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Abstract

The flow field and coherent structure of the flow over a backstep with slot-gas-injection were investigated. The mean
flow, turbulence properties and coherent structure characteristics are significantly influenced by the increase of injection
momentum near the step (/{/H=2). The mean flow field is characterized by recirculation zone splitting, with mass
transfer of injected gas toward each part depending on the specific momentum ratio of injection. More mass en-
trainment, turbulence structures alteration in the shear layer and the hydrodynamic disturbances from the injection flow
suppress the coherent structure velocity, size and detachment. These results provide basis information for achieving the
balance of competing factors between geometrical and fluid dynamical parameters of injection to establish an efficient
design of a combustor from the perspective of enhancing the gas—air mixing process. © 2001 Elsevier Science Ltd. All

rights reserved.

1. Introduction

A fluid flow characterized as having flow separation
adjacent to a solid boundary, such as the one over a
backward facing step, has applications in a wide range
of engineering practices. One practical interest that gives
primary motivation of this study involves its utilization
in the combustion area. In this regard, injecting a fuel to
a low-speed recirculating airflow behind the step to
produce a diffusion flame is a common method in a
flame holder of many combustor configurations that
even operate in a high-speed flow. However, this diffu-
sion flame is inherently large more complex than a
simple jet since its structure and characteristics vary to a
large extent, depending on the method and character of
the arrangement of air inlet, the introduction of the fuel,
the geometry of the containment as well as the flow field
structures involved. The key feature embedded in those
affecting factors is the mixing process between the in-
jected fuel and the surrounding air that is controlled by
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convective mass transfer and diffusion mechanism,
which has not yet been well characterized at a funda-
mental level so that the practical applications have to
rely heavily on the empirical information.

From a literature search, it appears that most of the
published works of the backstep-flow deal with the case
of no mass addition [1-3]. Only limited studies have
addressed the issue of mass injection to the recirculation
zone of the backstep-flow. Among them, de Groot et al.
[4,5] used a Rayleigh measurement and later combined it
with an LDV to determine the bleed CO, gas concen-
tration and the velocity distribution to simulate turbu-
lent mass transport of gas emanating from a solid fuel of
a solid-fueled ramjet. Intensive studies on a backstep-
flow with mass addition from porous plate in non-re-
active flow field had been done by Yang’s group which
included experimental measurement on velocity field [6],
and high-temperature heat transfer [7]. A numerical
study on the similar flow condition was made by Yang
and Kuo [8]. Both experimental and numerical results
showed that mass addition changed the mean velocity,
the turbulence features and the heat transfer character-
istic of the flow field. In the case of flow field with
combustion, Haibel and Mayinger [9] investigated the
effect of injection angle and injection geometry to the
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Nomenclature

Jac detaching frequency of the coherent structure

H step height

hes coherent structure height

1 specific momentum ratio of injection,
Pr2Via/PoUs S

K shear correlation coefficient, —uv/ (\/; \/1;)

I horizontal distance from the step to the

injection port
Rey  Reynolds number based on step height, U,H /v,

7 turbulence intensity
U, u streamwise instantaneous velocity and velocity
fluctuation

U, convection velocity of coherent structure

—uv  Reynolds shear stress

V, v cross-stream instantaneous velocity and
velocity fluctuation

Wi, half of test section width

X horizontal distance from the step

Xes horizontal distance from the step to vortex
structure in the coherent structure

y vertical distance from the base wall

z spanwise distance from the center of the
channel

Greek symbols

o density

v kinematics viscosity
0} vorticity

V4 stream function
Subscripts

0 inlet air freestream

N2 nitrogen gas jet injection

cold and reactive mixing of gas injected upstream of a
step and they proposed a prediction of the mixing jet
development. More recently, Coats and his associates
[10] studied the interaction between the combustion
process and the coherent structures in a diffusion flame
behind a backward facing step. They mentioned some
important characters of interaction between the coher-
ence structuring and the combustion process. However,
in the aforementioned studies, detailed information of
how the structures and the dynamic behaviors of recir-
culation zone and the mixing layer in the shear region will
respond to the mass addition has not been completely
cleared. Thus, there rises a need to clarify that interaction,
even still at the stage of the absence of chemical reaction.

In a typical application initially mentioned, special
attentions must be placed on the recirculation zone,
which consists of a mixing layer in the shear region and
a reverse flow, since it is an essential feature in all
high-intensity combustion systems [10]. Besides, a two-
dimensional gas injection from the slot port to the re-
circulation zone serving as a means of fuel feeding in a
practical combustion system, may be regarded as the
forcing agent to the mixing layer of interest which usu-
ally contains large-scale three-dimensional features.
With the imposition of this forcing, the crucial role of
these three-dimensional large scales to the dynamics of
the mixing layer will undergo some modifications, giving
direct effects to the flow of energy to the small scales, the
rate of fluid mixing at the molecular scale, and the as-
sociated rates of strain experienced by the fluid or by the
element of flame, if it involves a combusting flows.
Hence, any inherent tendency towards the alteration of
the structure and behavior of recirculating flow is
therefore of considerable interest to be comprehensively
examined. To address the above issues, the present work

was undertaken with the objective to gain comprehensive
quantitative and qualitative information on the subject
through a detailed measurement of the turbulence
structure and visualization of the flow field. Although the
experimentation was done in an isothermal flow without
involving any chemical reaction, the results were targeted
to contribute an underlying knowledge of the hydrody-
namics aspects of the mechanism and turbulence influ-
ence in gas—air mixing process. Furthermore, this work
also includes the examination of the coherent structures
since, as an integral part of the flow field, the coherent
structures can have profound effects on local patterns of
mixing and strain and thus the whole character of the
combustion process in the practical system.

2. Experiments
2.1. Apparatus and instrumentation

A schematic diagram of the apparatus and instru-
mentation is shown in Fig. 1. The air was driven by a
vortex blower into a horizontal small-scale wind tunnel
after first passing through an orifice manometer system
to maintain a constant flow rate over extensive period.
The main air then flowed through an arrangement of a
diffuser, a settling chamber, a straightener, three screens,
a converging nozzle and a test section. The cross-section
of the test section upstream of the step was
50 x 80 mm?>. The step height H was 20 mm and the
length of the test section was 300 mm. In the base wall, a
gas injection port with 1 mm-slot exit spanned across the
test section was installed at a distance /; from the step,
and through it nitrogen gas was injected upward into the
test section. The coordinate system was set as in Fig. 1.
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Fig. 1. Schematic diagram of the experimental apparatus and instrumentation.

Instantaneous velocity was measured by a 15 mW
forward-scattered dual beam He—Ne LDV system with a
Bragg cell to detect flow reversal. The details of the LDV
system, the measured velocity components, the method
of deriving velocity cross-correlation, data reduction,
and estimation of statistical uncertainty have been de-
scribed in our previous paper [11]. Laser sheet-based
flow visualization was conducted with a 4 W — 514.5 nm
Argon-ion laser (Coherent Innova 70-4) with cylindrical
lens arrangement and a high-speed video camera (Mo-
tion Scope HR Series). A 0.4 mm-thickness and 100
mm-width laser sheet was made in the plane of visual-
ization. The high-speed video camera was set to capture
1000 frames/s and the shutter speed was 1/2000 s. The
recording time was about 2 s that yields a video movie of
2048 frames for each parameter condition. The image
recording was done in a dark room condition to sup-
press the background light. The recorded video movies
were then transmitted to a personal computer for further
direct image analysis on the frame-by-frame basis. For
analyzing the video images, software was developed to
do geometrical measurement and to recognize the lu-
minance intensity on the image. Particle seeding system
for both LDV or laser sheet visualization was similar to
that of Ueda et al. [12]. In velocity measurement, the
particles were seeded directly to the main air flow,
meanwhile for visualization, the particles were seeded to
the injected gas supply system.

2.2. Test condition

Over the entire experiments of the present study, the
upstream main airflow velocity was maintained constant

at U, = 10 m/s. The Reynolds number based on this
velocity and step height (Rey = U,H /v,) was 1.25 x 10%,
The initial velocity measured at position x = —2 mm
(upstream of the step edge) showed a distribution of a
uniform flow with turbulent intensity of about 0.7%.
The maximum turbulent intensity in the boundary layer
was about 3%, and the thickness of boundary layer be-
fore the separation is about 3 mm (6/H = 0.15). The
distance from the step to the reattachment point defined
as the location with zero mean streamwise velocity at
0.05 H above the base wall was 5.5 H. In the exper-
iments, the principal parameters were the ratio of spe-
cific momentum between the injected nitrogen and the
main airflow (I = py, 13, /0p,U?) and the streamwise
distance from the step to the injection slot (/;). The
specific momentum ratio of injection was varied from 0
to 0.3 by altering the nitrogen injection velocity, keeping
the airflow velocity U, (=10 m/s). Two cases of gas
injection location within the recirculation zone, where
the flow condition was different, were selected. In case
(a), the injection was at near step position (/f/H = 2)
where the region was dominated by recirculating flow,
while in case (b), it was at near reattachment position
(It/H = 4), where the shear turbulence was predomi-
nant (see inset in Fig. 1).

In order to get a comprehensive insight of the
velocity field, the velocity was measured at a number of
selected stations with the main measurements at center
vertical plane located around the injection point. Sum-
mary of the measurement parameters and stations can
be seen in Table 1. Meanwhile, the flow visualization of
the image of the coherence structure formation was
conducted at vertical center plane, focussed on the shear
layer region.
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Table 1
Velocity measurement station

Injection Specific momentum ratio of injection Measurement station

location (mm) x (mm) y (mm) - (mm)

Iy =40 1=0,0.01, 0.04, 0.1, 0.3 15-65 2-40 0
1=0.04, 0.3 40 10, 18, 34 —38 to 38

Iy =80 1=0, 0.01, 0.04, 0.1, 0.3 55-105 2-40 0
1=0.04, 0.3 80 10, 18, 34 —38 to 38

3. Results and discussion
3.1. Mean characteristics of the flow field

3.1.1. Mean velocity profiles

The characteristics of mean streamwise and cross-
stream velocity profiles at several measurement stations
around the injection point have been compared for the
two cases of injection location in our previous report
[11]. The results showed that the effect of increasing
the specific momentum ratio of injections to the mean
velocity profiles was more remarkable as the gas was
injected at near step position (/f/H =2) compared to
the case of injection at near reattachment region
(I¢/H = 4). The variation of the mean velocity occurred
as a response to balance the creation of mass increase
due to gas addition to satisfy the momentum conser-
vation. For brevity, a portion of the streamwise velocity
profiles near the injection location is redisplayed in Fig.
2(a), and the data of Yang et al. [6] are also included
for comparison. The injection velocity in Yang’s work
was much lower compared to the present work. Thus,
their profiles quite agree only to the case of / = 0 of the
present results. Meanwhile, Fig. 2(b) displays the
spanwise distribution of mean streamwise velocity
above the injection point (x/H = I;/H = 2) for three
different heights, each representing different flow region,
i.e., free stream region at y/H = 1.7, shear layer region
at y/H = 0.9 and recirculation zone at y/H = 0.5. Fig.
2(b) is presented only at half of span width due to the
symmetric distribution. The velocity profiles for /=0.3
maintain their uniformity up to 85% of spanwise region
at y/H =1.7 and 0.9, and up to 75% at y/H =0.5.
Beyond this region, the sidewall effect comes into ac-
count. Meanwhile, for the case of 7 =0.04, only at
y/H = 1.7, which is located at the freestream, the uni-
formity of velocity distribution along the spanwise di-
rection is quite well (up to 85%). At the shear layer
region and recirculation zone, the velocity deviates
from the center plane value to a lower forward velocity
and to a higher reverse velocity, respectively. The de-
viations reach maximum just before the location where
the wall effect becomes prominent. This comparison
suggests the enhancement of the two-dimensionality of

the flow field by increasing the specific momentum ratio
of injection. Closing further to the sidewall, the profiles
in the recirculation region (y/H = 0.5) suggest another
significant feature. The velocity distributions for both
cases of specific momentum ratio show that the reverse
flows decrease, vanish and then switch to be forward
flows. The profiles suggest that there formed a sec-
ondary spanwise-oriented recirculating flow in the near
sidewall region. As far as to the authors’ knowledge,
the experimental work mentioned some spanwise pro-
files only that of Armaly et al. [13]. Despite the differ-
ence in the flow condition, their trend of profiles at the
corresponding vertical position to the present result
is in a qualitative agreement, such as described in
Fig. 2(b). However, it is difficult to make a conclusive
interpretation about the near sidewall structure from
both experimental findings because of limited data.
Indeed, the spanwise-oriented recirculating flow near
the sidewall is possible to represent only the x—z plane
projection of a more complex three-dimensional sepa-
ration region that exists along the sidewall corner. Only
until recently some numerical studies [14,15] have pre-
dicted three-dimensional structure near the side wall in
detail which suggests that the transition from two- to
three-dimensional flow is a result of a continuous
penetration of three-dimensional flow, fed by a wall jet,
from the sidewall to the central plane. However, the
limitation of these predictions to the case of laminar
flow suggests that more intensive studies in the future
are needed to address this issue. In case of injection at
It/H = 4, spanwise distributions indicate similar trends
regarding the effect of increasing the specific momen-
tum to the enhancement of the uniformity of the ve-
locity profiles and the trends of the profiles near the
sidewall.

3.1.2. Mean streamlines

To highlight the flow field variation especially in
the portion of flow region exhibiting two-dimensio-
nality (which covers no less than 75% of the flow
field), the mean streamlines, pattern at the center plane
of the flow field, are constructed from the measured
mean velocity data. The stream function (i) is defined
as
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dy = . dx + a dy,
where
YO

=%

and
__
V =— e (2b)

Therefore, the mean mass flow rate, which equals to the
difference between two stream functions, is determined
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from the following equations (with over bar to present
mean value):

2 x2_ _vl_
/ dl//zf/ de+/ Udy
J1 xl 2

—inszjUdy. (3)

Q

The calculated result is then presented in the form of
lines of constant ¥ /(U,H).

Figs. 3(a)-(e) show the evolution of the mean
streamlines due to the gas injection. When no gas is
injected (Fig. 3(a)), the maximum mass flow rate in the
reverse flow region corresponds to a value of y/(U,H)
about —0.06. This is a typical value for a recirculating
flow over backstep without mass addition [2,6]. The
pattern also indicates that the remarkable recirculation
flow extents to an area between x/H =1 to reattach-
ment point, x/H = 5.5. Although not stagnant, the flow
in region between x/H =0 and x/H =1 has reverse
velocity near zero, thereby the streamlines are beyond
the range of interest and not drawn. Injecting the gas in
the near step location (/;/H = 2) significantly alters the
mean streamlines pattern of the recirculation region. At
1 =0.04 (Fig. 3(b)), the streamlines pattern shows that
there formed two recirculating flow pattern, upstream
and downstream of injection location. The gas injection
gives the blocking effect to the recirculation zone that
makes it split into two. The non-dimensional mass flow
rates /(U,H) in both recirculation zones show not to
much different value about —0.07, which is a little in-
crease from the case of no mass addition. The quite
similar value of ¥/(U,H) in both recirculation zones
suggests that the mass transfer from this low-momentum
injected gas occur equally toward upstream and down-
stream directions from the injection point. On the other
hand, when the gas is injected with 7 = 0.3, Fig. 3(c)
shows that recirculating mass flow rate has a value of
V/(U,H) about —0.14 in the upstream recirculation flow
and about —0.08 in the downstream one. The increase of
mass flow rate in the upstream recirculation zone is
about four times to that in the downstream one. The
bulk flow of the injected gas with high momentum tends
to convect mostly toward the upstream location which is
initially a quieter region that gives less flow restriction.
In every case of injection discussed above, the total
amount of mass flow rate increase in both recirculation
zones is quite equal to the mass flow rate addition from
the gas injection, which suggests that all the injected gas
are engulfed in the recirculation zones without pen-
etrating through the shear layer region into the free-
stream. Furthermore, it is clear that as injection
momentum is increased, an enlargement of the area
containing recirculation flow takes places, indicating by
the sifting of the dividing streamline (/(U,H) = 0) to

higher vertical position as much as about 16% in the case
of I =0.3. We suggest that as ratio of injection mo-
mentum is increased, the vertical penetration effect of
the injected gas becomes more significant in the recir-
culation zone. There should be an increase in the static
pressure in the recirculation zone, which makes a de-
crease in pressure difference across the shear layer.
Consequently, the size of recirculation zone increases.
While the gas is injected at /;/H = 4, Fig. 3(d) shows
that in the case of 7 = 0.04, there is no significant dif-
ference of the streamlines pattern compared to the case
of no injection. The mass flow rate in the recirculation
zone slightly increases due to the mass addition. When
the injection momentum is increased to / = 0.3, it can be
figured out from Fig. 3(e) that the gas injection creates
another recirculation zone downstream of the injection
point. The mass flow rate in the original upstream re-
circulation zone increases only slightly, which indicates
that the injected mass mainly distributes toward the
downstream recirculation zone, created by the injection.
However, the total mass flow rate increase at the up-
stream recirculation zone and the mass flow rate that
enters the downstream one is less than the mass flow rate
supplied by the injection. This result suggests that the
injected gas penetrates deeply through the recirculation
zone and part of it is carried out by the freestream.

3.1.3. Mean vorticity

The mean vorticity distributions are constructed
from the measured mean velocity data. The mean vor-
ticity is calculated as follows:

D) ()

In the above equation, the mean velocity gradient has
been determined from the following approximation
(presented here only the streamwise velocity gradient).

(6£> :l(Ui+1_Ui+Ui_Ui—l>’ (5)
/) 2\ Y=y Vi = Yi-1

where the subscript i — 1, i, and i + 1 denote consecu-
tive measurement points. The calculation result is then
presented in the form of lines of constant (wH)/U, as
shown in Figs. 4(a)-(e).

Fig. 4(a) suggests that in case of no gas injection,
the flow field is dominated by negative (clockwise)
vorticity in the shear layer and most part of recircu-
lation zone. The region of concentrated high-negative
vorticity is initiated at the edge of the step and further
downstream the negative vorticity weakens. The abso-
lute value of vorticity is higher in the shear layer region
compared to that in the recirculation zone because of
higher mean velocity gradient in the shear layer region.
Later in the discussion of coherence structure, we will
show in our tomographic images that this region is
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Fig. 3. Effects of the gas injections to the variations of mean streamline patterns: (a) no injection, / = 0; (b) Iy/H =2, I = 0.04;
(©) Iy/H=2,1=0.3;(d) Iy/H =4,1=0.04; (¢) I;/H = 4, I = 0.3 (contour interval is 0.1 for i > 0 and 0.005 for ¥ < 0).

dominated by the swirling structures which are con-
vected downstream with velocity approximately a half
of main freestream velocity. When the gas is injected to
the flow field at I;/H = 2, Figs. 4(b) and (c) show that
there is induced in the upstream from the injection
point, a region which has positive (counter clockwise)
mean vorticity. As the specific momentum ratio in-
creases from 7 = 0.04 to 0.3, the region becomes larger

and the mean positive vorticity increases up to a
maximum value of (@H)/U, about 0.5. This suggests
that the injection creates vortices which rotate in an
opposite angular direction to those induced at the
shear layer region. The accumulation of vorticity pro-
duction towards the upstream region brings about most
fraction of the injected gas distributes to the region.
Furthermore, increasing the specific momentum ratio
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of injection gives remarkable influence to the vorticity
dissipation rate in the shear layer region as one can see
that the attenuation of mean vorticity as it convected
downstream occurs sooner. Meanwhile, in case of the
gas which is injected at /y/H =4 in Figs. 4(d) and (e),
the mass injection gives no remarkable effects to the
mean vorticity field. In most part of the flow field, the
vorticity is negative. Even with the highest ratio of

specific momentum injection in the experiment
(I =0.3), a weak positive vorticity with maximum
value of (wH)/U, about 0.1 occupies only a small
portion of region near the injection point. Moreover,
there is no indication that the dissipation of vorticity in
the shear layer region is effected by the gas injection.
This confirms the domination of high-shear turbulence
in the reattachment region.
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It/H = 4, and spanwise distribution above the injection in case of (¢) /t/H = 2; (d) I;/H = 4.

3.2. Turbulence features

3.2.1. Turbulence intensity

The turbulence intensity is defined from the stream-
wise and cross-stream component of the fluctuating
velocities (u and v), and expressed as follows:

T = [(® + %) /2] (6)

We have also reported previously the turbulence inten-
sity profiles [11], and for the clarity of the present dis-
cussion, a portion of them is represented in this section.
Figs. 5(a)—(b) show the center plane profiles of turbu-
lence intensity at three measurement stations for each
case of the injection location. The effects of increasing
the specific momentum ratio of the injection to the
turbulence intensity are more pronounced in case of the
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near step injection, /r/H = 2 (Fig. 5(a)) compared to the
near reattachment zone injection, /t/H = 4 (Fig. 5(b)).
The profiles show two regions with different tendency in
responding to the increase in injection momentum. Near
the base wall, the turbulence intensity is suppressed by
increasing the injection momentum, while in the shear
layer region, the turbulence becomes stronger.

The spanwise distribution of turbulence intensity at
three different heights above the injection point for the
two cases of injection location is shown in Figs. 5(c) and
(d). As in the profiles of mean streamwise velocity pre-
viously discussed, the increase of specific momentum
ratio of the injection tends to enhance the uniformity of
the turbulence intensity profile along the spanwise di-
rection, until the region where the wall effect becomes
prominent. Another interesting matter to note is that in
every case of injection location, when approaching the
sidewall region, the turbulence intensity at free stream
increases, at the shear layer region decreases and at the
recirculation zone maintains its center plane value.
Hence, very near to the sidewall, the turbulence intensity
seems to converge to a certain “wall value” regardless of
the vertical position or the specific momentum ratio of
injection. However, comparing the wall value of the
turbulence intensity in Figs. 5(c) and (d), one can see
that it increases as the streamwise position increases. At
x/H =2, it is about 10% of the mean freestream vel-
ocity, meanwhile at x/H = 4, it increases to about 16%
of the freestream value. This is an indication that the
turbulent boundary layer is formed over the sidewall
and it is a function of the streamwise position with less
influence from the main flow.

Figs. 5(a) and (b) also include the plot of ratio be-
tween the root mean square (rms) of the cross-stream
and the streamwise fluctuating velocity (\/0:2 / \/uzz) It is
considered worthwhile to discuss this to help elucidating
the detail of each component role in the turbulence
structure of the flow field as well as to provide references
for numerical works. In the case of /;/H = 2, the rms
ratio in the freestream center region maintains value less
than unity of about 0.87, and it is apparently not in-
fluenced by the specific momentum ratio of injection.
The ratio increases monotonically while entering the
shear layer region and it reaches a value of about unity
around the center of shear layer region. Considering that
the turbulence intensities in this region reach the maxi-
mum value, it is understood that in this region, the
streamwise and the cross-stream velocity fluctuations are
the highest. In the recirculation zone, except for the case
of the highest 7, the rms ratio decreases when ap-
proaching the base wall. In this zone, increasing the
specific momentum ratio of the injection, increases the
rms ratio. However, from the facts that the turbulence
intensity in the near base wall region decreases as the
specific momentum of injection increases, it can be fig-
ured out that the augmentation of cross-stream fluctu-

ation occurs simultaneously with the suppression of
streamwise one with the former being less in the degree
than the later. On the other hand, in the case of
Iy/H =4, along the vertical position, the rms ratio
shows a rather constant value centered at about 0.85-0.9
with a weak tendency that the rms ratio increases as the
specific momentum ratio of injection increases. This in-
dicates that the contribution of streamwise and cross-
stream fluctuation to the total turbulence intensity is in
the same order.

3.2.2. Shear stress

Some important characteristics of the Reynolds shear
stress are shown in Fig. 6. To ensure that the measure-
ment is reliable enough to yield valid data, the result in
the case of no injection is first examined against the
available reference data. In this matter, the well-recog-
nized envelope of acceptable data of maximum Rey-
nolds shear stress suggested by Eaton and Johnston [1] is
used, and is indicated in Fig. 6. The maximum Reynolds
shear stress data for no injection case of the present
measurements fall inside the suggested envelope. Thus,
the deviation of Reynolds shear stress beyond the en-
velope is considered solely as the effect of the gas in-
jection not because of any problem encountered in the
measurement. In the case of /;/H = 2 in Fig. 6(a), within
the shear layer region, the level of Reynolds shear stress
is high due to the steep velocity gradient and high-
velocity fluctuation. When the injection momentum is
increased, the Reynolds shear stress becomes higher and
the maximum value goes beyond the envelope. Mean-
while, in the lower side of the recirculation zone, a slight
change of the Reynolds stress can be observed at the
location of injection and its upstream, with a tendency
that the value decreases. Negative values of Reynolds
shear stress are observed in this region in case of the
injection with a high-specific momentum ratio ( = 0.1
and 0.3). These negative values are consistent with the
mean profiles of the streamwise velocity, which have
negative gradient (0U/dy < 0) in the region. This fur-
ther indicates that in the case of high-specific momentum
ratio, the upstream region from the injection point is
dominated by a jet-like flow structure so that the shear
stresses are negative [16]. Meanwhile, Fig. 6(b) shows a
qualitatively similar behavior of the Reynolds shear
stress except that no negative value of Reynolds shear
stress can be observed. Although quantitatively, the
degree of change is less than the near step injection case,
in the shear layer, the Reynolds shear stress also in-
creases as the injection momentum is increased. Shear
stress also decreases in the region near the wall, however
it is limited to the upstream and near the injection point.

The distribution of Reynolds stress along the span-
wise positions of three different heights is shown in Figs.
6(c) and (d). The Reynolds shear stress shows a similar
trend to that of turbulence intensity when approaching
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Fig. 6. Profiles of Reynolds shear stress and shear correlation. Center plane distribution in case of: (a) It/H = 2; (b) I;/H = 4, and
spanwise distribution above the injection in case of (c) Iy/H = 2; (d) Is/H = 4.

the wall region. In this case, for /y/H = 2, all the profiles
approach a value of 0.007U? regardless of the vertical
position or the specific momentum of injection. For
It/H = 4, although it is not as remarkable as the pre-
vious one, the Reynolds shear stresses approach a higher
value of about 0.009 U2. The agreement between the
Reynolds shear stress and the turbulence intensity

characterized the near wall region indicating that the
side wall boundary has its own turbulence structure re-
gardless the vertical position, the flow condition in the
corresponding spanwise position adjacent to the wall
region, and the specific momentum ratio of injection.
However, it is a function of streamwise position from
the step.
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In Figs. 6(a) and (b), the profiles of the shear corre-
lation coefficient (KX = 7m/(\/u:2\/uzz)) are also plotted.
They show the characteristics of the shear layer devel-
opment. In case of //H = 2 at Fig. 6(a), for every case
of specific momentum ratio of injection, the profile has a
peak value, which is clearly observed. If one takes ar-
bitrarily the outer boundary of shear layer to correspond
to position where the shear correlation coefficient
reaches K = 0.5 as it increases from the freestream
value, the peak value lies closely to this boundary. In the
shear layer region, increasing the specific momentum
ratio of the injection tend to increase the correlation
coefficient. However, this trend is less remarkable in the
measurement stations downstream the injection point.
In the recirculation zone at x/H =1 ~ 2, the profiles
show negative values of correlation, mostly in the case of
injection with specific momentum ratio greater than
0.04, which is primarily attributed to negative shear
stress. Meanwhile in Fig. 6(b) for the case of /;/H = 4,
within the shear region, the correlation coefficient pro-
files display more flat appearances with K approximately
constant and equal to about 0.5, but near the base wall,
the correlation decreases. Effect of the injection to the
correlation is not remarkable, as the profiles tend to
collapse into single curve for every case.

3.3. Coherent structure properties

Assessment of the coherent structure properties is
done directly on the tomographic image. Fig. 7 rep-
resents an example of a time-series image, and the ter-
minology used in the measurement of the structure. To
determine the convection velocity and the growth of the
structure, the distance and the size of individual struc-
ture were tracked starting from the initial position it was
induced for several consecutive time intervals as shown
in Fig. 7.

3.3.1. Convection velocity

The characteristic of mean convection velocity of the
coherent structure under the influence of gas injection is
shown in Fig. 8, for the two cases of injection location.
For each specific momentum ratio of injection, the mean
convection velocity is calculated as the mean of the
difference between two consecutive positions per unit
time (U, = (dx./dt)). The virtual origins of the two
plots in Fig. 8 converge to about 0.52 U,, which indi-
cates the convection velocity of the structure under no
influence of gas injection. This is little bit different from
the result of Reulet et al. [17] who reported a value of
about 0.64 U, for the same mean freestream velocity of
the present study. However, it is quite in agreement with
the suggestion of Brown and Roshko [18] that the co-
herent structures generated by the velocity gradient in-
side the shear layer behave as if they were in a mixing
layer and convected by a mean movement with velocity

about 50% of freestream velocity. Furthermore, it is
obvious that the effect of gas injection is significant only
in the case of near step injection. As the specific mo-
mentum ratio of injection is increased in case of
Iy/H =2, the convection velocity of the coherent
structure decreases. At the highest specific momentum
ratio in the present study, it decreases up to 10% com-
pared to the case of no injection. We considered that the
suppression of the convection velocity stems for a couple
of mechanisms. The increase of injection momentum,
which also means the increase of mass bleed, supports
more mass entrainment from the recirculation zone into
the mixing layer. Therefore, the mass content of the
coherent structures will increase, and as a consequence
of momentum conservation which is retained by those
moving structures, their bulk convection velocity will
decrease. Recalling the attenuation of vorticity in the
mixing layer region due to the increase of injection
momentum in Section 3.1.3 (Fig. 4), the rationale behind
this could be similar in sense that the swirling structures
also maintain their angular momentum conservation.
Another influencing mechanism we conjectured is that
the hydrodynamics disturbance caused by the injected
jet flow to the mixing layer condition which restrict the
structures movement that may be responsible for the
suppression of the convection velocity. On the other
hand, in case of injection at /;/H =4, the convection
velocity tends to be constant regardless the ratio of
specific momentum of injection. It is suggesting that the
mechanisms proposed above do not take place in case of
the injection of the gas near the reattachment due to the
domination of high-shear turbulent flow over the in-
jected gas flow in that region.

3.3.2. Scale growth

Fig. 9(a) shows the mean-scale growth rate of the
moving structure measured as the change of the height
of the structure in a unit time (d4/d¢). In Fig. 9(a), the
mean height of the first swirling structure (%) is also
indicated. The growth rate of the size of the coherent
structure is apparently not influenced by the gas injec-
tion, as the values do not vary significantly and are
concentrated at about 1.5-1.55 mm/ms, regardless the
ratio of the specific momentum as well as the location of
the injection. However, in case of the injection at near
step location, /f/H = 2, the initial size of the structure is
remarkably influenced by the injection of the gas, as the
height of the swirling structure decreases when the
specific momentum ratio of injection is increased. This
suggests that the coherent structures with smaller size of
swirling structures can be expected when the gas is in-
jected with higher specific momentum ratio at the near
step location. This can be confirmed by Fig. 9(b) which
shows the comparison of spatial evolution of the co-
herent structures between the case of /=0.04 and 0.3.
However, we have considered that the mass content in
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Fig. 7. Examples of time-series image showing the coherent structures evolution and the terminology of the measurement (/;/H = 4,

1=0.3).

the coherent structure increases due to more mass en-
trainment with the increase of specific ratio of injection
momentum. Therefore, the decrease of the size of the
structure should be associated with the increase of the
mass concentration within the structure. Qualitative
observation of the brightness and quantitative value of
luminosity of the processed image have confirmed this.

The decrease of coherent structure size might be another
indication of the effect of hydrodynamic disturbance
exposed to the mixing layer by the gas jet injection flow.

3.3.3. Detachment of the structure
Detaching phenomenon of the coherent structure
was examined from the luminosity spectra of the image
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Fig. 8. Effects of the gas injection to the convection velocity of
the coherent structures.

taken in the vicinity of the detachment location defined
as the mean horizontal location where the first swirling
structure induced (¥g). Typical time-series data of lu-
minosity and the obtained spectrum from fast Fourier
transforming the data are shown in Fig. 10(a) for the
case of Iy/H =2 and I =0.04. The spectrum shows
clearly a single peak whose frequency corresponds to
the frequency of the swirling structure detachment. In
Fig. 10(b), the effect of various specific momentum ratio
of gas injection to the detaching frequency (fy.) and the
detachment location (¥ ;) are summarized. The virtual
origin of the plot that represents the case of no injec-
tion shows that the detachment initially occurs around
0.9 step height from the step edge with frequency of
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detachment about 368 Hz. These values are rather
different to the observation of Reulet et al. [17], who
found mean detachment location of 0.75 step height
and frequency about 240 Hz. When the gas is injected
near the step, /r/H =2, the detachment frequency is
obviously influenced by the variation of injection. The
detachment frequency decreases as the specific mo-
mentum ratio is increased. The decrease of frequency
reaches about 10% in case of the highest specific mo-
mentum ratio in the experiment (/ = 0.3) compared to
the case of no injection. Furthermore, it is understood
that the detachment takes place closer to the step edge
by increasing the specific ratio of injection momentum.
These results suggest that the gas injection apparently
suppresses the detachment of the coherent structure,
and this effect becomes stronger as the specific mo-
mentum ratio is increased. The rationale behind this is
probably a combination of the increase of the hydro-
dynamic disturbance of the injected jet flow and the
alteration of turbulence structures (turbulence intensity
and Reynolds shear stress increase) in the vicinity of
detachment which support a damping effect to the shear
instability. On the other hand, when the gas is injected
at Iy/H = 4, neither the detachment frequency nor the
detachment location is influenced by the variation of
gas injection, as their values do not remarkably vary,
but constant to the virtual value of no injection case.
This again confirms that due to the domination of
higher flow velocity and shear turbulence near reat-
tachment region as well as some distance apart from
the step edge where the initial stage of coherent struc-
ture is induced, the gas injection in this location does
not give prominent influence to the coherent structure
characteristics.

Height of the structure, h; (mm)

/
0 7V T T N T T I T T T N T T N AN
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(b)

Fig. 9. Growth of the coherent structures: (a) effect of gas injection to the temporal scale growth and mean height of initial structure;
(b) comparison of spatial evolution of the coherent structure for /r/H =2, I = 0.04 and 0.3.
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Fig. 10. Detaching phenomenon of the coherent structure: (a) typical time-series data and power spectrum of luminosity at mean
location of detachment; (b) effects of gas injection to detaching frequency and mean location of detachment.

4. Summary and concluding remarks

We have experimentally studied the effect of a gas
injection from a slot port to the turbulent velocity field
of a subsonic backward facing step flow and to the
characteristics of the coherent structure. Two main
parameters, the specific momentum ratio and the loca-
tion of injections have been varied and their effects have
been discussed with the focus on the flow field in the
recirculation zone and the shear layer region. The
summary and conclusions are:

(1) More remarkable effect of the gas injection to the
examined quantities (mean flow, turbulence properties,
coherent structure characteristics) occurred mostly in
case of injection near the step (/s/H = 2) compared to
the injection near the reattachment region (/;/H = 4).

(2) In the case of gas injection near the step location,
it is found that the mean flow field is characterized by
the splitting of the recirculation zone into two parts,
upstream and downstream of the injection point, and
the creation of a region in the upstream of injection
point having mean vorticity in the opposite direction to
that initially exists there when no injection be imposed.
When the specific momentum ratio of injection is in-
creased, the convective mass transfer is more supported
toward the upstream recirculation zone due to the less
flow restriction in the region. For the case of the highest
specific momentum ratio in the experiment (/ = 0.3), the
mean streamlines pattern (/(U,H)) indicates that the
increase of mass flow rate in the upstream recirculation
zone is as much as four times to that in the downstream
one. Moreover, from the spanwise distribution of mean
velocity profiles, it is obvious that an increase of the
specific momentum ratio of injection extents the two

dimensionality of the flow field not less than 75% of the
spanwise width of the flow field.

(3) Measurement of the turbulence quantities indi-
cates that within the region not influenced by the side-
wall boundary effect, as the injection momentum is
increased, the turbulent intensity and the Reynolds shear
stress increase in the shear layer region, while they tend
to decrease in the reverse flow zone. The spanwise dis-
tributions show an agreement between the trends of the
turbulence intensity and the Reynolds shears as they
approach the sidewall. Then, both quantities character-
ized the near wall region with certain wall values which
further suggest that the sidewall boundary has a dis-
tinctive turbulence structure regardless the vertical
position, the flow condition in the corresponding span-
wise position adjacent to the wall, and the momentum of
injection, but a function of the streamwise position from
the step.

(4) When the specific momentum ratio of injection
near the step location is increased, the characteristics of
coherent structure in the shear mixing layer are signifi-
cantly altered, denoted by the decrease in the convection
velocity, the spatial size of the structures along their
paths, the frequency as well as the horizontal location of
the detachment of not less than 10% for the case of
highest specific momentum ratio compared to no injec-
tion case. When the specific momentum ratio of the in-
jection is increased, more mass entrains into the mixing
layer and makes the mass content in the coherent
structure increase. Consequent to the linear and angular
momentum conservations retained by the moving
structure, the bulk convection velocity of the structure
as well as the vorticity within the region decrease. Fur-
thermore, the hydrodynamic disturbances from the jet



2726 Harinaldi | International Journal of Heat and Mass Transfer 44 (2001) 2711-2726

injection flow to the mixing layer and the alteration of
turbulence characteristics which become more signifi-
cant as the injection momentum increases contribute
important roles to the suppression of the coherent
structure properties.

(5) As an important result regarding the mixing
process in the current flow configuration, it is revealed
that some competing factors characterized it. While
ensuring most mass fraction of the injected gas to mix
with the recirculating air, the injection near the step
location, especially with high momentum, imposes sup-
pression to the coherent structuring in the shear layer,
which may disfavor the local patterns of mixing. On the
other hand, the gas injected near reattachment region
mix well with the surrounding air due to the higher shear
turbulence and it does not affect the coherent structures.
However, as revealed by the streamlines pattern, with
the increase of injection momentum, more fraction of
the gas is unused, does not mix with the recirculating
airflow, but carried away by the freestream. Thus, these
results provide a basis and valuable information in de-
veloping an efficient design of a combustor from the
viewpoint of enhancing the gas—air mixing process by
attaining the balance of those competing factors, be-
tween the geometrical and fluid dynamical parameters of
injection.
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