Yy,

e

and is dependent on Reoo, d only through the weak dependence of the

location of the separation point on Reoo, q and is assumed to be invar-
iant. The temperature ratio is given by Toi/TO mTaw/TO, the recovery
temperature ratio. The quantity th. 1..° the boundary—layer mass flux

per unit span upstream of separation, is calculated from a locally
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similar solution given by Klineberg,(3) and is given in Appendix C.
Therefore, according to the model proposed above, the injection
parameter 1 ﬁos sesses both the proper Reynolds number and the proper
molecular weight scaling for the momentum dominated mass transfer

problem (cf. Figure (18) ).

The Results of Experiment

A number of comparisons with experiment are possible in order
to verify the ideas presented above. To establish the interaction be-
tween the injectant and the reversed flow, the axial Mach-number dis-
tribution given in Figure (19) was obtained using the insert Pitot- and
static-pressure probes shown in Figure (2) and the viscous and probe-
interference corrections described in Chapter II.

In the absence of massl addition, the axial Mach-number distri-
bution between the two stagnation points exhibits an initial acceleration
from the rear stagnation point to a pronounced maximum in the low
subsonic range, and a subsequent deceleration to the base stagnation
point (Figure (19) ). Theoretical estimates of the maximum center-
line Mach number in the reversed flow, calculated from the work of
Reeves and Lees(l) for the Reynolds numbers of interest, are com-
pared to the measured data in Figure (19). The theoretical estimates
are based on a Taylor series expansion in the neighborhood of the rear
stagnation point, which yields the result u@/u\FO = 0.5, coupled with
an estimate of u*max as a function of Reoo, a4 i. e., for the adiabatic

case, u¥ = 0.28, 0.38 for Re = 0. 9x10% 3x10% respectively.
max '

o, d

These results, together with an assumption of the uniformity of the

static pressure in the transverse direction, and an estimate for the
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total temperature in the recirculating zone, TOG/TO = 0. 90, from the
data of Herzog,(lz) give the estimate of the rﬁaximurn centerline Mach
number. This estimate is greater than the measured centerline maxi-
mum value in each case. The effect of free-stream Reynolds number
is evident in the figure, the maximum centerline Mach number de-
creasing and moving toward the base with decreasing Reoo, ar and hence
increasing viscous effects. No direct measurements of the reversed
flow have been attempted with mass addition. However, Figures (23),
(24) indicate qualitatively that, in the vicinity of the rear stagnation
point, the axial Mach-number distribution for moderate mass addition
rates must be nearly that for zero mass transfer; whereas, as the
base is approached, the centerline Mach number will be significantly
reduced from the zero mass transfer value.

The profiles of Pitot pressure in the vicinity of the base, ob-
tained from a probe facing the base, are shown in Figure (20). To
demonstrate the dissipative viscous effects in the expansion away from
the base, a similar profile was taken under conditions in which the test
section was evacuated to a pressure representative of the base pres-
sures, but without flow in the tunnel {Figure {(20) ). Figure (19) illus-
trates the Mach-number distribution in the base layer, using the meas-
ured, uncorrected, Pitot pressure from TFigure (20} and an estimated
static pressure, which is taken to be equal to the static pressure at
the base stagnation point. This figure clearly demonstrates that the
momentum flux of the injectant is comparable to the momentum flux

in the reversed flow, and that the pressure and location of the base

stagnation point are determined by a balance of the total pressures of
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the interacting streams.

The results of the physical model proposed above can now be

compared to the predictions of the theories by Korst, et. al.,(ls)

(16)

and

by Chapman, and to the available experimental data. In this re-

gard, it is interesting to note that the Korst parameter has been used

(12) (13)

by Hefzog, Ginoux and others without attempting to check the

dependence on either Reynolds number or molecular weight.

Two fundamental differences exist between the present mass

)

transfer criterion and those proposed by Korst, et. a.l.(15

(16)

and by
Chapman:

lI. The present parameter,

L
h mAirJZ

I= 5o
mp L 7y

2

is based on the momentum flux of the injected fluid, while the previous
discussions have assumed that the mass flow of the injected fluid es-
tablishes the change in the near-wake pressure field.

2. The present discussion assumes that the proper normal-
ization of the momentum flux of the injected fluid is the momentum
flux in the boundary layer upstream of separation, while the Korst
parameter,

m,

_ i
H= rhf G(MOO) ,

for example, assumes that the proper mass flux normalization is the
free-stream mass flux, rhf.
The first point accounts for the molecular weight scaling and

depends on the nature of the interaction between the injected mass and
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the reversed flow. The second point involves the correct Reynolds
number scaling for the mass transfer parameter, as
1
2
I ~ [R.em’ d]

-1
whereas - H~ [Reoo,dl

Figure (18) clearly demonstrates that both the Reynolds number and
molecular weight scaling are properly included in the momentum
criterion for the mass transfer regime considered.

The Korst theory is invalid in the present experiments. To
demonstrate the discrepancy, the Korst theory, with an assumed,
straight =0 line, has been used to estimate the change in base pres-
sure for a given mass transfer rate by calculating the lateral displace-

ment of the y=0 streamline at the neck according to the relation
(-Y/d)\FO

m., = 2 S pu dy ,
0

1

where pu is calculated from the measured pressure distributions given

in Figures (23), (29). For example, for x/d = 3.0, Re = 3x10%,

o, d

’

I=4.28x10"° (argon), then (y/d)y_q = 0- 005 and the calculated value
AP -

is 13———131—3- = 0. 010. Under these same conditions, however, the meas-
N b AP

ured base pressure change is-———L = 0. 085. It should be noted that

PN-Pb
a similar calculation using the streamline displacement in the imme-
diate vicinity of separation, as measured by the displacement of the
shear-layer edge, yields good agreement with the measured base
pressure change. This is a consequence of the fact that the shear -

layer edge is curved and that the free shear layer cannot éuppor’c a

large transverse pressure gradient.
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The Chapman criterion for the change in base pressure with
mass addition contains the assumption that the single effect of mass
addition is a displacement of the dividing streamline within the shear-
layer profile (which need not be assumed self-similar, i.e., indepen-
dent of initial conditions). Under these conditions, changes in.the
inviscid recompression pressure rise, and hence in the base pressure,
are determined by the changes in the kinetic energy on the dividing
streamline. However, the present experiments imply that the primary
influence of mass addition is the impression of the injected fluid on
the free shear layer near its origin by the recirculating flow, thus
changing the boundary conditions on the development of the non-similar
layer. This effect is dominant and obviates the use of the Chapman
criterion for finite base mass addition rates.

The upper bound on the region of validity of the present model
is that value of mass addition for which the recirculating vortex ceases
to exist. The lower bound on the region of validity, and hence the
upper bound on the region of validity of the Chapman model is that
value of mass addition for which the mass impressed on the shear
layer can be accomodated entirely by a viscous entrainment process.
As an upper bound, this condition is given by

Ao FRe = -(¢ (M)
where Co (Me) is given by the ideal model proposed by Chapman.(26)
For the non-similar free shear layer encountered in experiment, the
entrainment will be even less than the Chapman value. For finite

mass transfer rates, this condition will be satisfied only if
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rh'1
Pro Voo ® 2L

becomes sufficiently small with decreasing rhi. Since L. = 0 as xnl -0,

however, rhi/ZL may remain large in comparison with the Chapman
value for small values of rhi. On the basis of the present experiments,

it is expected that

Lim (mi> - o
m, -~ 0\2L/ ~

and that the Chapman model will be valid only in the limit of vanishing
mass transfer, and hence vanishing change in base pressure; a physi-
cally unimportant though thcoretically interesting case. Further ex-
periments are necessary to verify this hypothesis.

For the flow over a rearward facing step, using only air as an

(13)

injectant, Ginoux has found that for low mass transfer rates the
base pressure change is independent of the direction of the momentum
vector. These results are inconclusive because, for Ginoux's experi-
ments, the recirculating flow is of sufficient strength to impress the
injected mass on the free shear layer near its origin, as discussed in
the present model, irrespective of the initial orientation of the mo-
mentum vector. In view of the present results, it is clear that the
role of momentum can only be determined by an investigation of the
effect of molecular weight.

(27

In other experiments, Townend ) has also investigated the
effects of molecular weight on the base pressure by injecting nitrogen
and hydrogen into the turbulent near wake of an axisymmétric cone-

cylinder, both by means of a series of discrete holes in the base, and
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by a peripheral slot immediately upstream of the base. Townend re-
ported the base pressure for a single value of Re  jasa function of the

Kor st( 15) parameter

oy
H = —El-—" G(Mm) »
f
where m,. = p_ ood ,
P
_ 0 1 (o)
and G(Moo) = —15——- [ ]

This parameter did not correlate the effects of molecular weight.
Townend's data for the smallest orifice size are replotted in
Figure (21) as a function of the momentum flux ratio

- n[ S’

where the Korst parameter is retained because the turbulent flow is

insensitive to Rem. For base mass addition from orifices with an
open area ten times that used to generate the data shown in Figure
(21), Townend's data for nitrogen (not shown) no longer satisfy the
momentum criterion, while the data for hydrogen correlates well with
the results presented in the figure. The significance of the failure of
these data to correlate with the rest is not clear.

For the peripheral injection, all values of the effective orifice
size yield a momentum criterion. This result further substantiates the
proposed model of an induced pressure as a consequence of mass addi-
tion into the shear layer in excess of the maximum amount allowed by

viscous entrainment.
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ITI. 3. The Pressure Field Similitude‘ with Base Mass Transfer

The laminar cylinder boundary layer upstream of separation
forms the upsfream boundary conditions for the development of the
near -wake flow field. The Pitot-pressure profiles for the boundary
layer upstream of separation (x/d = 0.20), uncorrected for either
viscous or probe-interference effects, are shown in Figures (15), (16).
The measured boundary-layer thicknesses give excellent agreement

with theory (see Klineberg(B) )

, substantiating the assumption ¥ = const.
for 8 = 65°., The slight overshoot at the boundary-layer edge for
Reoo’ a= 3x10% is attributed to probe-interference effects similar to
those reported by Kendall,(zs) where hp/6 = .191. These boundary
conditions are independent of mass transfer for injection both from
the forward stagnation region and from the base, as discussed pre-
viously (Figure (16) ).

An important feature of the near-wake pressure field is the
increase of the static pressure from the base to the neck, caused
by the turning of the outer flow, and the subsequent relaxation back
to the free-stream value in the far wake. In Figure (22), the axial
static-pressure distribution without mass addition has been normal-
ized to correct for tunnel gradients as described previously, and is
compared to similar data from Behrens(g) for x/d = 4.0, and to the
data of Herzog‘lz)for 0.5 <x/d 54. 0. Herzog's data have been replotted

here without correcting for tunnel gradients, which accounts for the

discrepancy noted in the vicinity of the neck.
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The maximum in the axial static-pressure distribution, shown
in Figures (2_2.), (23), corresponds to the location of the neck, or region
in which the flow is parallel to the wake axis. The static-pressure
level at the neck is determined by the outer, rotational flow and is
independent of the near-wake pressure field, so long as the assumption
is valid that the separation and wake shocks are sufficiently weak that
the outer flow is isentropic along streamlines. These ideas are veri-
fied by the inviscid calculation of the Mach number of the outer, in-

(1)

viscid flow at the neck by Reeves and Lees, who assumed that the
outer flow expands isentropically from the forward stagnation point to
the free-stream direction according to the static-pressure distribution

given by Mc Carthy.(7)

This establishes the stagnation pressure behind
the normal portion of the bow shock as the characteristic total pres-
sure and ignores the finite strength of the separation and wake shocks.
Using these isentropic assumptions, their estimate of the inviscid flow
Mach number at the neck, MN = 2.50, is verified exactly by the meas-
urements of Pitot and static pressure at the neck given in Figures (23)
and (29).

The most important feature of the influence of base mass addi-
tion on the recompression static pressure rise, shown in Figure (23),
is the insensitivity of the static pressure downstream of reattachment
to small mass addition rates. For a mass transfer rate sufiicient to
b(O) = 1.09 (see Figure (18) ), the

static pressure at the neck experiences a change of less than 1% from

cause a base pressure ratio Pb/P

the undisturbed level. In contrast, Herzog(lz) has reported that for

mass injection rates sufficient to greatly disturb the recirculating
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vortex, the static pressure at the neck decreases monotonically with
increasing injection, decreasing 17%at n'rli/n'rlf = 0.02 (I =0.74 for
Reoo, qa° 3X 104, for which the recirculating zone no longer exists);
coupled with a measurable aft motion of the neck. This condition
occurs for a base pressure ratio Pb/Pb(O) =1.50,

Using the corrected axial distribution of Pitot and static pres-
sure, plotted in Figures (23), (24), the rear stagnation point is defined
in Figure (25) by the ratio Po_ /P =1.0. Using this definition, the
location of the rear stagnation point as a function of Reoo, d in the ab-

sence of mass addition is given in Figure (26). Also included in Figure

(1) the theoreti-

(8)

(26) are the theoretical predictions of Reeves and Lees,

(3)

cal predictions of Klineberg,

(12)

and the experimental data of Dewey
and Herzog. Herzog's result fails to correlate with the present
data because the pressure measurements from which it was derived
were not corrected, either for viscous effects or for tunnel gradients.
The discrepancy between the theoretical predictions of Reeves and

(1) (3)

Lees and those of Klineberg apparently arises because Klineberg
considers a subcritical separation phenomena which is coupled to the
near-wake flow, whereas Reeves and Lees consider a fixed separation
point. In addition, the profile functions used by Klineberg to evaluate
the integral equations differ somewhat from those used by Reeves and
Lees. For moderate injection rates, the location of the rear stag-
nation point is not changed (see Figure (25) ), whereas, as the mass
transfer parameter is increased beyond 0. 5% of the frontal-area mass

flux (I = 0.185), the entire near-wake structure is changed, including

both the nature and location of the rear stagnation point, as shown by
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Herzog.

The axial Mach-number distribution for x > X in the absence
of mass a.ddifion, has been calculated from the corrected Pitot- and
static-pressure distributions, and is shown in Figure (27). The axial
Mach number decreases very slowly with increasing mass transfer
for moderate mass addition rates, and this effect has not been included
in Figure (27).

The Pitot-pressure profiles in Figure (28) were taken at the
neck location for a single gas and a single value of Reoo, d to demon-
strate the effects of increasing mass addition on the near-wake pres-
sure field. Three features are of principal importance: the effect on
the separation process, the effect on the recompression shock str‘éngth,
and the effects of mass addition on the structure of the viscous shear
layers. The outermost portion of the profilés corresponds to the outer,
rotational flow. Proceeding toward the axis, the weak separation shock
is followed by a plateau region which is terminated in the wake, or re-
compression shock. Within the wake shock, the region of nearly uni-
form Pitot pressure is followed by the characteristic wake '"bucket."

A direct consequence of the addition of mass at the base is the
upstream migration of the separation point, as demonstrated by
Herzog.(lz) For moderate mass addition rates the separation shock
strength increases with increasing mass transfer rate; however, a
significant departure from an isentropic compression does not occur
until the distinct character of the recirculating flow begins to change,
i. e. for mass addition in excess of 0. S%Of the frontal-area mass flux

(I =0.185 for Re = 3x10%, cf. Herzog(lz) ).
o

,d
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The most prominent effect of increasing mass addition is the
progressive decrease in the strength of the wake, or recompression
shock. For the largest mass transfer rate shown in Figure (28), a
small but finite recirculation remains in the near wake. At this mass
addition rate, the wake shock at the neck location has been reduced to
a gentle compression with a strength of less than one third (0. 3) of the
strength of the wake shock occurring in the absence of mass addition.
This fact, coupled with the lateral displacement and decreased shear
in the viscous layers for large mass transfer rates, has a significant
effect on the development of the intermediate-wake region, immediate-
ly downstream of the neck.

The correlation of the transverse Pitot;pressure profiles in
the near wake with the mass transfer parameter I is shown in Figure
(29) for argon, nitrogen and helium injection at freestream Reynolds
numbers Reoo, qa°= 0. 9x10* and 3x10*%, compared to the distribution for
I =0. The most prominent features of this correlation are the loca-
tion and strength of the separation and wake shock waves, and the
structure of the flow in the vicinity of the shear-layer edge. Some oi
the more important of these features, shown in Figure (29) for a single.
value of I, are replotted in the succeeding figures as functions of the
mass transfer parameter.

In Figure (30) the location of the separation shock is given as a

1}

function of I, with x/d as a parameter, for Re 3x10% while Figure

o, d

(31) illustrates the wake shock location for Re 0.9%x1.0* and 3x10%

oo, d

as a function of the parameter I.
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The arguments presented in Section III. 2 which lead to the cor-
relation of the base pressure with the mass transfer parameter I
(Figure (18) )' involve the momentum flux of the reversed flow. The
Pitot-pressure distributions in Figure (29) show that the shear layers
are displaced laterally and somewhat broadened as a consequence of
mass addition. However, Figure (32) shows that the location of the
u=0 locus, and hence the lateral extent of the reversed flow, is un-
changed by moderate mass addition rates. Therefore, the net effect
of mass addition on the structure of the free shear layer is a reduction
in the value of u%*, the velocity on the stagnating streamline. By the

(1)

arguments of Reeves and Lees, ' this gives a consequent reduction in
% uk = u@/ue. Therefore, with increasing mass addition there is a
reduction in the strength of the recirculating vortex and an aft motion
of the base stagnation point toward the rear stagnation point, a phenom-

(

enon first reported by Herzog. 12) By the momentum balance argu-
ment, thé base pressure increases with increasing mass addition
(Figure (18) ) both becéuse of an increasing momentum of the injected
gas and, as a secondary effect, because of the decreasing momentum

in the reversed flow.

I1I. 4. The Effects of Transition

For a wake, the occurrence of transition from laminar to turbu-
lent flow is distinguished by an increase in the effective diffusivities of
the mean flow, and consequently an increase in the growth rate of the
wake. From measurements of the growth rate of the mean flow pro-

files, the location of transition in the wake of a circular cylinder has

(29)

been estimated by Behrens to occur at x/d = 80 for Re 4= 0.9x10*

,d
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and at x/d = 10 for Reoo, a° 3x10% after the measurements of
McCarthy(7) and Behrens.

In Figure (33) the measured wake widths, taken from both the
Pitot-pressure profiles and the mass-concentration profiles for argon
addition from the forward stagnation region, are compared to a wake
width defined by the maximum slope intercept of the mean-square hot-
wire voltage fluctuations, obtained by Behrens* for zero mass trans-
fer. The hot-wire measurements show that for Reoo, q°c 0. 9x10*, no
fluctuations of measurable amplitude persist in the near wake, hence
Reoo’ q = b 48.X 10* has been used to define the wake edge for a fully

laminar case. For Reoo, a° 3X104, fluctuations of measurable ampli-
tude exist and are amplified by the flow, and the growth rate defined
by these fluctuations exceeds the fully laminar growth rate for x/d =
3.75. The first stages of this departure, where the deviations remain
small, are shown in Figure (33), where it is also demonstrated that in
the initiél stages of departure, the increased fluctuations have little
effect on the mean-flcﬁ;v measurements.
From this evidence, it is concluded that the near -wake flow

field is laminar upstream of the sonic point on the axis, with transi-

tion occurring in the far wake for Re = 0.9x10%. and moving to

o, d
the intermediate-wake region, downstream of the sonic point on the
axis, for Reoo qa= 3x10%*. Fluctuation measurements have not been
made for a circular cylinder with mass transfer; however, it is antici-

pated that moderate mass transfer rates and their attendant low mass-

concentration levels, will have little or no ef fect on wake transition.

* . . .
Behrens, W.: Private Communication.
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A second aspect of the effects of transition is shown in Figure

(34), where the measurements of the base pressure in the absence of

I
mass addition are given as a function of ReO qa° -2 Re .+ Included
s o oo, d
in this figure are the experimental curves obtained by Dewey(g) as a

(12)

function of aspect ratio, and further experimental data by Herzog
and Ramaswamy* on circular cylinders with AR = 15, as is the present
case. The experimental data indicate that an aspect ratio effect is
present at the higher Reynolds numbers; a fact attributed by Dewey to
three-dimensional effects. However, inthepresent experiments it has
been found that a correlation exists between the onset of the effect of
aspect ratio on the base pressure and the occurence of transition to
turbulent flow of the wind-tunnel boundary layers at the model station.

This is expected to have little effect on the pressure field measure-

ments in the near wake.

Ramaswamy, M. A.: Private Communication.
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IV. THE STRUCTURE OF THE MASS-CONCENTRATION FIELD

The mass-concentration field in the cylinder wake is divided
into three di sfinct regions; the near wake, the asymptotic far wake and
an intermediate-wake region. The st;ucture of the near-wake region is
governed by the diffusion of the injected species in the reversed flow,
subject to the boundary conditions imposed at the base, and by the outer
transport layer. The intermediate wake is characterized by a region of
viscous acceleration of the centerline velocity, in the absence of axial
diffusion, and is a transition zone from the flow in the vicinity of the
rear stagnation point to the flow in the asymptotic far wake, for which
an Oseen linearization of the velocity is valid, i.e., u({; = const., to
first order.

In each region of the wake the structure of the mass-concentra-
tion field is dependent on both the relative magnitude and the relative
orientation of the convective and diffusive vclocity vecfors. The rela-
tive magnitude is given by the parameter ReSc = ud/D, the ratio of
the convective to the diffusive velocities, while the relative orientation
is determined by the physics of the wake flow. The consequences of
these facts will be examined separately in each region of the wake.

IV.1l. The Near-Wake Flow with Mass Addition at the Base

Transverse Distribution

The mass-concentration field in the near wake with mass addi-
tion at the base is illustrated in Figures (35), (36) for argon, nitrogen
é.nd helium addition at a single value of the injection parameter I, for
Reoo, q° 0. 9x10%* and 3x10%. Figure (36) shows an isogram of the mass-

concentration field, illustrated in the isometric plot in Figure (35),
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overlayed on the characteristic features of the corresponding pressure
field. In these figures, the mass-concentration profiles are average
profiles obtaiﬁed by averaging the mass concentration from opposite
sides of the wake at a given value of the transverse position, as dis-
cussed in Chapter II. The dominant feature of the near-wake mass-
concentration field is the axial decay of the mass concentrations from
the base toward the rear stagnation point, shown in Figures (37), (38),
as the result of the existence of a stagnation point in the flow in the
vicinity of the base, and the consequent counter-current diffusion of
the'injected species into the reversed flow in the region between the
two stagnation points.

Scott and Eckert<19) have proposed a model for heat transfer
in high Reynolds number separated flows which uses two thin layers to
describe the transport of heat between the body and the outer flow.
This model is directly applicable to flows with mass transfer, using
the analogy given in Appendix A. The firs£ layer in this model, a
boundary layer at the base, governs the transport of heat or mass at
the body surface. The generalization of the concept of this layer to
the case of small values of ReSc will be shown below to be represented
by the axial profiles in Figure (37).

The second, or outer transport layer in this model occurs in
the vicinity of the shear layers, and governs the transport of heat or
mass between the recirculating vortex and the outer flow by diffusion
across the shear layers. This outer layer sets the outer boundary con-
dition on the inner recirculating flow and is responsible for the estab-

lishment of the rear stagnation point boundary condition on the axial
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distribution of mass concentration.

For Reoo, qc= 3x10% the transverse mass-concentration profiles
illustrated in Figure (35) are characterized by an off-axis maximum in
the vicinity of the u = 0 locus as a result of the convection of the high
mass-concentration layer near the base into the shear layrr by the re-
circulating flow. This maximum appears as a folding of the isolines in
Figure (36) and isolates the outer transport layer from the mass-con-
centration field near the axis. Lateral and axial diffusion result both
in the decay of this maximum, as the rear stagnation pointisapproached,
and the subsequent development of the profile toward the asymptotic
Gaussian form downstream of the rear stagnation point.

For Reoo, q° 0. 9X10%, Figures (35)‘ and (36) demonstrate that
the transverse mass-concentration profiles are diffusion dominated
within the recirculating zone, as evidenced by the monotonic decay
away from the axis, and are convection dominated only in the vicinity
of the outer layer. The local maximum does not exist for this case,
and the outer transport layer is no longer distinct as a consequence of
the reduced Reynolds number. The results for helium, shown in Fig-
ures (35) and (36), demonstrate that the decreased Schmidt number,
and hence the increased importance of diffusion, similarly reduce the
definition of the off-axis maximum for Reoo, q°= 3x10% and more rapid-
ly transforms the resulting profile to a monotonically decreasing dif-
fusion profile.

The location of the vortex center and the nature of the velocity

along the u = 0 locus can be determined for the main body of the recir-

culating flow with mass addition from the base using the data given in
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Figure (35). The species conservation equation, written along the
u = 0 locus, yields the result that, if 8Ci/8y < 0 and 82Ci/8y2 Z 0, then

<o.

v S Using this result and the measurements of the mass-concentra-

tion field shown in Figure (35), for Re =3x10% I =4.28x10"%,

o, d
the lateral velocity is directed away from the axis for x/d < 0. 625 and
toward the axis for x/d > 0.75. Hence, the vortex center occurs on
the u = 0 locus for 0.625 < x/d < 0. 750. This location corresponds to
the region in which the u = 0 locus turns rapidly away from the axis in
Figure (36), and for which the wake edge defined by the mass-concen-
tration measurements exhibits a maximum width. Because the pres-
sure field is disturbed only slightly at this mass transfer rate, the
location for the vortex center is representative of that for I = 0. The
influence of mass addition is to displace the vortex center away from
the base, and to reduce the vortex strength (cf. Chapter III).

The normalized profiles in Figures (41) show that, in addition
to profile shape which is determined from the boundary conditions, the
transverse mass-concentration profiles in the near wake are charac-
terized by their centerline mass concentration and a somewhat arbi-
trary characteristic width. For. the near wake, the maximum slope
intercept with the zero has been chosen as the characteristic width and
has been designated as the wake edge (Ci) in the isograms in Figure
(36).

In Figure (36) the location of the wake edge (Ci) may be com-
pared. with the location of the shear-layer edge, (y/d)e, defined from
the Pitot-pressure profiles given in Figure (29) as the maximum slope

intercept with the maximum at the outer edge of the shear layer.
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Figure (36) demonstrates that for argon addition the corresponding
edges lie nearly parallel to one another, while for helium addition, the
decreased Schﬁidt number causes the mass-concentration wake to
spread more rapidly than the corresponding viscous layer. It will be
demonstrated in Section IV. 3 that the lateral scale of the mass-concen-
tration wake depends only on the lateral scale of the viscous shear lay-
ers and the Schmidt number, independent of the mass transfer rate
(Figure (40) ). As a consequence, the mass-concentration profiles
become extremely narrow in the vicinity of the neck because of the
contraction of the viscous shear layers in this region (Figure (41-e) ).
The primary influence of increased mass addition on the near-
wake pressure field is the downstream ﬁotion of the base stagnation
point, and the consequent reduction of the strength of the reversed flow,
and hence the product ReSc. For the addition of argon, the effects of

increasing I are most pronounced for Re = 3X10%, in the vicinity of

oo, d
the base (Figure (41-c) ). For this case, the data exhibit an increase
in the width of the central peak and a reduction, and eventual elimina-
tion, of the off-axis maximum with increasing mass transfer. Further
increases in the mass transfer change the character of the profile as
the base stagnation point moves downstream of the measurement station
(cf. data for x/d = 0.75, I = 21.4X1072, Figure (41-c) ). For Reoo’ q
= 0. 9)(104’, the profiles are diffusion dominated. As a result, the only
apparent effect of an increase in the mass transfer rate is an increase
in the Width of the normalized mass-concentration profiles, commen-

surate with the displacement of the shear-layers by the increased base

pressure. The effects for helium addition are qualitatively similar and
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are not shown here.

Axial Distribution

To obtain a qualitative description of the axial distribution of
mass concentration in the region between the two stagnation points,. an
approximate solution of the species conservation equation on the axis
will be obtained, subject to the boundary conditions on the mass concen-
tration at the base and at the rear stagnation point. The mass concen-
tration at the base is determined directly by the injection parameter I,
whereas the mass-concentration distribution along the u=0 locus, and
hence the mass concentration at the rear stagnationpoint, are determined
by the diffusional loss of mass through the outer transport layer by the
requirement that the net efflux from the recirculating region exactly
balances the mass added. The complexity of this second boundary con-
dition prevents the complete analytic solution for the axialdistribution
and only its qualitative features will be given below.

From an examination of Figure (35), it is apparent that both the
axial and the transverse diffusion terms are important on the axis.
Then, in physical coordinates, the species conservation equation on
the axis takes the elliptic form
8c, 9°c, 9°C,

= +
ox 952 Syz

wlis

where 8('(9 ]é) = 0 is assumed, and both thermal and barotropic diffusion

are ignored. Using the non-dimensional coordinates

= x_Xb

X -X
r

X
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where Xy is the location of the base stagnation point in physical coordi-

nates, the equation takes the non-dimensional form

8°c, ¥°c, _ _ aC,
—= + U((X) = =0
%= YY" X
o > lu_[(x_-x) N
where UX) = u(X) . maxD r b = Re(X)Sc.
umax

To facilitate a solution, the mass-concentration field near the axis is

assumed to be self-similar, i.e.

C, = cg(i)zwm ,
where n = Y /0%)
9% C, F,’
Then L = cgﬁi) (0) ,
oY" o(X)®
, V=0

" . .« e . . .
where F(O) 1s unspecified, and the species conservation equation on

the axis takes the form

d®c dC
¢ ~ o)
—— TR — + 2R &) =0,
aX? d ¢
F "
where A()Af) = ﬁ?)
0(X)*®

EX) = e;cp[gf G d@]

Two parameters, f:f(ff) and A(X), occur in this solution; however, it is

not in a convenient form from which the qualitative features of the axial
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decay may be obtained, both because of the parabolic dependence on the
boundary conditions, and because of the integral nature of the solution.
To obtain a qué.litative understanding of the mass-concentration fieid,
it is sufficient to examine the special case for which U and A are inde-

pendent of X. Then, the species equation

<
d c@ ~ ch N
— + U — + ACr(X) = O
aX= dX ¢
has the solution
%(aml)X -%(wrl)ff
c@(?!) =Ae + Be ,

where

1

l: 4p |2
a = - =
i

From the elliptic nature of the problem, the boundary conditions are

taken at the extremities, X = 0, 1, giving the resu’l:c

~ &
rc@(O\ U cgye 2@ D]
A = <= e ,
[1-e799; -
i
- = (z-1)
) C- 2
L. L% - Se ]
[1- e Vo]

The complexity of the solution in this region is apparent. How-
ever, from the form of the solution, the basic features of the axial dis-
tribution can be determined. Of primary importance is the conclusion
that the presence of the rear stagnation point imposes as the solution of
the species equation the linear superposition of a positive and a nega-
tive ekponential function. The negative exponential corresponds to the
decay from a source at the base stagnation point into a uniform flow of

infinite extent with lateral diffusion; whereas, the positive exponential
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represents the decay toward the base of the mass concentration supplied
by a source at the rear stagnation point, whose strength is determined
by the outer flow as a consequence of the coupling in the subcritical
region.

As U = ReSc¢ = o, the boundary layer character of the solution
becomes evident. In this limit,

a ~ 1

and the solution becomes

-UX -U -UX
- € ] C 1 [1 - € ]
TSI A

Under these circumstances, the solution represents a thin, exponen-

cg® = ogo ke

~=1

tially decaying boundary layer with a characteristic thickness & _~U

b
This is precisely the base boundary layer proposed by Scott and
Eckert(1 ?) for the transfer of heat or mass from the base into the

recirculating vortex at infinite Reynolds number.

In the present experiments, however,

T = ReSc~ 0(1) ,

and the axial diffusion depth is of the order of the distance between the
two stagnation points, Gb ~ U_l ~ 1. TUnder these circumstances, the
base transport layer is no longer thin, but dominates the near-wake
distribution (Figures (35), {(37) ) and represents a generalization of the
layer proposed by Scott and Eckert to.the low Reynolds number case.
The present solution also differs from the stagnation point solution by

(30)

Hayday, principally because of the importance of the transverse

diffusion terms in the species conservation equation.
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Two length scales appear in the solution for small values of .
The first is associated with the product ReSc through the velocity, i.e.
X~ %, and reflects the importance of counter -current diffusion in de-
termining the axial decay, as discussed above. The second secaling is

. . . o 1
associated with the transverse diffusion, i.e. X~ — = — 9, and

B E]
demonstrates the influence on the axial decay of transverse diffusion
into the sink provided by the outer flow. Both 0 and U are non-trivial
functions of Reoo, a’ Sc, and I through the influence of these parameters
on the near-wake flow-field structure (Figures (35), (41) ).

In the solution presented above, threce major difficulties occur
which obviate the use of the solution in any but a qualitative discussion.
First, from Figufes (35), (41), the assumption A = const. is valid for
Reoo, q= 0.9x10%, but is incorrect at the higher Reynolds number be-
cause of the fundamental changes which occur in the shape of the mass-
concentration profiles near the base with increasing I. Second, the
assumption U = const. is very rough and does not specify the proper
value of U = ReSc. More properly, T should be assumed to be para-
bolic, i.e. TU~ZX(1-X) (see Figure (19) ), and the integral solution, given
previously, should be used. Finally, and most seriously, is the ques-
tion of the establishment of the boundary conditions CGL(O) and Cq;(l), dis -
cussed previously.

Figure (38) illustrates the effect of molecular weight on the axial
mass-goncentration profiles for a constant value of the injection param-
eter I. For this case a decrease in molecular weight for a fixed value

of I results in a decreased mass concentration. It is apparent from the

above discussion that no simple scaling exists for the influence of
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molecular weight; however, it is fortuitous that an adequate correlation
of the axial mass-concentration data for botﬂ molecular weight and the
mass transfer. parameter I can be obtained by the correlation of the
mole fraction Xi with the injection parameter I at selected axial sta-

tions (see Figure (39) ). For Reoo = 3x10* the mole fraction corre-

,d
lates with the injection parameter between the base and x/d = 1. 0. For
x/d =2 1.5, the data in Figure (38) exhibit the effects of the decreased
Schmidt number for helium, manifested as an increased helium mole
fraction for a given value of I. For Reoo, qa° 0. 9x10% the Schmidt
number effects for helium are pronounced at x/d = 0. 625 because of
the decreased Reynolds number in the recirculating zone, an effect

which persists throughout the near-wake region.

IV.2. The Near-Wake Flow with Mass Addition from the Forward

Stagnation Region

Transverse Distribution

For mass addition from the forward stagnation region, the near-
wake mass-concentration field is illustrated in the isometric plots in
Figure (43) and the isograms in Figure (44). The species transferred
from the forward stagnation region enter the near-wake flow field
through mass-concentration boundary layers whose thickness upstream
of separation is comparable to the viscous boundary-layer thickness.
The mass-concentration distribution in these boundary layers dominates
the boundary conditions for the distribution of mass concentration in the
near -wake flow field, and sets the mass-concentration level at the base.

Figure (42) illustrates the mass-concentration profiles in the

boundary layer upstream of separation (x/d = 0. 20) for helium and
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argon addition for Reoo’ a4 = 0.9 and 3x10% For argon addition, a local
maximum occurs in the mass-concentration distributions at a distance
from the wall équal to nearly one half of the viscous boundary-layer
thickness. The maximum overshoots the wall value by 3% for Reoo’ d

= 3% 10* and nearly 10% for Re = 0. 9x 10*, and is the result of both

oo, d
probe interference effects and the diffusion upstream into the low speed
boundary-layer flow near the wall of the relatively low mass-concentra-
tion gas from the vicinity of the base. Both processes are a conse-
quence of the fact that the boundary-layer profiles have been measured
approximately one boundary-layer thickness upstream of separation,
and this distribution is not expected to persist further upstream. Simi-
lar results were not recorded for the addition of helium because of the
lack of sensitivity in the measurement of helium concentrations in the
vicinity of the wall.

The above results suggest that barotropic diffusion may contri-
bute to the formation of the local maximum in the boundary layer pro-
file. Barotropic diffusion results from the centrifugal forces associ-
ated with the expansion of the flow and provides a mass-transport dis-
tribution in the boundary layer that is similar in form to that provided
by ordinary diffusion, the direction of the transport being a function of
molecular weight. As a consequence, barotropic diffusion can only en-
hance the effects of ordinary diffusion in the boundary layer, and for
this reason, the local maximum occurring in the profiles cannot be
accounted for by the effects of barotropic diffusion.

The extensions of these boundary-layers into the near-wake flow

are the narrow mass-transport layers which provide the outer boundary
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conditions on the mass-concentration field in the region of reversed
ﬂow. These outer layers, shown in Figures (43) and (45), are a con-
sequence of the transition of the dominant transport mechanism from
one of diffusion for the inner recirculating flow to one of convection
for the outer flow, and form the outer transport layers in the two layer

(19)

model proposed by Scott and Eckert, as described previously.

The transverse profiles for argon exhibit a nearly uniform region
between the u = 0 loci (Figure 43) as a consequence both of the effects
of diffusion within the recirculating vortex and of the decrease in the
mass concentration of the injected gas along the undisturbed dividing
streamline by the diffusional loss of the injected species through the
outer transport layers. This causes a reduction of the mass concen-
tration at the rear stagnation point below that at the base, and provides
the second boundary condition for the axial decay of mass concentration
in the near wake, as discussed previously.

A local maximum occurs off the axis, followed by a rapid decay
of the mass concentration in the outer transport layer. On the body,
the local maximum occurs for ¥ > 0 (Figure (42) ). As the rear stag-
nation point is approached, the local maxirﬁum is displaced toward the
axis by lateral diffusion and by the convergence of the shear flow in the
vicinity of the neck (see Figure (44) ), but does not coincide with the
Y = 0 streamline upstream of the rear stagnation point, as can be in-
ferred from Figure (43).
| The profiles described above are qualitatively similar to a pro-
file obtained by Mohlenhoff(lo) in the recirculating zone of a uniformly

porous cylinder for helium addition; however, no direct comparison
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can be made because of the more complex boundary conditions used by
Mohlenhoff. The present results also qualitatively resemble a theoret-

(1)

ical model used by Reeves and Lees ' ’ to represent the analogous total

enthalpy profiles for a cold cylinder. The analogy to the heat transfer

model of Scott and Eckert(lg)

is one in which the flow is dominated by
the outer transport layer, i.e. heat transfer from the forward stag-
nation region, with an adiabatic base. This case is discussed in detail
in Appendix A.

For the addition of helium (Figures (43), (44) ), the near -wake
profiles assume a less complex form because of the increased diffusi-
vity. At Reoo, q°= 3X 104, a local maximum occurs in the mass-concen-
tration profiles for x/d = 0.52, but decays rapidly because of the effects
of diffusion. Within the recirculating zone, at this Reynolds number,
the profiles exhibit three distinct inflection points; however, for
Reoo, a= 0. 9%x10* the profiles for helium possess only a single inflec-
tion point.

The mass-concentration isograms are shown in Figure (44),
superimposed on the characteristic features of the pressure field. For
this case, the isolines exhibit some folding as a consequence of the
existence of the local maximum, but otherwise lie nearly parallel to
the shear-layer edge, as shown in the figure.

The normalized mass-concentration profiles for argon, shown
in Figure (45), are independent of the mass transfer rate, and the nor-
malizaﬁon, C(E’ scales linearly with M. The results for helium addition
are qualitatively similar, and are not shown here. The characteristic

widths of the mass-concentration profiles are again determined only by
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the viscous shear layer (Figure (40) ) and the diffusion coefficient, and
are thus independent of mass transfer rate. For this flow, the mass-
concentration wake edge (Ci) lies parallel to the shear-layer edge but
is displaced into the outer flow beyond the shear-layer edge as a con-
sequence of the boundary conditions at the baée.

Axial Distribution

The axial distribution of mass concentration for the case of
mass transfer from the forward stagnation region is given in Figure

(46), with Reoo and Mas parameters. To obtain a qualitative under-

, d
standing of this axial distribution, the approximate solution outlined
previously will be employed. From the condition of a nearly uniform
transverse distribution, A = 0 and hence

a =1,
Therefore

re” U% .

o | - Uy
CgX) = cglo) -

e

[1-e 07

LTS

+ C
[1-e" U3

¢
This is the exponential boundary-layer solution given previously. Again
T = ReSc ~ 0(l) and hence 6b ~T T 1, i. e. the axial diffusion depth is
of the order of the distance between the two stagnation points. Further-
more, because there is no source in the base region, the difference
between the mass concentrations at the base and at the rear stagnation
point results only from the decrease in the mass concentration of the in-
jected species along the dividing streamline by diffusional loss through
the outer transport layer. As a result, the two boundary conditions

are nearly equal and the axial decay is extremely weak compared to

that for base mass addition (cf. Figures (35), (37) and (43), (46) ).
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Transverse diffusion within the reversed flow provides a nearly uni-
form mass-concentration distribution throughout the region between
theu = 0 1oci.. The results for helium, as a consequence of the in-
creased diffusion coefficient, exhibit an axial distribution of mass con-
centration which decays more rapidly than that for argon (Rigure (46-b) ).

This case more closely parallels the stagnation point flow field
analyzed by Hayday,ﬁo) however, the boundary conditions and the mo-
lecular weight scaling contain multiple length scales and are again

coupled to the flow, giving the weak axial decay shown in Figure (46).

IV.3. The Intermediate-Wake Region

The far-wake flow field of a circular cylinder has been studied

(7) (9)

experimentally by McCarthy and Behrens at GALCIT, and the re-
sults have been favorably compared to the asymptotic far-wake calcu-
lations of Kubota(5) and Gold.(é) These results show that although the
decay law for the outer-wake flow field is similar to that for the inner-
wake flow, the length scales for the two processes are greatly differ-
ent. The scale for the inner-wake flow is set by the influence of the
near-wake boundary conditions, whereas the scale for the outer-wake
flow is set by the influence of the boundary conditions generated by the
bow shock wave.

For the asymptotic decay of the inner wake, an Oseen lineari-
zation of the boundary-layer equations yields a self-similar form for
the small perturbations to the uniform field. The details of the near-
wake flow field are contained in the boundary conditions and are ac-

counted for in the solution by establishing a virtual origin of the co-

ordinate system. The result of the Oseen calculation for the velocity
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defect,
w=1-T

is given by c v3

2 Q0

Meo e 4X
W = eo 2 7

o y X

where,

1
(peue 9)0 r C‘oo Reoo, d]?2
meu d T ’

90 =

and X and Y are the coordinates in the incompressible plane, measured

from the rear stagnation point, given by

X/d
e e e 4 /4 ’
S T
y/d p
Y = [CRey 47° S == Lagra)
CX)CO e

{cf. Goxdié) ).
(5)

An extension of Kubota's analysis to the mass-concentration
field yields the solution for the diffusion from a delta function source

at the origin as the asymptotic result;

: , . Sc¥®
m. =
c ) i [C Re , dSC]a e 4X
1 2p u_d T )/—X—-

This result assumes a delta function source at the origin and that
w <<1, i.e., to first order, U = 1.

The presence of the rear stagnation point, and the finite width
of the mass-concentration profiles at the origin, require the existence
of an intermediate-wake region in which the mass-concentration and

velocity fields experience a transition from the distributions imposed
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at the rear stagnation point by the near-wake flow to their respective
asymptotic far-wake distributions given above. In this region, the
mass-concentration field is strongly dependent on the bbundary condi-
tions at the rear stagnation point, and weakly dependent on the accel-
erating axial velocity.

To account for the accelerating centerline velocity, the func-
tional form of U@(X) may be obtained either from the momentum equa -
tion or from experimental data. Figure (47) shows the experimental
centerline velocity profile for the undisturbed wake, for Reoo =

»d
0.9x10%, together with an analytic representation

- X
U@ T atX ’

where a is obtained by matching the data at X = 4. 0. This form has
the proper limiting behavior for small X. For large X it yields the
asymptotic limit w »a/X as X = o0, instead of the limit w ~a/Y X
required by the Oseen solution. However, the asymptotic behavior of
the velocity field is unimportant in the calculation of the axial mass-
concentration decay because the Oseen linearization is used in the
asymptotic far field. Similar calculations have not been performed
on the data for Reoo, q°: 3x10% because of the occurrence of transition
in the intermediate-wake flow field at this Reynolds number (see
Section III-4).

The boundary conditions on the mass-concentration field are
illust.rated in Figures (41), (45), (48), which show that the mass-concen-
tration profiles in the vicinity of the neck can be described by their

centerline mass concentration, which scales directly as the mass
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transferred, and by a characteristic width, which is a function of
molecular weight and the mode of mass addition. In the physical plane,
the characteristic width can be either the half width, W%, or the wake
edge (Ci) defined by the maximum slope intercept with the zero mass
concentration level. In the incompressible plane, Figure (48a) shows
that for argon the measured transverse mass-concentration profiles
in the vicinity of the neck approach a Gaussian form with increasing
axial distance. These profiles exhibit a characteristic width Y = o
for which C.l/CqZ = l/e. Further, for argon mass addition, Figures
(39), (44) show that the viscous and mass-concentration Wake.edges
nearly coincide. In addition, Figure (40) demonstrates that at a fixed
value of X, the ratio W%/(y/d)e is independent of mass addition and
hence the lateral scale for the mass-concentration wake depends me-
chanically on the lateral scale for the viscous wake, i.e. g =0 (o)
is independent of the mass transfer rate.

The boundary conditions outlined above will now be used to cal-
culate the intermediate-wake centerline mass-concentration distribu-
tion for argon mass addition. The results for helium addition are more
complex and are not within the scope of the present theory. Those re-
sults will be discussed separately below.

Neglecting axial diffusion, which will be justified a posteriori,

the species conservation equation on the axis becomes

2
u/Dig_(_:_ = ”¢C
9y*

ox
In addition,conservation of the injected species provides the integral

[:}]

relation
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~
th, = 2 Bo pu C; dy = const.
Using the modificd Howarth transformations to the incompressible

plane given previously, these equations take the form

2
SC U 'g’% = 8 C »
ay=
o o
m
SUC ay = \ vcay ,
o o
N X
where U = u/u
Sc = /D = const.

It is convenient at this point to introduce the assumption that

both the mass-concentration and the velocity profiles are self-similar,

i. e.,
S = F(Y/o (X)) = Fin)
CGE‘(X) [ C !
1-U R
I-U@J(X) - F'(Y/Ou(X)) = B (’n )
Therefore,
8% C c@(x) "
- F ( ) ]
5Y® 02 (X) ¢
C
and
d Cr(X) Cg(X)
@ - CE‘ "
ScUF = F
(o] dXx GC2 (X) [e]

The integral equation then yields the algebraic result

OCN CN[b+U

N
o (X) = ,
c C(E(X)[b + U(E(X)]

where
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(00]
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To simplify the calculations, it is assumed that the scales for

the velocity and the mass-concentration profiles are the same, and

that both possess Gaussian distributions (see Figure (48) ), i.e.,
F(n} = F*n) =e_ﬁ‘2 )
and GC(X) = Ou(X)

As a consequence,

Since Fo =1, Fo" = -2 for a Gaussian profile; therefore,
d Ceg (X) 2 Cg(X)
Se g —ax— T —
o(X)

Using the expression for o(X), the equation becomes

[b+U~(x)]? Scafc.? d Ce (X)
¥ i N N 2 ¥
-—-————-——UG(X) aX = - N E— [b-i-UN] —_—

Cr(X)®
¢
Using the assumed analytic form for the axial velocity U (X),

the differential equation is directly integrable. If the origin and the

boundary conditions are taken at the neck, the solution becomes

1
T2
A ® = ]14+—8 E-%ﬁn(ﬁ)ﬂf’_-ﬁ)a@n(XNJ@)],

N Sco 2[b+U ]° atXy /2 AN
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The nature of the solution is best determined by examining the behavior

of the solution for large and small g. For small £,

P — — p FJ ,
cN

8 - a 3 -, a
where B = —m Ll—————-+(———J2)—]
: 2. P 2(a+Xn) 2 XN

SCGNE:)FUN:] N

For large g,

‘¢ 1

- — (B*E) ¢ ,

CN
where Bx = 8

Scaf [b+1, 17

Thus, for large g the solution approaches the decay law given by the
Oseen linearized solution, while for small € the decay is less rapid.

Although, as shown in Figure (48a), the transverse mass-
concentration profiles are bell=shaped at the neck, the axial decay
cannot be adequately represented by calculating the transverse profile
curvature on the axis from the curvature of the Gaussian profile fitted
to the data at C/CN = l/e. To improve the accuracy of the theoretical
estimate, an effective value of the curvature at the neck is calculated
by fitting the solution for the axial decay to the data at £ = 8, and in
this way accounting both for the initial non-Gaussian behavior of the
transverse profiles, and for the effects of finite aspect ratio discussed
in Section IV. 4. The results for the axial decay are shown in Figures
(49) and (50) for the case of argon addition from both the forward and
the base stagnation regions. The difference in the axial decay for the
two modes of injection is a consequence of the differences in the initial

profile width, eINE at the neck.
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For the addition of helium, the present theory is inadequate in
two respects. First, Figure (48b) demonstrates that, irrespective of
the mode of mass transfer, the transverse distribution 6f helium mass
concentration in the vicinity of the neck deviates greatly from the self-
similar Gaussian form. Second, near the origin the axial diffusion
term becomes important and must be included in the analysis. More
specifically, the analysis presented above assumes that axial diffusion
is negligible, i.e.,

2 2
BC/BC<<1
2 5v2

ox

Transforming to the incompressible plane,

~ i 2 D)
ey °c _ ‘oo [T%(X)] 6°C / 8°C
0x° ! oy? Rl dal To J ax®/ av?

From the solution, near £= 0, this becomes,

2 -]
ox> | oy® -
Co (X)|* T (X) 2 3 2
o Hc, |k & 0(X) L a_ 372
Reoo,d ) CN Too Sco_Nz [b+UN]2 2{atX) X

This ratio may be evaluated from the solution and gives, for base mass
transfer of argon, R = 1.6X107® for £ = 0, and R = 1.95%X10"2 for £=4. 0.
Using the same solution for helium, however, R = 0.630 for €= 0, and.
R = 4.5x107% for € = 4. 0. Therefore, the near-field solution, £-0,
.obtained above is invalid for helium addition.. The far-field solution is
valid, however, and will be used to determine the virtual origin for the

asymptotic far wake in the following discussion.
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For the mass-concentration wake, the virtual origin, £o, is
defined as the intercept with the line CG;Z/CN = 1. 0 of the extrapolation
of the asympfotic solution CQ/CN - ({3*;')_%, shown as a straight line

of slope -3 in the log-log plot in Figure (50). From the solution,
go =1/f3=l<~SCCI-N—2 s

as shown by the extrapolation of the solution curve in Figure (50).
Figure (51) demonstrates this dependence for the data for argon and
includes a single data point for helium addition from the base. The
point Oy = 0 corresponds to the source solution of the Oseen linearized
equations.

For mass addition from the forward stagnation point, the data
in Figures (40), (45) show that the virtual origin is independent of the
mass transfer rate. For base mass addition, the virtual origin moves
slowly rearward with increasing mass transfer primarily as a conse-
quence of the increase in the width of the viscous layer, demonstrated
in Figures (29), (41), with a secondary influence caused by the changes
in the axial velocity profile with increasing base mass transfer.

IV. 4. Mass Balance

As a quantitative check on the mass-concentration profiles in

the near wake, a mass balance of the form

ri'l (0 8]
_________calc. - % S pu Cl dy
mi mi o

has been calculated using the measured, corrected Pitot and static
pressures, and assuming y = 1.4, as discussed in Appendix D. The

integral was evaluated in the vicinity of the neck, and gives the result
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that, for Reoo g - 3x10* at x/d = 3, 0, the ratio of the calculated

mass flux to the injected mass is rhc c /rh; =0.7705, for argon at

al
I =4.28x107% This result implies a loss of 23% of the injected mass.

The above calculation assumcs a uniform spanwise mass-
concentration distribution that terminates abruptly at the fences. This
is, in fact, not the case. Within the recirculating zone, the measure-
ments of the spanwise pressure distribution shown in Figure (5) dem-
onstrate that the fences effectively isolate the central portion of the
flow. However, measurements of the spanwise static-pressure dis-
tribution in the vicinity of the neck by Ramaswamy* show that an out-
flow exists near the fences. This outflow is of sufficient magnitude
that an oil flow pattern is observed around the fences in the vicinity
of the neck. Lateral diffusion, coupled with this lateral convection
toward the side walls of the tunnel, generates a non-uniform spanwise
mass-concentration profile that extends from the centerline to the
tunnel side wall, bypassing the fences in the region downstream of
reattachment.

The finite aspect ratio has no influence on the mass concen-
trations in the near wake because the fences isolate the recirculating
flow. Downstream, in the vicinity of the neck, however, spanwise
diffusion and mixing increase the rate of decay of the centerline mass
concentration with increasing axial distance, but are not expected to
influence the normalized transverse distribution. The rate of deviation

from an ideal two-dimensional flow will be most pronounced in the

vicinity of the neck, where the increased static pressure enhances the

A

3

Ramaswamy, M. A.: Private Communication
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spanwise convection. The three-dimensional nature of the flow iﬁ the
intermediate wake is accounted for in the solution presented above by
a decrease in the effective value calculated for O through the match-
ing of the solution to the experimental data.

In the ideal case, far downstream, the spanwise profile will
‘again become uniform with a value of 60% of the value expected in the
absence of spanwise diffusion, as a consequence of the increase of the
spanwise dimension. This region is beyond the range of the present
measurements, however. No quantitative estimate has been made of
the effect of the three-dimensional nature of the flow on the axial
mass-concentration distribution because of the important contribution

of the unknown spanwise convection.
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V. SUMMARY AND EXTENSION OF RESULTS

V.1l. The Near-Wake Flow

Forward Stagnation Region Mass Transfer

Mass addition from the forward stagnation region has no meas-
urable influence on the near-wake pressure field for moderate mass
transfer rates.

The species transferred from the forward stagnation region
enter the near wake through mass-concentration boundary layers
whose thickness upstream of separation is comparable to the viscous
boundary-layer thickness. The extensions of these boundary léyers
into the near-wake flow are the narrow mass-transport layers which
provide the outer boundary conditidns on the mass-concentration field
in the region of reversed flow, and which dominate the transport of
mass into the outer flow.

Because there is no source in the base region, the dividing
streamline is closed, and the distribution of mass concentration within
the recirculating flow is determined primarily by the mass-concentra-
tion distribution on the dividing streamline. As a consequence of
diffusion, the resulting mass-concentration field in the region of re-
versed flow is nearly uniform in the transverse direction. The axial
mass-concentration profile in this field decays weakly downstream
from the base as a consequence of the decrease in the mass concentra-
tion along the dividing streamlines by diffusional loss through the out-
er transport layers, and the subsequent convection toward the base of
the resulting lower mass concentration gas in the vicinity of the rear

stagnation point.
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The transverse mass-concentration profiles that result in the
near wake exhibit an overshoot in the vicinity of the = 0 streamline,
and possess a vtransverse scale comparable to that defined by the vis-
cous shear-layer edge.

As a consequence of the convergence of the viscous shear lay-
ers in the vicinity of the rear stagnation point, the transverse mass-
concentration profiles downstream of the rear stagnation point asymp-
totically approach a Gaussian form in the incompressible plane. The
lateral scale of these profiles is independent of mass transfer rate,
and the magnitude increases linearly with the mass transfer rate.

Base Mass Transfer

For the range of mass transfer rates investigated, a recircu-
lating vortex exists in the near-wake flow, and mass addition from the
base produces a change in the base pressure proportional to the mo-
mentum flux of the injected species. The mechanism which determines
this change is the establishment of a stagnation point off the base,
formed by the balance of momentum between the injected fluid and the
reversed flow, and the consequent impression of the injected fluid or
the free shear layer near separation. The generalization of the base
pressure, or characteristic near-wake pressure, is the pressure at
the base stagnation point. This pressure, and the influence of mass
addition on the entire near-wake flow field, are completely correlated
by the ratio of the momentum flux of the injected fluid to the momentum
flux in the cylinder boundary layer upstream of separation, through

the parameter
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Lo [Tpey  SORSETY Mpir
>0 g om. \ m.

mpg oy, J 1 JRe | 4 1

The near-wake mass-concentration field for mass addition from
the base is determined by the counter-current diffusion of the injected
species against the recirculating flow. Because the product ReSca:0(1)
for the reversed flow, the resulting axial mass-concentration profile
decays rapidly downstream from the base with a characteristic length
scale of the order of the separation distance between the two stagna-
tion points.

In the region between the two stagnation points both the axial
and the transverse diffusion terms must be retained in the axial species
conservation equation, hence the solution of the equation depends on the
value of mass-concentration at both stagnation points. The boundary
conditions at the base are imposed directly by the mass transfer, while
the boundary conditions at the rear stagnation point are determined
by the outer transport layer in a manner similar to that for mass addi-
tion from the forward stagnation region. The outer transport layer is
coupled to the reversed flow through the mass-concentration boundary
condition imposed by the flow in the vicinity of the u=0 locus.

In the vicinity of the rear stagnation point, the transverse mass-
concentration profiles again asymptotically approach a Gaussian form
in the incompressible plane in a manner analogous to that for mass
addition from the forward stagnation region. The lateral scale of these
profiles is a function both of the boundary conditions on the body and of

the mass transfer rate.
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V.2. The Intermediate-Wake Region

In the intermediate-wake region, immediately downstream of
the neck, the’effects of mass addition from the forward stagnation
region, and from the base, are unified in a single theory. In this
region, for the addition of argon, the axial diffusion terms are negli-
gible, and the mass-concentration field in the incompressible plane

takes the form

c. = cel®) Y2 /a(9?

1

where,

1
1
|~

\fT [

C(8)
RO PR 8 LE-A%(B+§) + Con(BE
scc§Eb+UN]2

The influence of the near-wake flow occurs through the boundary con-
ditions at the neck in the profile parameter N which depends strongly
on the mass-transfer boundary condition on the body.

The asymptotic far-wake solution, valid for any molecular
weight, corresponds to that for the diffusion from a point source
located at a virtual origin which depends on the boundary conditions.
The intermediate-wake result establishes that the location of the vir-

tual origin is proportional to the parameter Sc 0,7, where o, = 0

N’ N

corresponds to a delta function source at the neck, & = 0.

V.3. The Regimes of Mass Transfer

For mass addition from the base, three regimes of mass trans-

fer in separated flows have been proposed, bothhere and inthe literature.
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For the first two regimes, the mass entrainment required by the shear
layers is not satisfied by the mass addition, and a distinct recirculating
vortex will ex;ist.
The first regime is defined by the fact that the momentum flux
of the injected fluid is negligible compared to the momentum flux in the

(16)

reversed flow. Under these conditions, Chapman's arguments,
that the base pressure changes through the effect of mass addition on
the entrainment in the shear layers, are valid and lead to the depend-
ence of the base pressure on the mass flux of the injected fluid. How-
ever, on the basis of the present experiments, this regime does not
exist for the near-wake of a circular cylinder. Furthermore, itis
felt that if this regime does exist for experimentally realizable sepa-

rated flows, it will occur only as a limiting case.

In the second regime, the subject of the present investigation,

the momentum flux of the injected fluid is comparable to the momenturmn
flux in the reversed flow, and determines time changes in the pressure
field with mass transfer through the interaction of the injected fluid
with the subcritical free shear layer. A qualitatively similar region

is expected to exist for the case of mass addition from the base of a
slender wedge, for example, despite the differences imposed by the.
supercritical expansion and catastrophic separation from the nearly

fixed separation point (cf. Batt, (20) Hama(31)

). For the wedge, the
characteristic momentum flux is that associated with the inner viscous
layer (cf. Batt); although, for laminar flow, the proper Reynolds num-

ber scaling may also be obtained by considering the boundary-layer

momentum flux, as in the case of a circular cylinder.
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For the third regime, the mass entrainment in the shear layers
is satisfied by the injection, and no recirculating flow exis. . For this
regime, the ébsence of a rear stagnation point implies that the momen-
tum of the injected species no longer determines the changes in the
pressure field, and that the near-wake field is determined by the mix-
ing of two nearly parallel streams. The measurements of Chapkis,

(14) (32) (33) for a

et. al., Lewis and Behrens, and Lewis and Chapkis
slender wedge show that, in this regime, for both laminar and turbu-
lent flow, the axial static pressure is approximately constant near the

body and correlates with the volume flow of the injected species. The

results for a circular cylinder are expected to be qualitatively similar.

(12)

Herzog has shown for the cylinder that, for mass transfer rates in
this regime, the axial static pressure near the body is nearly constant,
although no molecular weight correlation was attempted.
; (34) .q (35) .

Previously Chow, and Fuller and Reid, have reported the
existence of distinct regimes in the correlation of base pressure with
increasing mass addition; however, in each case insufficient evidence
is exhibited to determine whether there is a one-to-one correspondence

with the regimes described above.

V.4. Suggestions for Future Research

On the basis of the present experiments, several related inves-
tigations are suggested which will increase our understanding of mass
addition in separated flows:

1. further experimental investigation of the influence of molec-
ular weight on the near-wake pressure field to establish the range of

validity of the three mass transfer regimes delineated above, and to
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further define the mechanism occurring in each regime.

2. an experimental investigation of the wakes of slender bodies
with mass adaition to determine the influence of body geometry on the
behavior of the pressure and mass-concentration fields.

3. an extension of the theoretical investigation of Klineberg(B)
to include the effects of mass and heat transfer, utilizing the experi-
mental results as a guide in choosing the profile functions, and in
ordering the terms in the equations.

4. further theoretical and experimental investigations of the
effects of mass addition on the stability of wake flows.

5. experimental investigations of the compressible free shear

layer which include the effects of the mixing of dissimilar gases for

both laminar and turbulent flow.
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TABLE 1

Summary of Flow-Field Constants:

PO(NominaU" 25 80
(@) ]
Re 0.905%x10* 2.953%10
oo, d
M 6.047 6. 084
o0
TO(OK) 408 408
P (psia) 24. 4 79. 4
© (b) |
pLoo/er 0,20 0.195
(c)
AL -5 -5
s || 4. 2 10 .56x10
rnBe.L. in-sec 8x 7. 56x
(c) .
th, i-r_l_ié-& 1.737x107% | 5.510x10"2
d = 0.200 in.
W= 9.6093%x1077 . # Lennard-Jones model
Tr in=-5€C

after McCarthy( ), Figure 61.

Mass flux per unit span. See Appendix C.
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APPENDIX A
HEAT TRANSFER--MASS TRANSFER ANALOGY

For the near-wake flow of a circular cylinder, an analogy exists
between mass addition and heat transfer. In both cases, the problem
reduces to one of the diffusion of a scalar quantity, e.g., mass, total
enthalpy, within the separated flow in the near wake, and the convection
of the scalar downstream into the far -wake flow. If the thermal and
barotropic diffusion terms are neglected in the species conservation
equation, an assumption that is particularly valid in the low Mach
number near-wake flow of a circular cylinder, and if the dissipation
terms are neglected in the energy equation, i.e. Pr = 1, an assump-
tion which is certainly not justifiable in certain regions of the flow,

then the species equation takes a form similar to the energy equation

H-He
He

parameter used by Reeves and Lees.

written in terms of S = , the normalized total enthalpy defect

(1)

The following conditions then

specify the analogy:

C. -G, =»S=
i i
e

For the general case of heat transfer for a circular cylinder in
hypefsonic flow, the heat transferred is a maximum at the forward
stagnation point and decays rapidly as the flow progresses around the
body. For the theoretical model, the boundary conditions for the
transfer of heat will be idealized to 8T/8n # 0 over the forward stag-
nation region, and to 9T/0n = 0 over the region extending somewhat

upstream of separation and downstream to the base. These assumptions
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can be partially justified by the existence of the insulating base
boundary layer {cf. Scott and Eckert(lg)) and by an examination of
the aata givenv in Chapter IV. The mass transfer analog of this theo-
retical model is mass addition from the forward stagnation region,
for which the transfer of mass is restricted to the forward stagnation
region, and a zero mass flux boundary condition is preserved over
the remainder of the cylinder. The enthalpy defect parameter S is
then analogous to Ci - Ci , where the foreign species models the case
>0, Cei = 0; the species in the primary stream

wW e

models the case SW <0, i.e., Ci < 1, C.1 = 1.0. Under these con-
w e

ditions, the direction of species and total temperature diffusion are

S >0, i.e., C.
W i

the same, and hence the two scalars will be analogous. The influence
of molecular weight is felt through its influence on the Schmidt number,
Sc. For the addition of argon in air, Sc ~ Pr, independent of mass
concentration. For helium addition, because Sc = Sc(Ci), the analogy
is to a non-linear dependence Pr = Pr(T) (see Appendix D).

For mass addition from the base, the analogous heat transfer
boundary conditions are those of an adiabatic flow upstream of separa-

tion, with base heat transfer. However, this does not represent a

physically interesting analog.
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APPENDIX B

TWO-DIMENSIONALITY OF THE NEAR-WAKE FLOW

A two-dimensional near-wake flow field is characterized by the
necessary, but not sufficient, condition that the static pressure is inde-
pendent of the spanwise dimension. In addition, for flows with heat land
mass transfer, the temperature and mass-concentration fields must
also be independent of the spanwise dimension; i.e., spanwise convec-
tion and diffusion must be negligible.

The interaction of a circular cylinder with the wind tunnel side-
wall boundary layer produces a complex, three-dimensional, separated

(36)

flow, reported by Sykes, which extends three to four diameters
ahead of the cylinder and generates pressure disturbances that extend
into the near-wake region by disturbing the pressure field near the wall.
The interaction is manifested in the spanwise base-pressure distribu-
tion, shown in Figure (5), as a decrease in the base pressure below the
free-stream static pressure in the region near the wall. The result-
ing spanwise convection toward the wall produces a non-
uniform distribution of mass concentration in the case of mass
transfer from the cylinder. However, the existence of a strong outflow
isolates the central portion of the span from perturbations in pressure
or mass concentration originating at the wall. This has been experi-
mentally verified by monito;ing the pressure and mass-concentration
fields associated with the introduction of argon at the wall both up-
streafn and downstream of the model station.

To prevent the outflow and its associated degradation of the

mass-concentration field, crossflow fences were mounted on the models,
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as illustrated in Figure (2). The results for the spanwise pressure
field within the region bounded by the fences are shown in Figure (5).
At the higher Reynolds number, the fences serve to create a more
uniform pressure .distribution, with no evidence of spanwise convection.
At the lower Reynolds number, a perturbation due to the fences them-
selves results in an increase in the base pressure near the fence.
However, the induced pressure gradient is much less severe than
that existing without fences.

Figure (6) demonstrates that the spanwise mass-concentration
distributions, plotted with the axial position and Reynolds number as
parameters, are uniform over the central portion of the span, i.e.
|z/d| <5.0. In addition, a survey is shown which was taken with the
tunnel evacuated to a pressure representative of the cylinder base
pressure, but without flow in the tunnél, to demonstrate the uniformity
of the porous material alone, in the absence of the primary flow. With-
in the central region of the span, the mass-concentration distribution
in the latter case is uniform to +2%. Under flow conditions, however,
at the same axial station (x/d = 0.51), the mass-concentration field is
uniform to =+ 7%. At an axial station x/d = 0. 75, the mass-concentration
field is nonuniform, with variations of £+14%4 A careful study of these
perturbations indicates that small initial non-uniformities in the mass-
concentration field are preserved and amplified with increasing axial
distance from the model. This amplification phenomenon seems to be
characteristic of flows with a distribution of scalar quantities, e.g.
heat, mass concentration, and is thought to occur as a result of the

inherently three-dimensional structure of the separated flow. In
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contrast, when discrete jets occur because of imperfections in model
construction, the pressure field rapidly recovers to a uniform distri-
bution with increasing axial distance from the model.

Further downstream, near the end of the fences, the spanwise
static-pressure measurements of Ramaswamy, g for x/d = 2.0, 3.0,
corroborated by an oil flow pattern observed on the fences, demon-
strate the existence of a convective outflow that is responsible for the
overall reduction in the spanwiée mass concentrations reported in
Section IV. 4. l.

From these measurements, it is concluded that, within the
recirculating zone, with the use of fences, no three-dimensional
effects occur which dominate the distribution of pressure or mass
concentration. Certainly three-dimensional effects exist, as reported

by Ginoux, (37)

and others, but their effects on the spanwise distribu-
tion of scalar quantities are of second order, as demonstrated by the
mass-concentration measurements. Downstream of the rear stagna-

tion point, however, three-dimensional effects are present and influ-

ence the distribution of mass concentrations (cf. Section IV. 4).

% )
Ramaswamy, M. A, - Private Communication.
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APPENDIX C
MASS_FLUX CAILCULATIONS

C.1. The Mass Flux in the Cylinder Boundary Layer at Separation

The laminar boundary layer on a circular cylinder has been

(3) (38)

calculated by Klineberg (see also Reeves and Lees ) using the

assumption of local similarity and the results of measured static-

(7)

pressure distributions reported by McCarthy. These results will
be utilized to calculate the boundary-layer mass flux at the point of
separation.

From elementary considerations, the mass flux per unit span

is given by:

)
mp ;= S pu dy ,
(o)
. 1 Pe Ve Reood SJ—ﬁ_— G*J——-
m =3 p‘ 2 [—‘ e - - Re :l.
B. L. p(DuOO OOA/_R—G—I:IT r N,d r N,d .

If an adiabatic, locally similar solution for the boundary layer is

assumed, which is coupled to an inviscid, isentropic expansion of the
outer flow from the forward stagnation point,' according to the static -
pressure distribution measured by McCarthy, the results of Klineberg
can be utilized in the following manner.

Using the Stewartson transformation to transform the flow into

the incompressible plane,

— pag
dY = —'—';—— dY s
NN
and defining
U o=
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the displacement thickness becomes

H 6 u
6 S(l-——e—-—~)dy ,

p.u

o] e e

. BNPN % P _
6% = NN (1 e y)ay.
aepe o P

If the boundary layer is considered to be of constant total temperature,

then
p - 2
L. I - Dyvepo @@y,
p Te 2 e u,
% anP - 3 -
6% = ANl 257+ Lollmzg, |
a_ p 2 e i 2 e i
e e
where
% 8 -
U S [1- U ]d4Y ,
o
5 _
B, = S Un- vid¥ .
! o
The form parameter ¥is defined as ¥ = ei/ﬁf .
Then,

" ) 5 %
5 ~——— _2NPN (y-1) a) i
r ReN, d’ a, P, {1 * 2 (IH[)Me}_; eN, d

or, following Klineberg, if the parameter 6: is defined as

e 6~* 2
R § 3
8. = 2 P\eN, d[ T ] ’

ES a..p
5" 2N PN (y-1) 2} 2
— JRey 4 oy {1+—Y—2 (L+1M2}(287)

=

Klineberg has assumed that for s/r > 1. 20, the form parameter
of the boundary layer {¥) is constant, i.e., that the boundary-layer pro-

file is unchanged in shape, but continues to grow parabolically with
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increasing Reynolds number. Using Klineberg's results, in the vicin-
ity of separation the mass flux in the boundary layer increases
~ 1%/degree of expansion around the cylinder. The separation point
on the cylinder, in the absence of mass addition, occurs at es = 1250
for Reoo,d = 3 x 10% and 8, = 132° for Reoo,d = 0.9 x10% An
arbitrary location, § = 122.5° (s/r =2.136), was chosen for the cal-

culation of the boundary-layer mass flux upstream of separation.

Under the above conditions, from the results of Klineberg,

g

3.307
e

6 =
?“/ReNd_ 15.413 ,

8. 551

|
o

Z

Q“}]
n

Using the assumption that the external flow is obtained by an
inviscid, isentropic expansion from the condition behind a normal

shock at M, the boundary-layer mass flux can be rewritten as:

1

1 1
1+(—1’5——)M 3 2(y-1) P, Re
Q© e 0o, d
P e ——

o0
© [l L ;_”M;:J °© WRey 4

- 1
m =2

]

M
e
B. L. M

where, from the above assumptions,

1
Reng = 6 Rey g
P P
O O
€ - %
B B
o] O
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Using the appropriate values of the free-stream constants
obtained from Table 1, the results of the boundary-layer mass flux

calculation are indicated in Table C=l, where m is the mass

B. L.

flux per unit span in the cylinder boundary layer.

C.2. Intercepted Free-Stream Mass Flux

A second parameter used for comparison of the data is the
free-stream mass flux per unit span intercepted by the cross-sectional

area of the model

m, = poouood

P y 1 T, I
e Ty dg— MooPo[:RT :I [T ] ¥
O (o] (e0)

Again, using the appropriate values of the free-stream con-

stants obtained from Table 1, the results are indicated in Table C-1.
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TABLE C-1
Po 25 (psia) 80 (psia)
Re 4 0.905 x 10% 2.953 x 104
[ . -5 -5
hy L.(-_iin-sec) 4,28 x 10 7.56 x 10
th, (=t—) 1.737 x 10°° 5,510 x 10™2
f ‘in-sec

Mass-Flux Parameters for the Circular Cylinder

as a Function of Reynolds Number.
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APPENDIX D
DEPENDENCE OF THE FLOW FIELD ON MASS CONCENTRATION
The assumption of small mass concentrations, i.e., that the
thermodynamic properties of the gas correspond to those of air, has
been used in the flow field calculations in the near wake. The validity
of this assumption must be examined for the molecular weights of
interest.

(39)),

For a binary mixture (cf. Baron the gas constant R and

the specific heat Cp take particularly simple forms,

R = R, +(R-Ry) C,
My~ M,
ie., R= R, [1 +—-——,/7§1‘1— Ci] "

and cC =C_ +(C_ -C_)C.
p P b3 Py 1

The specific heat ratio ¥, however, takes a non-linear form,

% (o, + (o, -Cp, 15 ]

[Cpl +(cpi% - cp1>ci]

and is plotted in Figure (D~-l) as a function of mass concentration for

helium and argon in air.

The dynamic viscosity | can be taken to be independent of mass
concentration for small concentrations, but is otherwise given by the
Chapman-Enskog formulation. The Schmidt number, Sc = v/D 1is then
dependent on both mass concentration and molecular weight (cf. Chap-

(40),

man and Cowling To illustrate the behavior, the Schmidt number

for binary mixtures of argon, nitrogen and helium with air are shown
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in Figure (D-1) as a function of the mass concentration Ci at 273° K,
The Schmidt number depends on temperature as Sc ~ T%.

The co.nclusion is that for argon and nitrogen addition, the
assumption of constant properties is reasonable. However, for helium
%%‘ and —5—C.£ are large for Ci - 0 (see Figure (D-1)) andthe assumption
of 1cons'ca.ntlproperties must be reevaluated. This assumption is justi-
fied only by virtue of the fact that for a comparable value of I, the mass

concentrations for helium are much less than those for argon, as dis-

cussed in Chapter IV.
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