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SOME FEATURES OF A TURBULENT SEPARATED FLOW

AND HEAT TRANSFER BEHIND A STEP AND A RIB.

1. FLOW STRUCTURE

UDC 536.24V. I. Terekhov, N. I. Yarygina, and R. F. Zhdanov

The influence of the shape and size of the obstacle on separated flow and heat transfer is studied
experimentally. Results of investigation and comparative analysis of the hydrodynamic structure of
a separated flow behind a step and a rib are presented. A principally different character of transfer
processes in the separated flow behind obstacles of these types is demonstrated. The flow structure in
the secondary vortex region is considered.

Introduction. The problem of intensification of heat-transfer processes has become particularly important
recently for the reason of solving problems of energy savings in heat-exchange devices. One of the aspects of
this problem is the passive intensification of convective heat transfer of the surface due to flow separation. For
instance, in many engineering devices, such as heat-engineering equipment, combustion chambers, gas turbines,
etc., heat-transfer intensification is reached by surface ribbing. Heat transfer in separated flows has not been
adequately considered yet. The relationship between vortex formation and heat release has been poorly studied.
Investigation of the flow structure in the vicinity of isolated obstacles allows one to find the reasons for separated
flow reconstruction and the associated changes in local heat transfer. The mechanisms of the influence of flow
prehistory and geometric parameters on the thermal characteristics are insufficiently examined.

The flow around a backward-facing step is the classical geometry of a separated flow, which was considered
in many papers (see, e.g., [1–9]). Therefore, the results of these papers may be compared with separation caused
by different isolated obstacles. At the same time, the known papers on separated flows with a transverse plate (rib)
used as an obstacle (see, e.g., [10–12]) are not numerous and do not contain a comparison with separation behind
a step under identical conditions. Most papers cited above deal mainly with some properties and parameters of
separation in the case of a constant or weakly changing relative height of the obstacle. In the present work, we use
the complex approach [13, 14] to studying the separated flow characteristics with a varied shape and height of the
obstacle.

Test Conditions. The experiments were performed in a wind tunnel that is an open-ended air contour with
a fan mounted at the entrance and with a 200× 200 mm square test channel 600 mm long. The flow velocity above
the obstacle was 20 m/sec, which corresponds to the Reynolds number based on the channel height ReS ≈ 3 · 105.
The level of turbulence in the central region of the channel reached 1.2%. The dynamic characteristics were measured
for the step (obstacle) height H = 10 and 20 mm.

Models 200 mm thick were used in the experiments (Fig. 1). A model with the upper part made of plexiglass
was used for oil-film visualization of the separated flow on the surface behind the obstacles. The visualization
composition was a mixture of offset paint and kerosene. To study dynamic losses behind the rib and step, we used a
textolite matrix with 44 static pressure taps ∼0.3 mm in diameter located on the plate surface along its centerline.
The back flow velocity was measured by a miniature Pitot–Prandtl tube with a 0.4-mm outer diameter.

Under identical external conditions, the flow structure in the flow core above the rib and step of the same
height is approximately identical, which allowed us to perform a reliable comparative analysis of characteristics of
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Fig. 1. Flow pattern behind a backward-facing step (a) and a rib (b).
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Fig. 2. Flow pattern in the separation region behind a step (a) and a rib (b) for H = 20 (frame 1) and 10 mm
(frame 2); the white line indicates the averaged region of flow reattachment xR.

the separated flow behind these obstacles and to reveal the degree of influence of the recirculation flow upstream of
the rib on flow separation behind the latter.

Results and Discussion. Figure 2a and b shows the results of oil-film visualization of the surface behind
a step and a rib, respectively (all photographs are made in the same scale; the flow direction is from left to right).
It follows from Fig. 2 that the conditions of reattachment of the separated flow and formation of the secondary zone
with large-scale vortices behind the step and the rib are different. Smaller vortex structures are generated in the
case of separation behind the step than behind the rib and form a mixing layer [15]. These vortices collide with the
surface, which leads to emergence of a reattachment region whose averaged boundary “sticks” to the side walls. This
effect is not observed behind the rib, which evidences the large scale of vortices in the mixing layer. The averaged
line of flow reattachment behind a step 20 mm high (frame 1 in Fig. 2a) is located at a distance xR/H ≈ 4.8
along the model centerline. Approaching the side walls of the channel, the averaged line of the reattachment region
deforms, reaching the distance approximately equal to 4.5H from the step. The reattachment region is unstable;
therefore, its width is approximately one half of the step height in the upstream and downstream directions. The
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structure of the reattached flow in the direction of the secondary vortex deforms prior to its separation from the
surface. The place of secondary separation is located at a distance of approximately 2H from the step along the
model centerline. Thus, the transverse size of the secondary vortex varies from 20% (near the walls) to 40% of the
separation bubble. A mushroom-shaped structure is noted in the central part of the secondary vortex zone. As
the step height decreases by a factor of 2, the absolute size of the recirculation region decreases, and the relative
length of the reattachment region is xR/H ≈ 5.5 (xR/H = 4.0–4.5 near the side walls) (frame 2 in Fig. 2a), i.e.,
the curvature of the reattachment line increases significantly. This occurs because of the changed step height. The
smaller the obstacle height, the smaller the radius of curvature of the reattachment line. Behind a step 10 mm
high, the reattached flow, moving upstream, separates from the surface at a distance x/H = 1.5–2.5, and the region
occupied by the secondary vortex is less than a half of the separation-region length. The structure is asymmetric
and can be represented by five vortices with different shapes, sizes, and rotation intensities. The number of vortex
structures in the secondary region depends on the ratio of the step height to the channel height ahead of separation
and also on the channel width.

Behind a 20-mm rib (frame 1 in Fig. 2b), the averaged reattachment region along the plate centerline is
localized at a distance xR/H ≈ 16.5, i.e., significantly further than behind a step of the same height, which is in
line with results of other papers. The reattachment region behind the rib has a greater curvature than behind the
step, since the influence of large spatial vortices becomes weaker with distance from the obstacle. Approaching the
side walls of the channel, the reattachment line curves toward the rib, being located at a distance x/H ≈ 15.7,
which is in good agreement with the results of flow visualization behind a rib 22 mm high, which were published
in [11], where xR/H ≈ 17.2 along the centerline and xR/H ≈ 15 near the side walls. After reattachment, part of
the flow moves toward the obstacle (frame 1 in Fig. 2b). The flow separates from the plate surface at a distance
approximately equal to 2H from the rib along the centerline. The length of the main recirculation vortex is greater
than in the flow around the step. Powerful vortices whose size is comparable to the obstacle height are observed in
the corner region, whereas they are weakly expressed in the flow behind the step. Behind a 10 mm rib, the distance
to the averaged reattachment region increases up to xR/H ≈ 18.5 along the centerline (frame 2 in Fig. 2b) and
reaches approximately 16H near the side walls (z/H ≈ 1.5). The line of the reattachment region is strongly curved.
As for the 20-mm rib, the length of the secondary zone in the center is approximately 2H.

The significant difference between the flow behind a step and a rib is determined by flow prehistory. A
recirculation flow is formed upstream of the rib, which affects the evolution of the mixing layer and, as will be
shown below, the distribution of the pressure coefficient and the maximum velocity of the back flow. The flow
structure in the secondary separation region behind 20-mm and 10-mm ribs is qualitatively identical, but it is
different behind steps of the same height. This is explained by the fact that this separated flow depends on such
parameters as the ratio of the channel width to the step height, the relative expansion of the channel (ER = S/S0 is
the ratio of the channel heights after and before expansion), and the ratio of the obstacle height to the boundary-layer
thickness H/δ.

One of the main parameters that characterize the separated flow structure is the size of the reattachment
region. Figure 3 shows the coordinate of the reattachment point versus the flow velocity (Reynolds number). The
scatter of experimental data obtained in various works is rather large: 4.5 < xR/H < 8.5. Nevertheless, there is
practically no influence of the Reynolds number on the recirculation-region length, if the Reynolds number varies
due to changes in velocity only. At the same time, a significant effect is exerted on the reattachment-region size by
the parameters H/δ (in the present work) and the degree of channel blockage (for ER = 1.14 and 1.25 [18]).

The static pressure distributions behind the obstacles (Fig. 4) allow one to analyze the near-wall region,
which exerts a significant effect on friction, heat transfer, and separated flow structure as a whole. Figure 4
shows the pressure distributions behind a step and a rib. The pressure coefficient is determined by the formula
Cp = 2(p− p0)/(ρU2

0 ), where p is the static pressure on the wall, and p0 and U0 are the pressure and velocity in
the external flow above the step. It follows from Fig. 4a that the pressure distribution is considerably affected by
the step height. First, the static pressure on the surface behind the step weakly decreases in the secondary flow
region and then rapidly increases in the direction of flow reattachment. The pressure coefficient has a maximum
value at a distance almost twice as large as the separation-region size (approximately by a factor of 1.5 in [6, 9]).
The absolute value of the pressure coefficient increases with increasing obstacle height. In addition, an increase in
the step height shifts the maximum pressure coefficient upstream. With increasing height from 10 to 20 mm, this
shift is approximately 2H. It should be noted that a similar shift of the maximum of the dependence Cp(x/H) was
observed in other papers (Fig. 4a).
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Fig. 3. Reattachment-region length as a function of the Reynolds num-
ber based on the step height for H = 10 mm and ER = 1.07 (point 1)
and H = 20 mm and 1.14 (point 2), 1.14 [18] (points 3), 1.25 [18]
(points 4), 1.2 [20] (points 5), 1.25 [3] (points 6), 1.262 [19] (points 7),
1.31 [17] (points 8), 1.64 [5] (points 9), and 1.67 [16] (points 10).

Fig. 4. Distribution of the pressure coefficient behind a step (a) and a rib (b): (a) H = 10 (points 1),
20 (points 2), 12.7 [6] (points 3), 15 [9] (points 4), 38 [20] (points 5), 38.1 [2] (points 6), 51 [8] (points 7),
10 [21] (points 8), 20 [21] (points 9), 12 [22] (points 10), 25 [22] (points 11), and 50 mm [22] (points 12);
(b): H = 20 (points 1), 5 [23] (points 2), 19.05 [12] (points 3), 23.9 [10] (points 4), 15 [24] (points 5), and
30 mm [24] (points 6).

The distributions of the pressure coefficient behind the rib and the step are significantly different. Rarefaction
is observed in the entire flow region behind the rib, and only approaching the reattachment point does the pressure
difference tend to zero. A significant difference is also observed in the magnitude of the maximum rarefaction.
We have |Cp|min < 0.25 behind the step, whereas rarefaction is considerably greater in the flow around the rib:
|Cp|min → 1 (Fig. 4b). The decrease in Cp at the initial section of the channel before reaching the minimum, as in
the flow around the step, is caused by the existence of the secondary vortex.

The results obtained in different works cannot be generalized by traditional methods of processing experimen-
tal data. Interesting features of pressure behavior behind obstacles are revealed when the experimental data are pre-
sented in the form of the reduced pressure coefficient as a function of the relative streamwise coordinate (Fig. 5). The
reduced pressure coefficient was determined, in accordance with [25], by the formula C̄p = (Cp−Cp,min)/(1−Cp,min),
where Cp,min is the pressure coefficient at the point with the greatest rarefaction. It follows from Fig. 5 that the
step height, in contrast to the rib height, exerts a significant effect on the dependence Cp(x/xR). This is related
to additional flow separation ahead of the rib, which damps the influence of flow prehistory. The recirculation flow
formed ahead of the obstacle decreases the influence of external factors: flow contraction, velocity, etc. The data on
pressure coefficients behind the step cannot be generalized, since the separation is strongly affected by the relative
boundary-layer thickness.
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Fig. 5. Reduced pressure coefficient behind a step (a) and a rib (b): (a) H = 10 (points 1), 20 (points 2), 12.7 [6]
(points 3), 15 [9] (points 4), 38 [20] (points 5), 38.1 [2] (points 6), and 51 mm [8] (points 7); (b) H = 20 (points 1),
2.4 [25] (points 2), 9 [26] (points 3), 11 [11] (points 4), 19.05 [12] (points 5), 22 [11] (points 6), and 23.9 [10] (points 7).

Fig. 6. Back flow velocity in the recirculation region behind a step (points 1–7) and behind a rib (points 8–11):
H = 10 (points 1), 20 (points 2), 12 [27] (points 3), 15 [9] (points 4), 38.1 [3] (points 5), 51 [8] (points 6), 56 [28]
(points 7), 10 (points 8), 20 (points 9), 10 [29] (points 10), and 22 mm [11] (points 11).

The difference in pressure distributions behind the step and the rib affects the intensity of recirculation
motion in the separation region and, hence, the maximum velocity of the back flow. We obtained −Umax/U0 < 0.3
in experiments with the step and −Umax/U0 > 0.4 in experiments with the rib (Fig. 6). Thus, the recirculation
flow behind the rib is more intense than that behind the step, and the absolute maximum of the back flow velocity
in relative coordinates is located further from the flow-reattachment region. Since the mixing layer behind the rib
is thicker and coherent structures are larger, an intense income of mass to the recirculation region occurs. With
increasing obstacle height, the back flow velocity increases insignificantly.

Conclusions. It is established that the recirculation-region length, the mixing-layer thickness, and the
positions of the maxima of the pressure coefficient and back flow velocity depend on the prehistory of the separated
flow.

Flow visualization around a step and a rib of the same height reveal a principal difference in the separated
flow structure, especially in the secondary vortex region. Thus, along with corner vortices near the side walls,
additional vortices are observed in the central part near the step. Behind the rib, only large-scale corner vortex
structure are observed. The reattachment region is more curved behind the rib than behind the step.

The reduced pressure coefficient behind the rib can be represented as a generalized dependence, whereas the
experimental data cannot be satisfactorily generalized for the flow behind the step.

The maximum velocity of the back flow toward the step in the recirculation region is less than 30% of the free-
stream velocity and exceeds 40% in experiments with the rib. With increasing obstacle height, the recirculation-flow
velocity increases insignificantly.

This work was supported by the Russian Foundation for Fundamental Research (Grant No. 01-02-16842a).
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