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Near Wake of a Hypersonic Blunt Body with Mass Addition
DONALD J. COLLINS,* LESTER LEES,! AND ANATOL RosHKoJ

California Institute of Technology, Pasadena, Calif.

An experimental investigation of the steady, laminar near-wake flowfield of a two-dimen-
sional, adiabatic, circular cylinder with surface mass transfer has been made at a freestream
Mach number of 6.0. The pressure and mass-concentration fields associated with the trans-
fer of argon, nitrogen, or helium into the near wake were studied for mass transfer from the
forward stagnation region, and from the base. For sufficiently low mass transfer rates
from the base, for which a recirculating zone exists, the entire near-wake flowfield correlates
with the momentum flux, not the mass flux, of the injectant, and the mass-concentration
field is determined by counter-current diffusion into the reversed flow. For mass addition
from the forward stagnation region, the pressure field is undisturbed and the mass-concen-
tration field is nearly uniform in the region of reversed flow. The axial decay of argon mass
concentration in the intermediate wake, downstream of the neck, is explained with the aid
of an integral solution in the incompressible plane, from which the location of the virtual
origin for the asymptotic far-wake solution has been derived as one result.
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Sc = v/D, Schmidt number
T = temperature
u,v = physical velocity components
u* = u^ = Q/ue, dividing streamline velocity ratio
U = u/ue, transformed velocity
U(X) = [u(X)/uma*]>[\u^\(xr - xb)/D] = Re(X)Sc
x,y = physical coordinates
X = (x — Xb)/(xr — Xb), transformed physical x
jf = I _Pe_eVe_ ^ / _ \ mO(jj£e(j Howarth coordinate

J O Poo^cxsMoo \a/
xr = location of reattachment
Y =• v/(xr — Xb), transformed physical y

Y = [CJfocwd]1'2 fy •^L —d(y- Y modified Howarth
J 0 Poo^oo Pe \d/

coordinate
a = (I - 4A/C/2)1/2

7 = specific heat ratio
5 = boundary-layer thickness

base boundary-layer thickness

— —— \dy, boundary-layer displacement

thickness
F(Q)"/<r(X)*, self-similar profile curvature at

9 = I —— [ 1 — — ] dy, momentum thickness; angle
JO peUe\ Ue/

from forward stagnation point
v = kinematic viscosity coefficient
% = X — XN, transformed Howarth coordinate
£o = virtual origin for the asymptotic far wake
p = density
o-(X),ff(X) = nondimensional length scale for the self-similar

profiles
\b = stream function
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Subscripts
6 = base stagnation point
t = centerline
e = external
i — injected fluid
N = neck
s = boundary layer immediately upstream of separation
0 = total or stagnation condition
oo -= undisturbed freestream conditions

Introduction

THE roles of heat and mass transfer in the development of
the wake behind a body, and the diffusion of chemical

species within the near- and far-wake flows are problems of
considerable technological importance. The purpose of
the present investigation was to determine the effect of mass
addition on the laminar wake of a circular cylinder and to
examine the diffusion of the injected species within the
near-wake flow. The details of this work are given in Ref.
1.

The basic flowfield structure for the circular cylinder
[Fig. 1], in the absence of mass addition, has previously been
described in considerable detail in Refs. 2-4, and therefore
only those aspects of the flow which relate directly to the
phenomena of mass addition will be included here. The
problem of mass diffusion in the far wake of a uniformly
porous cylinder has been discussed in Refs. 5 and 6, and Her-
zog7 has investigated the effects of nitrogen addition from the
base on the near-wake pressure field.

It seems obvious, a priori, that mass addition into the near-
wake flow from the base will perturb the flowfield structure.
However, it is not obvious what effects on the near wake will
be produced by mass addition from the forward stagnation
region of the body when the mass transfer rates are low
enough that the bow shock structure is not affected. In
the latter case, one might expect perturbations to occur in the
structure of the cylinder boundary layer which, after separa-
tion, becomes the free shear layer in the near wake. For the
addition of a foreign species, one might also anticipate
changes in the dynamics of the reattaching streamline
resulting from the presence of finite mass concentrations.
The accumulation of these effects might be expected to
influence the near-wake flowfield according to the theories of
Korst8 and Chapman.9

For mass addition from the base, three distinct regimes may
be defined for the influence of mass addition on the near-
wake pressure field. These three regimes are distinguished
according to whether the mass flux, the momentum flux or the
volume flux of the injected species dominates the changes
in the flowfield.

For negligible velocities of the injectant, the concept of
base bleed has been introduced by Korst et al.,8 and by Chap-
man.10 Numerous experiments have been reported (cf.
Herzog,7 Davis,11 Carriere,12 Ginoux13) in which correlations
have been attempted based on the empirically derived
bleed parameters arising from the Chapman-Korst ideas of
mass entrainment by the free shear layers bounding the
recirculating flow. The arguments contained in the Chap-
man-Korst theory lead to the conclusion that changes in
the base pressure, and hence the near-wake structure, depend
on the normalized mass flux of the injected fluid. The
experiments of Carriere12 and Ginoux,13 using only air as an
injectant, seem to substantiate these ideas. However,
correlations between the changes in the near-wake pressure
field and the molecular weight of the injected fluid have not
been obtained previously.

At the opposite end of the spectrum, for large velocities of
the injectant, the experiments of Lewis and Behrens14 con-
clusively demonstrate that when the recirculating zone no

longer exists in the wake the changes in the pressure field
depend on the volume flow of the injectant.

In the intermediate mass transfer regime, for which a
recirculating zone still exists in the near wake, a third regime
exists in which the momentum flux of the injectant is compar-
able with the momentum flux of the reversed flow. The
present experiments were designed to study this regime and to
determine the physical mechanism associated with the effect
of mass addition on the base pressure and the near-wake
pressure field, and the correlation of these effects with
Reynolds number and molecular weight by using argon,
nitrogen, and helium as injectants.

Few detailed theoretical or experimental investigations
have been performed to determine the distribution in the
near-wake flowfield of mass species transferred to the flow
from the body.§ In the present investigation, the distri-
butions of the injected species were measured in the steady
near-wake flow of a circular cylinder, and the important
mechanisms that determine the distribution of passive
scalars (i.e., mass and, by analogy, temperature) in the near
wake are examined. In addition, to understand the be-
havior of the asymptotic far-wake distribution of the injected
species, an intermediate wake region immediately down-
stream of the wake neck is examined to determine the in-
fluence of the near-wake flow on the development of the
asymptotic far wake.

Experimental Technique

Flow Facility

The experiments were performed at a nominal freestream
Mach number of 6.0, and freestream Reynolds numbers
Rem,d = 0.905 X 104 and 2.95 X 104 in Leg I of the GALCIT
hypersonic facility. This facility is a closed return, con-
tinuous flow tunnel with a 5 X 5 in. test section and a stagna-
tion temperature of 735° R.

Models

The wind-tunnel models used in this investigation (Fig. 1)
consisted of 0.200 in. diam stainless-steel tubes which span-
ned the test section. These models were provided with
triangular cross-flow fences downstream of the cylinder to
insure a spanwise uniform static-pressure field in the base
region.1

Two models were used in the experiments: a pressure
model and a mass-transfer model. The pressure model
used an internal 0-ring to hold either base mounted Pitot
probes or insert static-pressure probes, with which the axial
distributions of Pitot and static pressure were measured in
the reversed flow in the absence of mass addition. The
mass transfer model (Fig. 1) used a machineable porous
ceramic insert, bonded with epoxy into a longitudinal slot in
the cylinder, to transfer the injectant from the body sur-
face into the flowfield.

To insure the spanwise uniformity of the flowfield, the
model plenum pressure and temperature were measured.
The plenum pressure was found to be uniform within 0.5%
and independent of the external flow over the entire operating
range. The gas temperature in the plenum was within 10%
of the adiabatic-wall temperature of the model. Measure-
ments of the spanwise pressure and mass-concentration dis-
tributions in the base region confirmed that the near-wake
flow with mass addition was nearly two-dimensional in
the region of reversed flow. Downstream of reattachment,
three-dimensional effects resulted in an over-all decrease in
the mass-concentration levels.

§ Somewhat limited measurements have been reported by
Davis.11



MAY 1970 WAKE OF A HYPERSONIC BLUNT BODY WITH MASS ADDITION 835

Pressure Measurement

The impact-pressure and mass-concentration fields were
measured by using a family of Pitot-sampling probes. The
measurements were made with a 0-5 psia pressure transducer
manufactured by Statham Instrument Co., and a vacuum
reference silicone-oil micromanometer. The data were
corrected for both viscous and probe interference effects,
and were adjusted to account for existing tunnel gradients.

Mass Concentration Measurement

Reis and Fenn15 have demonstrated that for the flow of a
binary mixture of gases of disparate molecular weights, the
presence of a sampling probe may cause barotropic species
separation by virtue of the existence of a strong lateral
pressure gradient in the vicinity of the probe tip. The
magnitude of this separation is a function of the Mach
number, Reynolds number, and the disparity between the
constituent molecular weights. The important parameter
in the mass-sampling problem is the ratio of the area of the
sampled stream tube relative to the incident cross-section of
the probe, which, for the low Reynolds numbers encountered
in the present experiments, is typically of the order of 0.2,
because of viscous effects.

To verify that the mass concentrations measured by the
probe were correct, measurements were performed in the
wake behind the cylinder, with mass addition from the base.
For these measurements, the mass concentration at a point
was measured as a function of probe Reynolds number
and the mass flux through the probe, for argon and helium
addition. No barotropic effects were found either for an
increase in probe Reynolds number by a factor of five, or for a
change in probe mass flux by a factor of ten. On the basis
of these measurements, it is concluded that the sample
obtained is representative of the undisturbed flowfield.

The detector for the mass-analysis system was a Varian
Associates Partial Pressure Gauge, a small magnetic mass
spectrometer utilizing a modified Bayard-Alpert source.
During operation, a continuous sample was throttled to a
known, constant pressure (25/z) maintained by a trapped
mechanical pump, and a portion of the sample was expanded
through a fixed capillary into the spectrometer, operating at a
pressure of 2 X 10~6 torr, compared to the spectrometer
background pressure of 2 X 10~8 torr.

The spectrometer system was calibrated using known
mixtures. A single peak was scanned for each binary
mixture, i.e., m/e = 40 for argon-air and m/e = 28 for both
nitrogen-air and helium-air, and the output of the spec-
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Fig. 2 Variation of the base pressure with mass addition.

trometer was recorded, normalized by the spectrometer out-
put for the pure gas under the same inlet conditions.

For argon, the error in the measurements was at most
1.5% of the measured value over the entire range of mass
concentrations. For a 1% error in the measurement of
nitrogen, however, the percent error in the mass concentra-
tion of the added nitrogen becomes unbounded as zero con-
centration is approached, because the background gas (air)
contains ~80% nitrogen. The helium mass concentrations
were also measured using the m/e = 28 peak of nitrogen
because of an instability which occurred in the m/e = 4
peak of helium. Therefore the error for helium also becomes
unbounded for vanishing mass concentrations. However,
as in the case of nitrogen, the percentage error rapidly
diminishes with increasing mass concentration of helium.

Structure of the Flowfield with Mass Addition

Mass Addition from the Front

Measurements of the near-wake pressure field for mass
addition from the forward stagnation region demonstrate
that there is no effect on the Pitot-pressure distributions and
the base pressure (Fig. 2). Neither the bow shock wave
nor the Pitot-pressure distributions in the boundary layer
upstream of separation are altered by mass addition over the
range of conditions shown in Fig. 2. It appears that the
dynamics of the flow in the near wake are unaltered. Hence
the mass-concentration field is simply the field of a scalar
quantity diffusing from an initial distribution in the cylinder
boundary layer into the otherwise undisturbed near-wake
flow. This is described in detail in a later section.

Mass Addition from the Base

Base pressure

To analyse the results of the changes in base pressure with
base mass addition, the first attempt was to correlate the
results with the mass flux parameter

H = (1)

Fig. 1 The flowfield with base mass addition (Schlieren
photo from Kef. 4).

proposed by Korst et al.8 The most important result of the
present experiments is that such a mass flux parameter does
not adequately correlate the data. The present experiments
show that, under the condition that a nonvanishing recirculat-
ing flow exists in the near wake, the base pressure (Fig. 2),
and the entire near-wake pressure field (Fig. 5) correlate with
the injection parameter

As shown in the following section, this parameter represents
the properly normalized momentum flux of the injected fluid
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Fig. 3 Axial
Mach number
distribution in

the near wake.

It is obvious from Fig. 2 that if the Korst parameter is used
when the molecular weight differs from that of air, that no
correlation would be obtained.

The present experiments suggest a physical model for the
base pressure which depends on the dynamics of the inter-
action of the injected gas with the recirculating near-wake
flowfield. This model possesses two aspects: 1) the inter-
action 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 mo-
mentum flux dependence for the base pressure.

The primary aspect of this model is the interaction between
the injected fluid and the reversed flow. For moderate mass
addition rates, a recirculating vortex remains in the near
wake, and hence two stagnation points exist on the axial
streamline: the rear stagnation point, and a stagnation
point in the vicinity of the base (see Fig. 1). Figure 3
demonstrates 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. The: generalization of the
base pressure, or characteristic near-wake pressure, is the
stagnation pressure of the highly dissipative reversed flow at
the base stagnation point, 1f and is therefore determined by the
momentum flux of the injected fluid. The proper scaling for
this momentum flux is given by the momentum flux of the
reversed flow.

The total pressure on the axial streamline decays mono-
ton ically from its value at the rear stagnation point to its
value at the base stagnation point as a consequence of viscous
dissipation. Therefore, as the momentum flux of the in-
jected 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. Simultaneously, the reversed flow is reduced as a
consequence of the reduction of the value of u* on the stagnat-
ing streamline. For these reasons, 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, as reported by Herzog.7

The second aspect of the model involves the interaction
between the injected gas and the separating free shear layer.
The gas injected from the base is turned by the reversed
flow in a distance & = 5&(mi/[31Tz]1/2), 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
5&. The effects on the free shear layer caused by the im-
pressed mass are determined by the amount of mass that the
layer is required to entrain. The idealization proposed by
Chapman17 gives an upper bound on the mass entrainment
resulting from viscous stresses. If the entrainment is
greater than Chapman's value, 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 deter-
mined from a balance between the momentum flux of the
impressed flow and some characteristic momentum flux
associated with the free shear layer.

For the present experiments, the entrainment rate of the
impressed fluid,

-fo (3)

where

exceeds the Chapman value by a factor of from four to eight.
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 addi-
tion will be determined by the properly normalized mo-
mentum flux of the injected gas.

Mass transfer parameter

From the concept of the interaction of the injected fluid
with the reversed flow, it is clear that the change in the near-
wake pressure field is determined by a balance between the
momentum flux of the injectant and the momentum flux of
the highly dissipative reversed flow at the base stagnation
point. However, for the circular cylinder, because the sub-
critical separation process allows a smooth transition from
the cylinder boundary layer to the nonsimilar laminar free
shear layer, the Reynolds number scaling is the same for
both the reversed flow and the cylinder boundary layer.
Therefore, to facilitate the calculations, the characteristic
near-wake momentum flux has been taken as that associated
with the cylinder boundary layer up-stream of separation.

Using these ideas, the injection parameter is formulated
from the ratio of the momentum flux of the injected gas to
the momentum flux in the boundary layer upstream of
separation, given by

(4)

(5)

(6)

»•£(£).
Evaluating the integral,

TT = mwi/2(p.u9*)*(8 - <$* - 6),
Introducing the boundary-layer mass flux,

\Peue f' (^-} dyl = [P.u.(d - 5*)].
L J O \PeUeJ Js

1f This distinction has not been made in the work of Fuller
and Reid,16 for example, and care must be used in the interpreta-
tion of their results.

and substituting the Mach numbers for the two flows, the
expression becomes

tin n^]1'2 \M< I" 6 - 8* 1 TjiT^}'"a^Lad (re [*-«•- e] IwJ I. (7)
To this point, no assumptions have been made about the
nature of the flows.

In the present experiments it is most convenient to evalu-
ate the momentum flux of the injectant at the base by
considering the flow through the porous ceramic. The model
plenum pressure was measured and found to be independent
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of the external pressure over the entire operating range.
Further, the pressure ratio across the ceramic, 30 < PQi/
Pi < 360, greatly exceeds the pressure ratio required for a
choked flow through the ceramic for the entire range of the
parameter I given in Fig. 2. Similar results have been
reported by Shreeve,18 who found choking for P0i/'Pb > 10.
In addition, measurements of the gas temperature in the
model plenum, and order of magnitude estimates of the heat
transfer to the gas from the ceramic imply that the flow
through the porous ceramic is an isothermal, choked flow.
As a consequence, Mi ->• 7;~1/2; Ti -> TQi « Taw, the adiabatic
recovery temperature of the model. Then, in Eq. (7)

P02/P0xl03

Mc

independent of the injected fluid.
Therefore,

11/2

Te
(8) IT

ariAi/]1'2 f J_ f s - d * 1 n_ TV n]1

9fa J \M.\j-8* -OlLv. T9 T.]
(9)

The momentum flux ratio can be rewritten as TT = {F(Me>
ye)}l, where

j _ (tfif./2mB L ) f2ftlAir/2flI;]1/2 (10)

and where

For the circular cylinder at large Reynolds numbers and
hypersonic Mach numbers, F(Me,je) is dependent on Rem,d
only through the weak dependence of the location of the
separation point on Re^,^ Therefore F(Me,ye) is assumed
to be invariant. The boundary-layer mass flux per unit
span upstream of separation was calculated from a locally
similar solution given by Klineberg.3

The present mass transfer criterion differs from those
derived from the models proposed by Korst et al.8 and by
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Fig. 4 The influence of increasing mass addition on the
near-wake flowfield.
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The results for adiabatic and isothermal flow differ by 8% for
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deviation is discernible in Fig. 2.
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Fig. 5 The correlation of the near-wake flowfield with
the mass addition parameter I.

Chapman10 in that the parameter I is based on the mo-
mentum flux of the injected fluid, not the mass flux as proposed
by Korst, for example. In addition, the present model
assumes that the proper reference conditions are those per-
taining to the boundary layer upstream of separation, or
more precisely to the reversed flow, rather than the free-
stream.

Pressure field similitude

The transverse Pitot-pressure profiles at the neck, shown in
Fig. 4 for nitrogen addition at Rem,d = 3 X 104, illustrate the
major features of the influence of increasing mass addition on
the near-wake flowfield. With increasing mass addition, the
location of the separation point moves forward on the cylinder
(cf. Herzog7), and the separation shock is displaced into the
outer, rotational flow with a corresponding increase in
strength. In addition, the spreading of the viscous layers
results in a pronounced decrease in the strength of the wake, or
recompression shock, and the combined effects significantly
influence the development of the intermediate- and far-wake
flows, downstream of the wake neck.

The correlation of the Pitot-pressure field with the mass
addition parameter for argon, nitrogen, and helium addition
is shown in Fig. 5 for a single value of Rem,d at two selected
axial locations; x/d = 0.75 lies within the recirculating
vortex, and x/d = 3.0 is the location of the wake neck also
shown in Fig. 4. The correlation of the entire pressure field,
for both values of Rem,d, has not been included here. This
correlation is demonstrated in Ref. 1 where, in addition, the
separation and wake shock wave locations are shown as a
function of increasing I to conclusively demonstrate the
complete pressure field correlation.

Structure of the Mass-Concentration Field

Near-Wake Flow

Mass addition from the base

The results for the near-wake mass-concentration field with
mass addition from the base are given in Figs. 6-8. Figure 6
is an isometric plot of the argon mass-concentration field,
while Figs. 7 and 8 are isograms of the argon and helium
mass-concentration fields, respectively, overlayed on the
characteristic features of the corresponding pressure field.
In each of these figures the mass-concentration field is dis-
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BASE MASS TRANSFER
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Fig. 6 The near-wake mass-concentration field for argon
addition from the base.

played for the same value of / and for each of the two values
of Reynolds number.

Figures 6 and 9 demonstrate that 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 as a result of the counter-current diffusion
of the injected species into the reversed flow. A second
important aspect of the mass-concentration field is the exis-
tence of an outer transport layer, shown in Fig. 6. This
outer layer occurs in the vicinity of the shear layers and
governs the transport of mass between the recirculating
vortex and the outer flow by diffusion across the shear
layers, thus establishing the outer boundary condition on the
inner recirculating flow.

For Rem,d = 3 X 104, the transverse mass-concentration
profiles illustrated in Fig. 6 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 layer by the recirculating flow. This
maximum appears as a folding of the isolines in Fig. 7 and

isolates the outer transport layer from the mass-concen-
tration field near the axis. Lateral and axial diffusion result
both in the decay of this maximum, as the rear stagnation
point is approached, and the subsequent development of the
profile toward the asymptotic gaussian form downstream of
the rear stagnation point. For Rem,d = 0.9 X 104, the
mass-concentration field is diffusion dominated within the
recirculating zone. At this lower Reynolds number, the
local maximum does not exist and the outer transport layer is
no longer distinct (Figs. 6, 7). The decreased Schmidt
number for helium (Fig. 8) results similarly in the increased
role of diffusion, a consequent reduction of the off-axis max-
imum for Remtd = 3 X 104, and a more rapid transformation
to a monotonic diffusion profile.

From this brief description of the mass-concentration
field, a close analogy can be seen between the present experi-
ments and the theoretical model proposed by Scott and
Eckert19 for heat transfer in high Reynolds number separated
flow. Scott and Eckert have postulated the existence
of two thin layers to describe the transport of heat between
the body and the outer flow. The first layer in their model, a
boundary layer at the base, governs the transport of heat or
mass at the body surface. In the following discussion, the
axial profile given in Fig. 9 will be shown to correspond
to a generalization of the concept of a base boundary layer
for the low Reynolds numbers encountered in the present
experiments. The second layer in the model proposed by
Scott and Eckert corresponds closely with the outer transport
layer observed in the experiments, and governs the transport
of heat or mass between the recirculating vortex and the
outer flow. Again, this outer layer may not be thin, as a
consequence of the low Reynolds numbers encountered in the
experiments.

To obtain a qualitative description of the axial distribution
of mass concentration in the region between the two stagna-
tion points, an approximate solution of the species conserva-
tion equation on the axis has been obtained (Ref. 1) by
retaining both the axial and the transverse diffusion terms
in the equation, together with the assumption pD = const.
Then, if the mass-concentration field near the axis is assumed
to be self similar, i.e., Ci = Ct(X)F[Y/a(X)], the axial
species conservation equation becomes

' d*C*Jd%* + U(X)dC^/dX + A(Z)Ci = 0 (12)
where U(X) = [u(X)/u^][\um^\(xr - xb)/D] = Re(X)Sc,
and A(X) = F(0)V(7(Z)2.

For a qualitative understanding of the concentration
field, it is sufficient to make the assumption that ff(X) and
A(J?) are independent of X. Then the species equation
has the solution

Ci(l) = Ae<u~/2K«-UX + £e-<&/2)(a+1)* (13)
where a = (1 - 4A/ff2)1/2 and where A, B are evaluated

SHEAR LAYER EDGE
WAKE SHOCK
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Fig. 7 The near-wake mass-concen-
tration isogram for argon addition

from the base.
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Fig. 8 The near-wake mass-con-
centration isogram for helium addi-

tion from the base.
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from the boundary conditions at the base and at the rear
stagnation point.

It is apparent from these results that the presence of the
rear stagnation point imposes as the solution to the species
equation the linear superposition of a positive and a nega-
tive exponential function. The negative exponential corre-
sponds 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 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 U = ReSc -* c°, the boundary-layer character of the
solution becomes evident. In this limit a « 1, and the
solution becomes

Thus, for large Reynolds numbers, the injected species is
confined to a thin, exponentially decaying boundary layer
with a characteristic thickness 6& ~ ff~~l. This solution
corresponds to the thin base boundary layer proposed by
Scott and Eckert.19

In the present experiments, U = ReSc ~ 0(1), and the
axial diffusion depth is of the order of the distance between
the two stagnation points, db ~ U~l ~ 1. Under these
circumstances, the near-wake axial distribution given in

Figs. 6 and 9 represents a generalization to low values of
£/ = ReSc of the concept of a thin base boundary layer
proposed by Scott and Eckert. The two length scales in
the solution, X ~ U'1 and X ~ (A)-1/2 ~ a/(\F(ty"\)v*
are derived from the influence of counter-current diffusion
and of transverse diffusion, respectively.

Forward injection

For argon addition from the forward stagnation region,
the near-wake mass-concentration field is illustrated in the
isometric plot in Fig. 10 and the isogram in Fig. 11. In
both figures, the same value of the mass transfer parameter
M = mi/2mB.L. is used at each of the two values of Reynolds
number.

The species transferred from the forward stagnation region
enter the near-wake flowfield 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 flowfield, and sets the
mass-concentration level at the base. The extensions of the
boundary layers into the near-wake flow are the narrow mass-
transport layers shown in Fig. 10. These layers form the
outer transport layers in the two layer model proposed by
Scott and Eckert,19 and thus provide the outer boundary
conditions on the mass-concentration field in the region of
reversed flow.

The transverse mass-concentration profiles for argon ex-
hibit a nearly uniform region between the u = 0 loci (Fig.

o-u = 0 PROJECTION

x/d =0 51 I

FORWARD STAGNATION
POINT MASS TRANSFER

WAKE EDGE (C;)

Fig. 9 The axial distribution of mass concentration for
argon addition from the base.

Fig. 10 The near-wake mass-concentration field for argon
addition from the forward stagnation region.



840 COLLINS, LEES, AND ROSHKO AIAA JOURNAL

Fig. 11 The near-wake mass-con-
46=2!8^IIl3lo centration isogram for argon addition

from the forward stagnation region.

11) as a consequence of the effects of transverse diffusion
within the recirculating vortex and of the decrease in the
mass concentration along the undisturbed dividing stream-
lines by the diffusional loss of the injected species through the
outer transport layers. This latter fact results in a reduction
of the mass-concentration level 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. A local maximum occurs off the axis, followed
by a rapid decay of the mass concentration in the outer
transport layer. The local maximum also occurs in the
boundary-layer profiles in the immediate vicinity of separa-
tion, but does not persist further upstream.

The near-wake mass-concentration profiles for helium
exhibit the dominant role of diffusion. For Re^.d = 3 X 104,
a local maximum again occurs near the base, but decays
rapidly downstream because of the decreased Schmidt
number. For Rem,d = 0.9 X 104, the profiles exhibit a single
inflection point similar to the profiles shown in Fig. 6 for
argon addition from the base at the same Reynolds number.
The details are given in Ref. (1).

To obtain a qualitative understanding of the mass-concen-
tration field in the present case, the approximate solution
given previously for the axial distribution can again be used.
For the present case, because the transverse distribution is
nearly uniform, A = 0 and hence a = 1. Therefore the
solution of the axial species conservation equation has the

Open Symbols-Y>0
Filled Symbols-Y<0

same form as obtained for U -> °° in the previous discussion
[Eq. (14)]. However, in the present case, U = ReSc ~
0(1) as before, and hence db « 1, i.e., the axial diffusion
depth is of the order of the distance between the two stagna-
tion points. Furthermore, 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 injected
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. Figs. 6, 9, and 10). As U -> °°, the exponential func-
tions again represent a thin boundary layer at the base.
However, because no source exists at the base, the mass-
concentration field is not expected to exhibit a boundary
layer behavior. On the contrary, as U becomes large,
convection will dominate over diffusion and it is expected
that the mass concentration of the injectant will be uniformly
distributed within the recirculating flow, i.e., (7<t(l) ->•

Intermediate Wake

When the Oseen linearization used by Kubota20 to deter-
mine the asymptotic self-similar form for the inner wake is
extended to the mass-concentration wake, the asymptotic
far-wake solution corresponds to the diffusion from a delta
function source at the origin,

(15)

Fig. 12 The normalized distribution of argon mass con-
centration in the intermediate wake.

where the details of the near-wake may be lumped in the
description of a virtual origin of the axial coordinate.

The presence of the rear stagnation point, and the finite
width of the mass-concentration profiles at the neck, require
that there be an intermediate-wake region in which the
mass-concentration and velocity fields experience a transition
from those distributions imposed at the rear stagnation
point by the near-wake flow to their respective asymptotic
far-wake distributions. The boundary conditions for the
intermediate wake solution are specified by the mass-con-
centration distribution at the neck. In the incompressible
plane, Fig. 12 shows that for argon the measured transverse
mass-concentration profiles in the vicinity of the neck rapidly
approach a Gaussian form with increasing axial distance.
These profiles exhibit a characteristic width Y = <r(X), for
which C,-/C<fc = l/e, and their amplitudes C*. scale linearly
with increasing mass transfer. In addition, the experiments
indicate that the lateral scale for the mass-concentration
wake depends mechanically on the lateral scale for the
viscous wake, independent of the mass transfer rate.
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Using these experimental observations, an approximate
solution for the axial distribution of argon mass concentration
will be obtained for Rem,d = 0.9 X 104. This result is not
extended to the data for Re*,* = 3 X 104 because of the
occurrence of transition in the intermediate-wake flow field
at this Reynolds number. The case of helium addition will
be mentioned separately.

Neglecting axial diffusion, the species conservation equa-
tion on the axis becomes

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

(17)
/* 00

m* = 2 I puddy = constJ o
Using the modified Howarth transformations to the in-
compressible plane, these equations take the form

(18)
r

JON
UCdY = UCdY

where Sc = v/D = const.
To simplify the calculations, it is convenient to assume

that both the mass-concentration and the velocity fields
have Gaussian distributions, and possess the same scale, i.e.,

C/Ct(X) = (1 - tf)/[1 - Ui(X)] = e-Y*'°W (19)

To approximate the axial velocity distribution, an analytic
form which has the proper limiting behavior for small X,

= X/(a (20)

has been obtained by matching the experimental data at
X = 4.0. Using this relation, if the origin and the boundary
conditions are taken at the neck, then defining £ = X — XN}
the solution becomes

CN 1 +
8

ScffN*[b + UN?
r _ a ia + Xn + A
L 2 n\ a + XN )

where <rN, UN refer to the length scale and the centerline
velocity of the self-similar profile at the neck, and b =
(21/2 — 1) for a Gaussian profile. For small £,

-> 1 - K (22)
For large £,

CN
where/5* = (23)

Thus, for large £ the solution approaches the decay law given
by the Oseen linearized solution. The virtual origin is then
given as £0 = 1/0* ~ Sc<rN*, and is shown by the extrapola-
tion of the solution curve in Fig. 13.

The normalized solution contains a single parameter VN,
the scale of the transverse profile at the neck. This pa-
rameter depends on the distribution in the near-wake flow-
field, and has been obtained from experiment by matching
the data at an arbitrary value of g. The results are shown in
Fig. 13 for argon addition from both the forward and the
base stagnation regions.

For helium addition, the near-field solution for | -> 0 is
invalid because the axial diffusion term is not negligible near
the origin. The far-field solution is valid, however, and has
been used in Ref. 1 to further substantiate dependence of the
virtual origin on ScaN

z for the asymptotic far wake.
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Fig. 13 The axial mass-concentration distribution of
argon in the intermediate wake.

Summary

An experimental investigation of the steady, laminar near-
wake flowfield of a two-dimensional, adiabatic, circular
cylinder with surface mass transfer has been made at a free-
stream Mach number of 6.0, and freestream Reynolds num-
bers Re*,* = 0.9 and 3.0 X 104.

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

For mass addition from the base, the present experiments
conclusively demonstrate that the base pressure, and the
entire near-wake flowfield, correlates with the parameter

T __
const riii (24)

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 flux as proposed by Korst.
Indeed, whether any such regime exists in which the near-
wake flowfield correlates with the mass flux of the injectant
is not clear. Such a regime does not exist in the present
measurements even for vanishingly small changes in base
pressure. The mechanism which determines the behavior
of the base pressure with mass addition 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 gas on the free
shear layer near separation.

In view of the present experiments, it is clear that an
investigation of the effects of molecular weight is crucial to
distinguish the roles of mass flux, momentum flux, and
volume flux. For this reason, some of the results reported
by Carriere12 and by Ginoux,13 i.e., appear to be inconclusive
in this regard.

For mass addition from the base, the base mass concen-
tration is large, and the dominant feature of the mass-
concentration field is the rapid axial decay away from the
base as a consequence of the counter-current diffusion of the
injected species into the reversed flow.

For mass addition from the forward stagnation region,
because no source exists at the base, the mass-concentration
field is nearly uniform in the region of reversed flow, and
possesses a local maximum in the vicinity of the ^ = 0
streamline.

In the intermediate-wake region, downstream of the
neck, the mass-concentration field has been examined with the
aid of an approximate theoretical model which assumes that
the mass-concentration distribution is Gaussian in the in-
compressible plane. For argon addition, the axial diffusion
terms are negligible and the species conservation equation on
the axis gives a representation for the axial decay. By
comparison with the experimental data, the solution yields
the axial distribution, and the location of the virtual origin
for the asymptotic far-wake solution, as a function of the
distribution of mass concentration at the wake neck.
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