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Experimental Studies of Combustor Dilution Zone
Aerodynamics, Part I: Mean Flowfields

S. J. Stevens* and J. F. Carrottet
University of Technology, Loughborough, England, United Kingdom

An experimental investigation has been carried out to study circumferential irregularities in the temperature
distribution downstream of a row of 16 heated jets injected normally into a confined annular crossflow at a
momentum flux ratio of 4. The heated air was fed to the plunged holes along a representative approach annulus
and, despite the uniformity of the approach flow, the velocity profile across the exit plane of each dilution hole
revealed a complex flowfield that varied in a random manner from one jet to another. Temperature distributions
measured at a plane two hole diameters downstream indicated a lack of symmetry between the dilution jets
because of an apparent twist of the temperature contours associated with certain jets. Velocity distributions at
the same location indicated a corresponding asymmetry in the double-vortex structure formed in the wake of

each jet.

Nomenclature
D = diameter of dilution holes
J = momentum flux ratio (=p;V?/p.V?)
Rp = radius of plunging on dilution holes
r = radius
r; = inner radius of crossflow annulus
r, = nondimensional radius [=(r — r;)/(r, —r;)]
r, = outer radius of crossflow annulus
S = distance between dilution holes
T = temperature
T, = block temperature
T, = reference crossflow temperature
T; = reference jet temperature
T, = area-weighted mean temperature at radius 7
(Tp), = block temperature at radius r
U,V,W = velocities in X, Y, Z directions
V. = velocity of crossflow
V; = absolute velocity of jet

X = coordinate measured from hole center in down-
stream direction

Y = coordinate measured normal to injection wall in
radial direction

Z = coordinate measured from hole center in a lateral
direction

o = pitch angle of jet measured from radial (Y) axis
¥ = jet asymmetry parameter

0 = nondimensional temperature [=(T —T.)/
Superscripts

@) = maximum

(A) = mean
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Introduction

HE flowfield associated with a row of round jets injected

normally into a confined crossflow has been the subject of
intensive investigation for many years,'™ since it has impor-
tant practical implications in the mixing process occurring in
gas turbine combustors and in the cooling of turbine blades.
This investigation is concerned with the mixing process occur-
ring in the dilution zone of combustors, where patterns of jets
dilute the hot gases leaving the combustor and are therefore a
major factor in determining the outlet temperature distribu-
tion. The desired temperature profile is determined mainly by
stress and corrosion considerations in the first-stage nozzle
guide vanes and rotor blades, and the degree to which the
desired profile can be obtained determines the life of the
turbine at the required operating conditions.

A comprehensive study of the mixing of air jets injected into
a rectangular duct has been conducted by Holdeman and
co-workers,*”? in which jet diameter and spacing, mixing
duct geometry, and velocity and temperature ratios were
varied. It was concluded that the most important parameter
influencing the mixing process is the jet-to-crossflow momen-
tum flux ratio, this being confirmed independently by the
results of Sridhara® when investigating the mixing of air jets
injected into a circular duct. Although much of the experimen-
tal work has been conducted with jets injected from one side
toward an opposite wall, it has been shown by Holdeman et
al.” and Kamotani and Greber? that this wall may be regarded
as a plane of symmetry and that results should apply equally
well to combustors with directly opposed dilution jets. How-
ever for this to be true it is important that the velocities of the
two opposing jets be closely matched and that allowance
should be made for the enhanced rate of mixing due to the
change in effective mixing duct geometry.

The continuing pressure to improve engine performance
dictates the use of higher compressor delivery pressures and
combustor exit temperatures, both of which reduce the re-
quired combustor volume. However, any attempt to
achievethe smaller volume by reducing the length of the dilu-
tion zone usually leads to a lowering in the quality of the outlet
temperature distribution. In this respect the occurrence of
local ‘‘hotspots’’ or circumferential asymmetries is particu-
larly important, since they effectively limit the mean combus-
tor exit gas temperature and therefore reduce the engine per-
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formance and turbine blade life. Such asymmetries often
occur in a random manner and vary in magnitude and position
with different combustors built to the same design. It has been
suggested that one of the main sources of such asymmetries is
irregularities within the primary zone. However, even in ex-
periments with carefully controlled primary zone exit condi-
tions, the effect has persisted,'? leading to the suspicion that
these asymmetries are created within the dilution zone. Some
of this may be because of jet impingement on other jets that
have insufficient directional bias, or a lack of symmetry be-
tween the dilution jets. Unfortunately, with the exception of
that due to Crabb and Whitelaw,’® all of the published work
has concentrated on the radial distribution of temperature,
and as yet no satisfactory explanation has been given for this
important phenomenon.

In this experimental program attention has been focused on
the relationship between the behavior of dilution jets and the
mechanisms causing asymmetry, rather than on a parametric
investigation of the relative significance of the large number of
aerodynamic and geometric variables involved in defining the
dilution process. The experiments were carried out on a fully
annular facility incorporating single-sided dilution, and par-
ticular care was taken to insure that the feed to the dilution
holes passed along a representative approach annulus. All
dilution measurements were performed at a jet-to-crossflow
momentum flux ratio of 4, with upstream feed and crossflow
annulus velocities of approximately 7 and 14.7 m/s, respec-
tively.

Characteristics of Jets in a Crossflow

As each jet of fluid issues from a dilution hole it creates a
blockage in the crossflow, and as a consequence the flow
immediately ahead of the jet decelerates, causing an increase
in pressure. Downstream a rarefaction occurs and this, com-
bined with the increased upstream pressure, provides a force
that deforms the jet. Because of the intensive mixing of the jet
with the crossflow, a turbulent shear layer rapidly develops
around the periphery of the jet and reduces the size of the
potential core. The lower momentum fluid in the shear layer at
the sides of the jet will, under the influence of the pressure
forces, takes on a more curved trajectory than that of the
higher-velocity fluid in the core (Fig. 1). This gives rise to the
formation of the characteristic ‘‘kidney’’-shaped jet profile
downstream of the holes. This effect is enhanced by the more-
curved trajectory of the lower-momentum fluid at the front of
the jet, which is forced to accelerate around the sides of the
higher-velocity core fluid before rolling up into two ‘‘core’’
vortices located at the lobes of the jet. Furthermore, in the
case of multiple jets issuing into a confined crossflow two
vortices (hereafter referred to as crossflow vortices) are
formed by crossflow fluid that passes between the jets into the
low-pressure region sited in their wake. Close to the wall the
fluid moves in a predominantly lateral direction with very little
axial momentum, and as it penetrates inward from either side
it moves upward away from the wall until further movement is
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Fig. 1 Multiple jets in a crossflow.
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prevented by the presence of the jet. The flow then rolls up to
form two crossflow vortices located beneath the core of the
jet. The action of these vortices augments the entrainment of
fluid, causing large-scale mixing with the jet.

Test Facility

The test facility, illustrated in Fig. 2, is comprised of three
vertically mounted, concentric Plexiglas tubes, the space be-
tween the inner and center casing forming the dilution hole
feed annulus of 35.8-mm height and the space between the
center and outer casing forming the crossflow annulus of
76.2-mm height. Air is drawn from the atmosphere by a
centrifugal fan into the crossflow annulus via a plenum cham-
ber, a bell-shaped inlet flare, and a honeycomb flow straight-
ener. A heater mounted on top of the plenum chamber is
supplied from a second fan that draws air from the labora-
tory. The heated air (55°C) then passes via a pipe and an
annular nozzle into the dilution hole feed annulus. Supplying
heat in this way gives information on the dispersal of jet fluid
as well as identifying the trajectory of the high-temperature
core. In addition, by mounting the facility in the vertical plane
the influence of buoyancy on the penetration of the jets is
eliminated.

The array of dilution jets is formed by 16 equispaced,
25.4-mm-diam plunged holes (Rp/D = 0.375) set at a spacing/
hole diameter ratio of 2.75. For the purposes of identification
these holes and their associated jets are numbered 1-16 in an
anticlockwise direction when viewed from the base of the rig.
An annular wedge is located on the inner wall of the feed
annulus adjacent to the dilution holes and is designed to
reduce the passage height from 35.8 to 10.4 mm. In this way,
the rise in pressure across the face of the holes due to diffusion
is reduced and the flow instabilities described by Lefebvre!!
minimized. No attempt is made to simulate the flow of air
used for flame tube and turbine blade cooling that normally
passes down the annulus between the liner and the combustor
casing.

The outer casing of the rig is comprised of three sections,
the lower one forming part of the settling length, the center
housing the instrumentation, and the upper an entry length
necessary to insure the required boundary-layer thickness in
the crossflow prior to the dilution holes. The instrumentation
section contains static pressure taps, mountings for five-hole
pressure probes, and 16 thermocouples equispaced at 22.5-deg
intervals, which can be located at any radial position in the
crossflow annulus. Whereas the center tube is mounted on a
fixed pedestal, the inner and the outer casing with the instru-
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Fig. 2 Test facility.
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mentation can be rotated to allow complete circumferential
traversing. Two wooden spacer rings of 25.4- and 50.8-mm
height provide the means for varying the vertical position of
the instrumentation plane; thus, traverses can be made normal
to the crossflow at distances of 1, 2, 3, and 4 dilution hole
diameters downstream of the center of the hole.

Apart from temperature measurements, five-hole miniature
pressure probes were traversed normal to the crossflow at
X/D =2.0. The probes, which provided flow angles as well as
velocities, consisted of a cluster of five tubes 0.25-mm bore,
1.73-mm overall diameter and were used in the nonnulled
mode using the calibration procedure outlined by Wray.?2 In
addition, surveys were made over the face of several jets at a
nominal position of Y/D =0.05 from the exit plane of the
dilution holes. The exact traverse plane location varied slightly
about this nominal value because of expansion of the center
casing with respect to the probe tip during operation of the test
facility.

The 16 chromel/alumel thermocouples in the dilution zone
together with thermocouples in the crossflow and the feed
annuli were connected to a DEC LSI 11/23 microcomputer via
two 10-channel Comark digital thermometers. Using 16 ther-
mocouples, the entire flow in the circumferential direction
could then be mapped by simultaneously traversing each ther-
mocouple over a spacing equal to 2.75 hole diameters. Each
time the temperatures were surveyed the 16 thermocouples
were located at the same position relative to each dilution hole
so that any recorded asymmetry was logged at the same flow
condition. For a more detailed analysis of dilution zone mix-
ing characteristics, a second series of tests was undertaken at
X/D =2.0 involving measurements of temperature and pres-
sure of certain jets at spacing intervals of S/45 and 20 radial
locations. In these tests temperature measurements were re-
stricted to two jets while five-hole probe measurements were
limited to a single jet per run. Data was also recorded at the
exit plane of these dilution holes using a single probe traversed
at increments D/16.4 in both the lateral and axial directions.
All of the data presented are based on measurements time-av-
eraged over a period of 5 s prior to being committed to the
memory of the microcomputer.

Corrections for minor variations in rig operating tempera-
tures were made on the basis that at a fixed momentum flux
ratio the nondimensional temperature § remains constant at a
given location. Results are presented as values of § or cor-
rected temperature T for reference conditions of 7;=55°C
and T, =11°C.

All pressure readings are corrected to a reference jet dy-
namic head of 50-mm water gauge, and the data derived from
five-hole probe measurements are presented in terms of veloc-
ity distributions. Resolved components of velocity in the
traversing plane are presented in the form of vectors, where
the flow direction and magnitude of velocity at points in the
plane are indicated by the direction and length of the arrows.
Contours of constant velocity are used to indicate the magni-
tude of the velocity components perpendicular to the traverse
plane,

Mixing Parameters
The measured temperature distributions are presented in
nondimensional form as

_T-T,
T

o 0))

The preceding parameter may also be used to define the tem-
perature distribution factors (TDF):

T,—T.

mean TDF =
Tj -T;

()]

where 7, is the area-weighted mean temperature at a given
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radius,
Tr — Tc
maximum TDF = T-T. 3)

where 7, is the maximum temperature at a given radius.

As a means of assessing the circumferential regularity of the
flow the concept of a block distribution is introduced,!” the
physical size of which corresponds to the minimum geometric
sector repeated around the annulus. In the case of these exper-
iments, the 16 dilution holes mean that each jet is located
within a 22.5-deg segment of the annulus, and for each tra-
verse position a block temperature 7, is obtained by averaging
the temperature measured in each sector at the same position
relative to each dilution hole. By calculating block values at
each traverse location a temperature distribution can be ob-
tained that represents the mean sector temperature pattern
around the annulus. Using the concept of a block, a further
temperature distribution factor can be introduced:

T r— Tc
block maximum TDF = o) = Te @)
T;~T.

where (7), is the maximum block temperature at a given
radius.

The difference between the block maximum and mean tem-
perature distributions indicates the degree of mixing between
the jets and the crossflow. Since the maximum block (7}), and
measured 7, temperatures at a given radius can occur at any
circumferential location, it should be noted that the maximum
TDF parameters do not represent physical profiles.

Deviations in temperature of a given sector from that of the
block distribution reflect circumferential asymmetries in the
flowfield. The effect of such asymmetries is to increase the
maximum temperature at any given radius, thereby influenc-
ing the turbine entry temperature profile. The difference be-
tween the highest temperature recorded at a given radius and
the maximum block value at the same radius is therefore used
to evaluate the asymmetry:

temperature asymmetry factor (TAF)=Z'T—(§IQ£ (5)
J <

A jet asymmetry parameter vy can be defined to quantify the
degree to which the temperature contours ‘‘twist’’ or rotate
about the hole centerline (Z/D =0). The angles subtended by
the lateral edges of the jet core (defined by the contours of
high temperature) with respect to the hole centerline indicate
the relative concentration of core fluid on either side of jet.
Differences in the angles are used to denote the twist, a posi-
tive value of vy indicating a higher concentration of jet fluid to
the left of the centerline.

Results and Discussion

Calibration Tests

To establish the circumferential uniformity of flow ap-
proaching the dilution holes in both the crossflow and the feed
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Fig. 3 Crossflow annulus velocity profiles.
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Fig. 4 Temperature distribution for holes 1-16 (X/D =2.0).

annuli, pressure surveys were carried out using pitot probes
and wall static pressure taps. In assessing the symmetry of the
crossflow no dilution air was supplied to the feed annulus, and
in this way the performance of the intake and crossflow pas-
sage was established in the absence of any jet/crossflow inter-
action. The radial velocity profiles measured at three equi-
spaced circumferential locations a distance of 6D upstream of
the dilution holes are shown in Fig. 3 where it will be seen that
they are in excellent agreement. Information on the flow in the
feed annulus was provided by a single rake containing five
pitot probes mounted at X/D = 3.5 on the inner casing, which
could be rotated through 360 deg. Again, jet/crossflow inter-
actions were avoided, in this case by blanking off the flare
feeding the crossflow annulus. At a given radial location cir-
cumferential variations in velocity up to a maximum of 5%
were observed, indicating good uniformity in the flow feeding
the dilution holes.

Temperature Measurements

Having established the quality of the flow approaching the
dilution holes, the temperature distribution at a distance X/
D =2.0 was recorded using all 16 thermocouples. Contours of
constant corrected temperature downstream of all 16 dilution
holes together with the block temperature distribution are
shown in Fig. 4, where it can be seen that each jet exhibits the
characteristic kidney-shaped profile reported by many work-
ers. However, despite the uniformity of the approaching flow
circumferential asymmetries are observed, and Fig. 5a shows
the radial variation of maximum temperature compared with
the average and maximum block values. Figure 5b presents the
radial variation of temperature on the axial centerline for the
block distribution and the temperature asymmetry factor
(TAF) from which it is seen that the largest asymmetry occurs
at a nondimensional radius of 0.33 and is associated with a
rotation or apparent twist of certain jets, which displaces
relatively hot jet fluid to a lower radius than would otherwise
be the case. Although the majority of the jets twist to some
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Fig. 5 Radial variation of temperature factors.

degree, the maximum asymmetry is associated with the jet
issuing from hole 10, which exhibits a twist of 38 deg, and
further testing confirmed the repeatability of this result. Inves-
tigation of the 360 deg temperature distribution is useful in
establishing the overall lack of symmetry, but because of the
restrictions imposed by rig running, time, and microcomputer
storage, the data presented in Fig. 4 were obtained from a
relatively coarse grid of data points, the radial and circumfer-
ential increments being 6.35 mm and 2.5 deg, respectively.
In order to obtain more detailed data on the behavior of
certain jets, particularly those that exhibit a high degree of
twist, measurements were made using a finer grid in the seg-
ment containing holes 7-12. The results obtained using this
technique are presented in Fig. 6, and it will be observed that
they are similar to those obtained previously. The jet issuing
from hole 10 exhibits the highest twist, the effect of which can
be seen in Fig. 7, which compares the radial variation of
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Fig. 6 Temperature distribution for holes 7-12 (X/D =2.0).
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maximum temperature in a twisted and untwisted jet (holes 10
and 12, respectively).

Flow at Exit of Dilution Holes

One possible explanation for the shape of the the constant-
temperature contours is that a rotational component is present
in certain jets as they discharge from the dilution holes. To test
this theory, traverses were carried out using a miniature
five-hole pressure probe across the exit plane of these dilution
holes at Y/D =0.05. Initially, tests were carried out in the
absence of the crossflow with the outer casing removed, and
under these conditions Fig. 8 shows that vortex structures are
present in the rear half of certain dilution holes. For example,
in the case of hole 9 a well-defined vortex with a clockwise
sense of rotation is positioned to the left of the hole centerline,
whereas a vortex with an opposite sense of rotation is similarly
displaced but to the right of the centerline of hole 10. Tests
indicate that this pattern of vortices in adjacent holes rotating
in opposing directions continues around the annulus until
interrupted by the pattern depicted in hole 8. Here the flow at
the rear of the hole is symmetrical about the centerline with a
component in an opposite sense to the direction of flow feed-
ing the hole, either side of which are located two smalier
vortices. It will be observed that due to the way in which air is
fed to the holes along an approach annulus, even in the
absence of the crossflow the jets exhibit a pronounced pitch
component. To indicate the distribution of velocity compo-
nents normal to the injection plane, contours of constant
radial velocity for holes 8 and 10 have also been included in
Fig. 8.

The way in which the velocity distribution in each hole is
affected by the introduction of the crossflow is depicted in
Fig. 9. The well-defined vortices in holes 9 and 10 are still
present, but in the rear half of holes 7 and 8 asymmetry has

been produced with vortices of anticlockwise rotation being
sited to the left of the hole centerlines. A summary of these
effects for holes 8 and 10 is given in Fig. 10 in terms of the
variation in pitch angle « both along the axial centerline
(Z/D =0) and the mean value over the face of the jet at a given
axial location. Deflection of the jet by the crossflow is indi-
cated by the increase in pitch angle, which is particularly
evident in the front half of holes 8 and 10, where the angle
increases by about 12 and 10 deg, respectively. Whereas the
values along the centerline in the rear section of the hole are
determined essentially by the position of the vortex, the mean
values do indicate a reduction in pitch angle with the flow
leaving almost normal to the surface. The radial velocity con-
tours in Fig. 9 show how the flow in the jet is distorted by the
crossflow even at a distance of Y/D =0.05. For both holes the
front half of the jet has a decreased velocity, and the flow in
the rear half is forced to accelerate to accommodate the extra
mass flow, which is in agreement with the findings of Crabb et
al.’® Furthermore, Fig. 9 indicates that in the rear half of the
jet the crossflow causes a widening of the high-velocity region
and, hence, the lateral stretching of the jet commences as it is
formed.

Downstream Velocity Flowfield

Having established that vortices are formed in the jets as
they issue from the dilution holes, the next phase of the test
program was aimed at determining to what extent these vor-
tices influenced the downstream structure of the flow. To this
end, traverses were carried out normal to the wall using a
miniature five-hole pressure probe at a distance downstream
of two hole diameters in the segment containing holes 7-12.
One of the difficulties in using such a probe is that large flow
angles may be encountered particularly in the wake region,
where flow recirculations are present. The probe calibration
was only valid up to =35 deg in pitch and yaw, and so areas
where data points are omitted indicate regions in which the
flow angles are in excess of this value. Nonetheless, in certain
areas where only one flow angle is outside the calibration
limits an indication of the flow direction in one plane may be
given, and where this has been done the data are represented
by a dotted line.

As a single jet progresses downstream, Crabb et al.'* and
Kamotani and Greber'* have shown that the core vortices
control the mixing and location of jet fluid in the crossflow.
For closely spaced multiple jets, however, the mechanism is
more complex because of the interaction between the cross-
flow and core vortices. This is illustrated in Fig. 11 by vector
plots of the velocities in the plane normal to the axial direc-
tion for holes 8, 9, and 10 with the contours of axial velocity
being presented in Fig. 12. It will be seen that the crossflow
accelerates into the spaces between the jets because of the
action of the core vortices, is forced down toward the inner
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Fig. 9 Velocity distribution across the exit planes of holes 7-12 (Y/D =0.05) with crossflow.

wall. Part of this inflow passes downstream while the remain-
der is drawn into the low-pressure region at the rear of the jet,

where it is opposed by flow coming from the other side and is 40 —T— T

forced upward away from the wall to form the crossflow r .
vortices. The double-vortex structure reported by many work- 0 .
ers investigating a single jet is clearly evident, but for the case r b
of multiple jets the flowfield is more complex, with core 20 |- -
vortices located at the lobes merging with the more dominant o F b

crossflow vortices. The stretching of the jet as it issues into the 10 |-
crossflow is presumably responsible for the rapid decay of the r

vortices formed in the dilution holes since their presence is not 0 y
apparent at this location. What is clear, however, is that the B 7
double-vortex structure, which controls the mixing and loca- -10 .

tion of jet fluid, is the principal feature of the flowfield. 3
The center-plane distribution of block temperature and ax-
ial velocity for holes 7-12 is presented in Fig. 13, the data

L -
being nondimensionalized with respect to the maximum values 30 .
recorded. The location of the point of maximum velocity is - .
seen to be at a greater radius than that of the jet (high-temper- 20 F -
ature) fluid, confirming the results of Crabb et al.!* and o F .
Kamotani and Greber.!'* This effect is due to the entrainment 0 b 4

of jet fluid into its own wake by the action of the double -
vortex and the acceleration of the crossflow, which is forced to =

passover the obstruction caused by the jet.

An important feature apparent in Fig. 11 is that the double-
vortex structure associated with most of the jets is asymmetric
with the vortices, being of unequal strength. Furthermore,
with the possible exception of hole 12, a correlation exists
between the distortion or twisting of the temperature contours
and the vortex structures, since the side of the jet with the
highest concentration of jet (high-temperature) fluid corre-
sponds to the location of the vortex of greatest strength. Since
the behavior of the jet is controlled mainly by pressure forces
that cause the bending of the jet and the formation of the
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Fig. 10 Pitch angle variation along hole axis.

double-vortex structure, the subsequent shape of the jet must
be dependent on the initial momentum distribution in the fluid
issuing from the dilution hole. It has already been shown in
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Fig. 9 that the velocity in the front half of the jet is reduced
and that the momentum distribution is nonuniform. Lefeb-
vre!! has drawn attention to such effects and to the influence
of backflow in the feed annulus on the formation of vortices
in the holes and the attendant nonuniformities. It is therefore
reasonable to assume that such nonuniformities could, under
the action of pressure forces, lead to a nonuniform distribu-
tion of the jet fluid about the centerplane of the hole and be
instrumental in the formation of vortices of unequal strength.

The contours of constant axial velocity downstream of holes
8-10 have been shown in Fig. 12. It is interesting to note that
whereas the distribution for holes 9 and 10 supports the find-
ing that the core of the jet has twisted, in the case of hole 8 the
contours are almost symmetric and do not reflect the twist
exhibited by the temperature contours. Although Fig. 9 indi-
cates that the initial velocity distribution in hole 8 is more
uniform than that in holes 9 and 10, the mechanism that
determines the twist of the jets is considered to be the result of
the combined influence of several factors. This is the subject
of further investigation, but it is quite clear that the mecha-
nisms at work are more complicated than those so far reported
for a single jet, with a plenum feed, exhausting into a cross-
flow.

Conclusions

An experimental investigation has been carried out to study
circumferential asymmetries in the flowfield downstream of a
row of heated jets injected normally into a confined annular
crossflow. The following conclusions are drawn:

1) An apparent twist or rotation of the temperature con-
tours associated with certain jets is responsible for the circum-
ferential asymmetry of the temperature distribution.

2) The double-vortex structure, which is the dominant fea-
ture of the downstream flowfield, is usually composed of
vortices of unequal strength.

3) The side of the jet with the highest concentration of
high-temperature jet fluid corresponds to the location of the
vortex of greatest strength.

4) Multiple jets fed from an annular approach passage and
discharging from plunged circular holes exhibit across their
exit planes nonuniformitiés in both flow direction and distri-
bution. The flow in the front of the hole is reduced, and
vortices are formed in the rear half. These effects are accentu-
ated in the presence of a crossflow.

The way in which the nonuniformities in the flow issuing
from the holes influence the structure of the downstream
flowfield is the subject of a continuing investigation.
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