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The flow structure downstream of a backstep with mass injection from a porous base was analyzed both
qualitatively and quantitatively in the transitional flow regime of Reh = 2009–3061. By increasing the wall
injection velocity ratio gradually, four distinct flow patterns, shifted from pattern A to B, C and D, were
categorized. Pressure distributions of these patterns were dominated by the wall injection velocity ratio,
and various downstream-flowing tendencies were produced correspondingly. The effect of flow stabiliza-
tion by decreasing the Reynolds number became more prominent if the wall injection velocity ratio was
increased. Due to the existence of a shear layer, a large value of the Reynolds stress was measured near
the tip of the step in pattern A. Once the wall injection was initiated, the local strength of Reynolds stress
at the same location was decreased. By increasing the wall injection velocity ratio, the region with
decreased level of Reynolds stress extended gradually from the tip of backstep to the streamwise location
x = 0.45Xr. The turbulent kinetic energy in pattern A was mostly contributed by the horizontal fluctuation
of flow near the backstep in the recirculation zone, and the region with maximum horizontal fluctuation
was found to evolve toward the base as the flow moves downstream. However, the weighting of vertical
fluctuation became more significant as the wall injection velocity ratio increased.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Transpiration or film cooling is generally achieved by injecting
coolant through a porous or perforated plate to form a layer of
low-temperature fluid for thermal shielding. It has been exten-
sively utilized in various engine components and combustors, such
as gas-turbine blades and liquid fueled rocket engine thrust cham-
bers. All these applications involve the separation–reattachment
flow with wall injection, which is usually investigated experimen-
tally by establishing a sudden-expansion channel with a porous
base downstream of the backstep. Several characteristics are dem-
onstrated in this type of flow, including free stream, shear layer,
recirculation zone, reattachment zone, and redeveloped boundary
layer. To achieve satisfactory cooling performance, the physical
mixing of fluids between the inlet mainstream and base injection
is critical, which provides the motivation of the present work.

Fundamental features of the separation–reattachment flow
without base injection have been investigated extensively [1–6],
whereas relatively less effort has been devoted to the effects of
wall injection on mixing process [7–12]. Bradshaw and Wong [2]
reported that the reattachment length varied between six and
eight times of the height of backstep based on various inlet condi-
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tions. And according to de Brederode and Bradshaw [13], the aver-
age flow at the spanwise centerline plane downstream of the
backstep was considered two-dimensional if the aspect ratio of
the test section was larger than 10.

The injected fluid from wall adds extra mass to the flow and al-
ters the structure of it. Richardson et al. [7] reported that wall
injection decreased the recirculating velocity in separation zone.
Yang and Kuo [9] found that the velocity fluctuation and Reynolds
stress of the flow were decreased by increasing the relative amount
of wall injection. Harinaldi and Mizomoto [12] investigated the
coherent structure of flow over a backstep with gas injection from
a slot. The mean flow, turbulence properties and characteristics of
the coherent structure were significantly influenced by the in-
crease of injection momentum near the backstep. Under the condi-
tion of significant mass entrainment, the velocity, size and
detachment of the coherent structure were found to be suppressed
by the alteration of turbulence structure in the shear layer and
hydrodynamic disturbances from injection.

While most of the previous studies focused on the effects of
base injection under specific rates, the transition among various
flow patterns via variation of wall injection was rarely investi-
gated. In this work, four distinct flow patterns under various
wall injection velocity ratios are experimentally categorized
and analyzed. Results from this study are expected to be valu-
able for further development of transpiration or film cooling
technologies.
tterns behind a backstep with porous-based fluid injection, Int. J.
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2. Experiment design

2.1. Test facilities

A sudden-expansion channel (inlet channel height 30 mm,
width W 200 mm, and height of backstep H 15 mm) was estab-
lished as the test section. The corresponding aspect ratio (AR, ratio
of channel width W to step height H) was 13.3, and the average
flow downstream of the backstep at the spanwise centerline plane
(z = 0 plane) of test section satisfied the criterion of being two-
dimensional [13]. As shown in Fig. 1, a porous plate (width
Fig. 1. Schematic diagram of the test section.

Fig. 2. Schematic diagram o
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200 mm and length 300 mm) made of stainless steel was installed
downstream of the backstep as the base. The average pore size was
10 lm and the overall porosity (U) of the plate was 40.8%. For sim-
ulating the flow under transpiration and film cooling conditions,
air at high pressure was pumped into a settling tank connected
underneath the test section first and then injected through the por-
ous bottom wall.

A schematic diagram of the experiment setup was shown in
Fig. 2. The wind–tunnel system comprised of a 76 kW air blower,
a divergent–settling–convergent section, and the test section. The
inlet and exit cross-sectional area of the divergent section was
25 � 25 cm2 and 70 � 70 cm2, respectively. The convergence ratio
of the convergent section was 81.7. A honeycomb and a screen
were installed inside the settling chamber to reduce the turbulence
intensity of flow. Flow visualization was achieved by the integra-
tion of a laser-sheet (width 1 mm) and the syringe-injected tita-
nium tetrachloride (TiCl4), which formed a mist of hydrogen
chloride (HCl) within the test section for light scattering.

The flow velocity was measured by a two-component forward-
scattered laser-Doppler anemometry (LDA by TSI) [8,9]. An argon-
ion laser (Coherent, 5 W) served as the light source and a processor
(TSI IFA-750) was utilized to process the Doppler signals. Seeding
was accomplished by injecting aluminum oxide (Al2O3) powder
with an average diameter of 1 lm. Measurement of pressure was
conducted by a static pressure tube connected to a transducer
(VALIDYNE DP103-20) and an amplifier/display set (DP23). The
static pressure tube was inserted into the flow from a slit at the
top wall of test section, and was positioned both vertically and hor-
izontally by a positioning platform. The analogue pressure signal
was sampled and recorded through a PC-based data acquisition
card (ADVANTEC PCL-818HG). The sampling rate for pressure mea-
surement was 1 kHz.
f the experiment setup.

tterns behind a backstep with porous-based fluid injection, Int. J.
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Fig. 3. Picture and schematic diagram of the flow in (a) pattern A: U0 = 2.9 m/s,
Vw = 0 m/s, M = 0%; (b) pattern B: U0 = 2.9 m/s, Vw = 0.068 m/s, M = 2.34%;
(c) pattern C: U0 = 2.6 m/s, Vw = 0.116 m/s, M = 4.46%; and (d) pattern D:
U0 = 2.1 m/s, Vw = 0.17 m/s, M = 8.1%.
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2.1.1. Uncertainty analysis
An analysis of uncertainty was conducted at two locations on the

spanwise centerline plane (z = 0): (x,y) = (50 mm,22 mm) and
(250 mm,22 mm), for which (x,y) = (0,0) was the root of backstep.
Twenty sets of data, each comprising 1024 samples, were adopted
for analysis. The data from LDA measurement was recorded over
180 s by adjusting the seeding concentration. This sampling dura-
tion was 100 times longer than the period of cyclic flow motion,
which verified the statistically stationary nature of the results from
LDA measurement. Due to the limitation of two-component LDA
measurement and the asserted two-dimensionality of the flow at
the spanwise centerline plane, the turbulent kinetic energy value k
was calculated by assuming that the spanwise component (z-com-
ponent) is zero. This assumption was verified by the symmetric
spanwise distribution of turbulence properties about the z = 0 plane.
Based on 95% confidence level, the maximum uncertainty of mean
horizontal velocity, mean vertical velocity, turbulence intensity,
the Reynolds stress and mean static pressure was 2.9%, 5.1%, 7.1%,
9.9% and 3.4%, respectively. The various bias uncertainties of LDA
system in this work have been analyzed to be less than 1.5%.

2.2. Test conditions

The wall injection velocity ratio (M) is defined as:

M ¼ Vw=U0 ð1Þ

in which U0 is the mean inlet velocity. The Reynolds number based
on height of backstep H (Reh) is defined as:

Reh ¼ U0H=t ð2Þ

in which t is the kinematic viscosity. The mean superficial velocity
of wall injection is defined as:

Vw ¼ Q w=UAp ð3Þ

in which Qw is the volume flow rate of wall injection, U is the poros-
ity and Ap is the area of the porous base. The differential pressures
across the porous base ranged from 5000 to 100,000 Pa, which were
over 1000 times of the maximum differential pressure measured
within the flow. The uniformity of this superficial bleed velocity
had been discussed by Yang and Kuo [9].

In this study, both the mean inlet velocity (U0) and the mean
superficial velocity of wall injection (Vw) were selected to serve
as the controlled parameters, and the corresponding wall injection
velocity ratio (M) was evaluated accordingly (Table 1). By conduct-
Table 1
Test conditions for flow visualization: wall injection velocity ratio M under various U0 and Vw

U0 (m/s) Reh Mean superficial velocity of wall injection Vw

0 0.034 0.048 0.068 0.082 0.102 0.116 0.136 0.150 0.170

M
2.1 2009 0.0000 0.0162 0.0229 0.0324 0.0390 0.0486 0.0552 0.0648 0.0714 0.0810
2.6 2487 0.0000 0.0131 0.0185 0.0262 0.0315 0.0392 0.0446 0.0523 0.0577 0.0654
2.9 2774 0.0000 0.0117 0.0166 0.0234 0.0283 0.0352 0.0400 0.0469 0.0517 0.0586
3.2 3061 0.0000 0.0106 0.0150 0.0213 0.0256 0.0319 0.0363 0.0425 0.0469 0.0531

Table 2
Pattern envelope under various test conditions

U0 (m/s) Reh Wall injection velocity ratio

0 0.034 0.048 0.068 0.082 0.102 0.116 0.136 0.150 0.170

2.1 2009 A B B C C C D D D D
2.6 2487 A B B B C C C C D D
2.9 2774 A A B B B B C C D D
3.2 3061 A A A B B B B C D D

Please cite this article in press as: G.-L. Tsai et al., Transitional flow patterns behind a backstep with porous-based fluid injection, Int. J.
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ing flow visualization over a wide range of the parameters, a pat-
tern envelope (Table 2) based on the wall injection velocity ratio
M was established. Four distinct flow patterns and their corre-
sponding wall injection velocity ratios were identified accordingly.
Based on the identified patterns, four specific sets of inlet and wall
injection conditions, each corresponded to a respective pattern,
were then selected for further quantitative measurements of the
mean velocity field, pressure field and turbulence field. They were:
(a) U0 = 2.9 m/s, Vw = 0 (M = 0%) for pattern A (no wall injection),
(b) U0 = 2.9 m/s, Vw = 0.068 m/s (M = 2.34%) for pattern B, (c)
U0 = 2.6 m/s, Vw = 0.116 m/s (M = 4.46%) for pattern C, and (d)
U0 = 2.1 m/s, Vw = 0.17 m/s (M = 8.1%) for pattern D.

Note the ratio of cross-sectional area of the inlet channel (A0) to
that of the porous base (Ap) was 0.1, which implied that the mass
flow rate ratio of wall injection to inlet flow was 10 times of the
wall injection velocity ratio. Identical tendency of the flow behav-
ior was concluded by considering either the inlet/base area ratio or
the wall injection velocity ratio.

Among all the inlet conditions tested, the shape factors vary in
the range 1.31–1.37. According to Pitz and Dailey [14], the shape
factor for turbulent flow is about 1.3. The inlet flow in this study
was in the transitional regime toward turbulence. In all cases,
the shape factors of flow upstream of the backstep were almost
identical and the inlet flow was isotropic. The flow downstream
of the backstep was transitional, though, and the turbulent charac-
teristic became more prominent as the flow went further down-
stream. It was also observed that the turbulent characteristic was
suppressed as the wall injection was initiated.

One of the most distinctive characteristics of the separation–
reattachment flow over a backstep is the reattachment length. In
Fig. 4. Pictures and schematic diagrams of flow in pattern A at 5
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this study, the point of reattachment is defined as the streamwise
location at which the horizontal velocity is zero. To locate this
point, the horizontal velocity was measured 1 mm above the base
downstream of the backstep. For patterns A and B, the reattach-
ment lengths (Xr) were measured to be 4.47H, whereas the reat-
tachment points were not accessible in patterns C and D. The
value 4.47H was selected as the common reattachment length for
the four flow patterns in the following analysis.

3. Results and discussion

3.1. Flow visualization

Two streams with opposite flow directions were observed with-
in the recirculation region. One stream, diverted from the shear
layer after reattachment, flowed toward the backstep along the
base wall and formed the clockwise-rotating recirculation zone.
It swept the fluid near wall upstream. The strength of upstream-
sweeping momentum was produced by the low pressure at the
recirculation zone, and the strength was found to increase by
increasing the Reynolds number of the inlet flow. Initiation of wall
injection was found to decrease the upstream-sweeping momen-
tum of flow within the recirculation zone due to the effects of
entrainment and diffusion. Fluid injected from the base into the
recirculation zone was swept upstream and accumulated at the
corner of backstep. By increasing the flow rate of wall injection,
pressure level in the recirculation zone was increased. The strength
of upstream-sweeping momentum was decreased accordingly,
which produced various downstream-flowing tendencies and dis-
tinct flow patterns.
–20 cm downstream of the backstep (times step = 0.1666 s).

tterns behind a backstep with porous-based fluid injection, Int. J.
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Considering a large U0 and a relatively minor wall injection,
with a limiting proportion of zero, a significant recirculation vortex
was identified. Following the shear layer the fluid touched the base
and rolled upstream. The upstream-moving flow was blocked by
the backstep and separated again, by which a corner eddy was pro-
duced. The flow pattern was designated pattern A, as demonstrated
in Fig. 3(a).

By increasing the wall injection velocity ratio, the injected fluid
was swept toward the backstep and accumulated at the corner.
Under the condition that the downstream-flowing momentum
produced by injection was not significant enough to balance the
recirculation (pattern B), fluid accumulated at the corner was
pressed toward the shear layer near the tip of backstep
(Fig. 3(b)). A triangular zone was identified near the corner, and
the injected mass was observed to join the shear layer through
an exit at top of the triangle.

Further increasing the wall injection velocity ratio transformed
the flow pattern into pattern C (Fig. 3(c)). The exit at the triangular
zone was no longer wide enough to drain the extra mass accumu-
lated at the corner. The downstream-flowing momentum was able
to overcome the recirculation, and part of the fluid injected began
to flow directly downstream through the reattachment region. The
entire flow structure downstream of the backstep was elevated.
Although the recirculation zone was occasionally recognizable, it
was observed to shrink into a flatter form. The downstream-flow-
ing momentum became dominant by increasing the mass injection
velocity ratio above certain values. The injected fluid flew directly
downstream and the flow structure under this pattern (Fig. 3(d),
Fig. 5. Pictures and schematic diagrams of flow in pattern B at 5
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pattern D) was relatively simple. The multiple characteristics of
the original separation–reattachment flow were no longer
recognizable.

Totally 40 sets of inlet and wall injection conditions were tested
and observed to establish the pattern envelope in Table 2. The four
patterns emerged in turn by increasing the wall injection ratio.
Contrary to the relatively large U0 with minor Vw for pattern A, a
relatively small U0 with large Vw transformed the flow structure
into pattern D. The influence of the Reynolds number was also re-
vealed in Table 2. Since the Reynolds number implies the ratio of
flow inertia to viscous effect, the higher the Reynolds number,
the more dominant the inertia of the inlet stream. The relatively
minor viscous effect under higher Reynolds number indicated
weaker interactions between the inlet flow and wall injection,
which made pattern A more favorable since it shared similar char-
acteristics with the typical separation–reattachment flow. The flow
behavior of other similar studies was able to be categorized and
predicted according to the established envelope. For instance, the
work by Yang and Kuo [9] corresponded to a wall injection velocity
ratio of 0.005, which fell into the regime of pattern A, and the pre-
dicted pattern coincided with the streamline contour in [9].

Detailed flow structure around the reattachment region and the
corner of backstep under the four flow patterns were further inves-
tigated. Inspections of the transient flow structure were first con-
ducted between the locations x = 50 mm (3.8H) and x = 200 mm
(15.4H) downstream of the backstep, which was around the reat-
tachment region (Fig. 4). The reattachment region under pattern
A was found to locate about five times the step height (5H)
–20 cm downstream of the backstep (times step = 0.1666 s).

tterns behind a backstep with porous-based fluid injection, Int. J.
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downstream of the backstep. The shedding vortices were observed
to impact the base in a clockwise-rotating manner and roll into the
recirculation bubble.

The reattachment region located approximately 8H down-
stream of the backstep under pattern B (Fig. 5). An almost stagnant
vortex was developed adjacent to the reattachment region, which
indicated that the upstream-sweeping momentum of recirculation
was neutralized to certain extent due to the initiation of wall injec-
tion. However, the mass injected was not significant enough to
drain directly downstream through the reattachment region. Fur-
ther increasing the wall injection velocity ratio transformed the
flow structure into pattern C and the reattachment region was ob-
served to locate about 12H downstream of the backstep (Fig. 6).
The reattachment region was occasionally unrecognizable since
the increased wall injection was capable of leaking directly down-
stream. Note that instead of rolling upstream into the recirculation
bubble, the vortex adjacent to the reattachment region was forced
by the mass injected to roll downstream. The reattachment region
became completely unrecognizable under pattern D (Fig. 7). The
shedding vortices were not able to approach the base since the en-
tire flow structure was elevated by the injected mass.

The flow visualization conducted near the corner of backstep
also revealed distinct features for each pattern. A corner eddy
was developed since the recirculation flow was not capable of
turning perpendicularly along the corner (Fig. 8(a)). The eddy
was then suppressed downward by the accumulated fluid. After
a certain period, adequate momentum of the accumulated fluid
was established, the eddy was then destructed, and the fluid was
able to escape the corner through the tip of backstep. The process
Fig. 6. Pictures and schematic diagrams of flow in pattern C at 5
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repeated periodically at approximately 2.5 Hz. Increasing of wall
injection in pattern B extended the recirculation zone upstream
and compressed the corner eddy (Fig. 8(b)). The momentum car-
ried by recirculation into the corner eddy was decreased due its
interaction with wall injection. Consequently, the frequency at
which the fluid escaped through the tip of backstep was lower than
that in pattern A.

The corner eddy no longer existed in patterns C and D since the
injected mass was capable of filling the entire volume adjacent to
the backstep. A stretched upside down U-shaped flow structure
(Fig. 8(c)) was observed between the escape flow immediately
adjacent to the backstep and the recirculation bubble, which
implied a further transition into pattern D. In pattern D, it was
observed that most injected fluid flew directly downstream along
the base (Fig. 8(d)). The stretched U-shaped flow in pattern C
was elevated and formed a stagnant region as the dark zone in
Fig. 8(d).

3.2. Pressure field

The distributions of mean pressure coefficient along the span-
wise centerline plane (z = 0) for each flow pattern were demon-
strated in Fig. 9. The mean pressure coefficient Cp was defined as:

Cp ¼
P � P0

1
2 qU2

0

ð4Þ

Note that the reference pressure P0 was measured 30 mm upstream
of the backstep and 29 mm above the bottom wall surface of inlet
channel.
–20 cm downstream of the backstep (times step = 0.1666 s).

tterns behind a backstep with porous-based fluid injection, Int. J.
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The pressure within the recirculation zone in pattern A was sig-
nificantly smaller than elsewhere in the flow (Fig. 9(a)). A locally
minimum pressure was measured at the corner of backstep. For
the typical separation–reattachment flow over a backstep, an
adverse pressure gradient was established by the low-pressure zone
within the recirculation bubble. The adverse gradient caused the
flow to separate at the tip of backstep at which the inertia of flow
downstream was relatively small. The pressure was recovered grad-
ually downstream as shown in the figure. Contrary to the pressure
distribution in pattern A, a higher pressure level was established
near the corner of backstep due to accumulation of the injected mass.
Note also the pressure level within the recirculation zone in pattern
B was generally higher than that in pattern A, which produced weak-
er adverse pressure gradient and decreased strength of recirculation.

An even higher pressure level was established within the recir-
culation zone in pattern C (Fig. 9(c)). The adverse pressure gradient
was almost diminished, which was consistent with the result from
flow visualization that the mass injected was capable of leaking
directly downstream. For pattern D (Fig. 9(d)), the streamwise
pressure gradient became even more favorable for fluid to flow
directly downstream, which again verified the pattern in
Fig. 8(d). The region with maximum pressure in Fig. 9(d) was also
found to correspond to the stagnant region in Fig. 8(d). The smooth
distribution of Cp along the wall-normal direction in Fig. 9 implied
that the flow was essentially two-dimensional. The fact again ver-
ified the accountability of two-dimensional LDA measurement
conducted at the spanwise centerline (z = 0) plane at which no sig-
nificant wall effect was observed.
Fig. 7. Pictures and schematic diagrams of flow in pattern D at 5
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3.3. Mean velocity and turbulence field

Due to the intense mixing of momentum within the recircula-
tion bubble and along the shear layer, distinct distributions of
velocity components were revealed for the four flow patterns. In
this part of the analysis, the designated common reattachment
length Xr = 4.47H was adopted to normalize the streamwise loca-
tion downstream of the backstep for the four flow patterns. The
mean horizontal velocity field (x-direction) of each flow pattern
was shown in Fig. 10, in which the effect of base injection was
explicitly demonstrated. Since the LDA measurement was con-
ducted over a sufficiently long time interval, the profile of statisti-
cally averaged horizontal velocity was essentially similar to that of
the horizontal momentum. For patterns A and B, a reverse velocity
was observed around the location (x,y) = (0.45Xr,0.5H), which indi-
cated an intact recirculation structure. For patterns C and D, the
reverse velocity field was less significant, which coincided with
the distribution of pressure field. A large velocity gradient along
y-direction was observed near the tip of backstep, which produced
increased turbulent kinetic energy. The velocity distribution was
gradually recovered downstream and behaved as that of a general
channel flow. Note that the value of U/U0 was found to be larger
than 1.0 at the outer edge of boundary layer. The phenomenon
was attributed to the compression of flow path formed between
the boundary layer and the top wall of test section. The more mass
injected from the base, the narrower the path became, and the flow
velocity through the path had to be increased to comply with the
conservation of mass.
–20 cm downstream of the backstep (times step = 0.1666 s).

tterns behind a backstep with porous-based fluid injection, Int. J.
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Fig. 8. Pictures and schematic diagrams of flow near the corner of backstep for patterns from A to D.
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The distributions of mean vertical velocity (y-direction) for the
four flow patterns were shown in Fig. 11. The mean vertical velocity
was observed to be uniformly upward at x = 0.15Xr due to the initia-
tion of base injection for patterns B, C and D. At regions further down-
stream of the backstep, such as the redeveloped boundary layer,
distinct distributions of vertical velocity were also observed be-
tween pattern A and the other three patterns with base injection. A
region with upward velocity was observed in the upstream half of
the recirculation bubble for patterns A and B. However, the vertical
velocity field for patterns A and B were mostly downward, which
was identical to that of the typical separation–reattachment flow
Please cite this article in press as: G.-L. Tsai et al., Transitional flow pa
Heat Mass Transfer (2008), doi:10.1016/j.ijheatmasstransfer.2008.06.0
over a backstep. On the other hand, due to the increased base injec-
tion in patterns C and D, the vertical velocity field was mostly dom-
inated by upward direction. The vertical component of velocity was
decreased as the flow moved gradually downstream. Note that no
significant distinction was observed between the profiles of vertical
velocity for patterns C and D. The similarity was attributed to the sat-
urated mixing between the recirculated and injected fluids, and was
consistent with the trends revealed in Fig. 3.

Since the Reynolds number of the flow studied in this work fell
in the regime of transition toward turbulence, both laminar and
turbulence characteristics were revealed simultaneously. The
tterns behind a backstep with porous-based fluid injection, Int. J.
42



Fig. 9. Pressure distribution for patterns from A to D.

Fig. 10. Distribution of mean horizontal velocity U/U0.
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behavior of flow was found to alternate among several quasi-stea-
dy non-turbulent states. Consequently, both the shear layer and
recirculation bubble were non-turbulent and non-isotropic, which
was verified by the fact that the urms ; 0.5U0 and vrms was negligi-
ble at these regions.

The normalized Reynolds stress for each flow pattern was
shown in Fig. 12. For pattern A, a large value of the Reynolds stress
was measured at (x,y) = (0.15Xr,1H), which was near the tip of
backstep. The significant Reynolds stress was attributed to the
mixing process between the entrained fluid from recirculation
Please cite this article in press as: G.-L. Tsai et al., Transitional flow pa
Heat Mass Transfer (2008), doi:10.1016/j.ijheatmasstransfer.2008.06.0
zone and the shear layer. The wall-normal (y-direction) location
with locally maximum Reynolds stress at each streamwise mea-
suring stage was found to move toward the base gradually as the
flow moved downstream. The distribution was consistent with
the configuration of shear layer as it bent toward the base. For pat-
terns B, C and D, the magnitudes of the Reynolds stress at
(x,y) = (0.15Xr,1H) were less than that in pattern A. Instead of
bending directly toward the base, the shear layer in patterns B, C
and D was lifted by the mass injected. The distinction implied that
the intensity of mixing was decreased, and the inlet stream was
tterns behind a backstep with porous-based fluid injection, Int. J.
42



Fig. 11. Distribution of mean vertical velocity V/U0.

Fig. 12. Distribution of Reynolds stress �3uv=U2
0.

Fig. 13. Distribution of turbulent kinetic energy k=U2
0.
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forced to accelerate and mix with the injected fluid further down-
stream. Note that contrary to the significant turbulence character-
istic possessed by the shear layer, the fluid injected was screened
by the porous plate and its velocity was almost negligible with re-
spect to the inlet stream. The Reynolds number of the flow injected
was relatively small, and so was its turbulent kinetic energy.

Based on the visualization of flow structure, the injected fluid was
found to accumulate at the corner of backstep and flow into the shear
layer via an exit near the tip of backstep. For patterns B, C and D, the
level of Reynolds stress within the shear layer near the tip was de-
creased by the base injection which carried relatively minor turbu-
lent kinetic energy. The decreasing effect was limited within the
region near the streamwise stage x = 0.15Xr under pattern B, in
which the amount of injected fluid was small. However, the more
the base injection, the wider the exit via which the injected fluid
leaked, and the region affected by the decreasing effect extended to-
ward the streamwise stage x = 0.45Xr in patterns C and D.

Identical trends were observed in the distributions of both the
Reynolds stress and the turbulent kinetic energy (Fig. 13) for the
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Fig. 14. Turbulence structure
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four flow patterns. The transport of turbulent kinetic energy was
also explicitly shown in Fig. 13. Generally, the turbulent kinetic en-
ergy was concentrated around the wall-normal location y = 1H at
the streamwise stage x = 0.15Xr. The mechanism of diffusive trans-
port made the concentrated turbulent kinetic energy spread verti-
cally as the flow moved downstream. The diffused turbulent
kinetic energy was then gradually dissipated due to the existence
of viscosity. At regions further downstream, such as the stream-
wise stage x = 2.4Xr, the distribution of turbulent kinetic energy be-
came more vertically uniform by diffusion, and the magnitude was
decreased by dissipation.

The normalized turbulent normal stresses uu, vv and shear
stress uv with respect to the turbulent kinetic energy k were sum-
marized in Fig. 14 for analyzing the turbulence structure. These
parameters, along with the mean horizontal velocity U, were plot-
ted at two streamwise stages: x = 0.15Xr (recirculation zone) and
x = 2.1Xr(further downstream). The anisotropic nature of the flow
studied was demonstrated by the distinction revealed between
the magnitudes of uu=k and vv=k. In pattern A (Fig. 14(a)), the
Pattern C, x=2.1Xr
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magnitude of uu=k was generally larger than that of vv=k, espe-
cially near the wall-normal location y = 1H, which implied the ma-
jor contribution of horizontal fluctuation to the turbulent kinetic
energy. The fact was consistent with the nature of free mixing layer
in which the turbulent kinetic energy was mostly contributed by
the horizontal velocity gradient. On the other hand, the wall-nor-
mal location with maximum uu=k was shifted toward the bottom
wall at the region downstream. The turbulent kinetic energy was
mainly produced by the horizontal velocity gradient at the bound-
ary layer adjacent to the bottom wall.

The weighting of vertical fluctuation was increased within the
recirculation zone near the corner of backstep by increasing the
wall injection velocity ratio (patterns B, C and D). Intense mixing
along the wall-normal direction was produced by the fluid injected
vertically from the base. The weighting of vertical fluctuation grad-
ually achieved the level of its horizontal counterpart at the region
downstream, which made the flow approach the status of isotropic
turbulence.

4. Conclusions

The behavior of a separation–reattachment flow over a backstep
with base injection downstream in the transitional flow regime of
Reh = 2009–3061 was analyzed both qualitatively and quantita-
tively. Four distinct flow patterns (A, B, C and D) were categorized
and the wall injection velocity ratio was identified as a dominant
criterion. By increasing the wall injection velocity ratio, the flow
pattern was shifted sequentially from A to D, and distinct flow
behavior was observed within the recirculation vortex, at the reat-
tachment region, and adjacent to the corner of backstep.

Based on the evaluation of mean pressure coefficient, the connec-
tion between flow pattern and pressure field was more explicitly
demonstrated. A low-pressure zone was maintained within the
recirculation bubble in pattern A since the base injection was rela-
tively minor. By gradually increasing the wall injection velocity ra-
tio, the pressure near the corner of backstep was increased due to
the accumulation of injected fluid. The inherent adverse pressure
gradient was decreased and the strength of recirculation was weak-
er. Due to the increased base injection which destructed the recircu-
lation mechanism, the streamwise pressure gradient in pattern D
became more favorable for fluid to flow directly downstream.

Through the measurement of mean velocity field, the existence
of an intact recirculation vortex was verified for patterns A and B.
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The reverse velocity field was insignificant in patterns C and D due
to the established pressure gradient that was favorable for direct-
downstream flow. The vertical velocity component was mostly
downward in patterns A and B, whereas in patterns C and D the
vertical velocity component was mostly upward below the step
height. The vertical velocity component was generally diminished
further downstream, and the flow pattern approached that of a
typical channel flow.

The fluid injected was observed to flow into the shear layer near
the tip of backstep and the level of Reynolds stress there was de-
creased accordingly. The decreasing effect was limited within the
region near the streamwise stage x = 0.15Xr under pattern B,
whereas the region affected extended toward the streamwise stage
x = 0.45Xr in patterns C and D. Similar trend was also revealed in
the distribution of turbulent kinetic energy.
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