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Abstract: The study of flows with a high degree of turbulence in boundary layers, near-wall jets,
gas curtains, separated flows behind various obstacles, as well as during combustion is of great
importance for increasing energy efficiency of the flow around various elements in the ducts of
gas-dynamic installations. This paper gives some general characteristics of experimental work on
the study of friction and heat transfer on a smooth surface, in near-wall jets, and gas curtains under
conditions of increased free-stream turbulence. Taking into account the significant effect of high
external turbulence on dynamics and heat transfer of separated flows, a similar effect on the flow
behind various obstacles is analyzed. First of all, the classical cases of flow separation behind a single
backward-facing step and a rib are considered. Then, more complex cases of the flow around a rib
oriented at different angles to the flow are analyzed, as well as a system of ribs and a transverse
trench with straight and inclined walls in a turbulent flow around them. The features of separated
flow in a turbulized stream around a cylinder, leading to an increase in the width of the vortex wake,
frequency of vortex separation, and increase in the average heat transfer coefficient are analyzed.
The experimental results of the author are compared with data of other researchers. The structure of
separated flow at high turbulence—characteristic dimensions of the separation region, parameters
of the mixing layer, and pressure distribution—are compared with the conditions of low-turbulent
flow. Much attention is paid to thermal characteristics: temperature profiles across the shear layer,
temperature distributions over the surface, and local and average heat transfer coefficients. It is
shown that external turbulence has a much stronger effect on the separated flow than on the boundary
layer on a flat surface. For separated flows, its intensifying effect on heat transfer is more pronounced
behind a rib than behind a step. The factor of heat transfer intensification by external turbulence is
most pronounced in the transverse cavity and in the system of ribs.

Keywords: high turbulence; boundary layer; separated flows; heat transfer enhancement; backward-
facing step; rib; cavity; cylinder

1. Introduction

In the literature, there are many publications dealing with the study of laminar and
turbulent boundary layers under conditions of increased turbulence of the incoming flow
in the channels, for example, the monograph [1,2] and papers [3-14]. In most papers,
biplanar grids and perforated plates were used as turbulators. Homogeneous and isotropic
turbulence with a turbulence level of no more than 10% was generated at some distances
behind them. According to [6,9], the main influence of external turbulence on the turbulent
layer is observed during the bursting process in the outer boundary of the viscous sublayer
(y* < 100), where most turbulent energy is generated. This leads to a stronger impact
of external turbulence on heat transfer than on friction. This conclusion is confirmed in
the experiments of [15,16], where it was shown that the thickness of the thermal layer
under conditions of external turbulence can change very strongly, while the dynamic
characteristics remain almost unchanged. Nevertheless, for the turbulence generators
mentioned above, their intensifying effect on friction and heat transfer in the boundary layer
does not exceed 10-15%. A stronger influence was achieved in [11] in a jet turbulator, where
air jets were injected crosswise along the frame perimeter with a certain step. However,
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the strongest effect was noted in [12,13] for a free jet, although anisotropy of turbulence
in it was noted. It is interesting that in some publications (for example, in [10]), it was
noted for laminar boundary layers that external turbulence in the transitional regime,
instead of the Tollmien-Schlichting instability characteristic of natural turbulence, causes
the Kelvin-Helmholtz instability, which leads to the so-called upper bypass transfer [6,17].

When using high-enthalpy flows of porous and slotted curtains [18-21] to protect
surfaces from the destructive effect, high pulsations in the main flow impair their efficiency
significantly. Additionally, the protective properties of injection on the most porous and
ablating surfaces in highly turbulized flows are reduced [20].

It is shown in the studies of separated flows that turbulence of the incoming flow has
a more noticeable effect on them than on the boundary layers. At the same time, it is not
correlated with high turbulence induced in the shear layer of the separated flow [22-27].
Below is a comparison of some characteristics of separated flows behind various, mainly
single obstacles with increased external turbulence.

The study of a separated flow under conditions of high turbulence in a flow around a
transverse cylinder is of considerable interest [28-35]. The structure of the flow and heat
transfer of the cylinder have their own peculiarities and are fundamentally different from
the flow around a backward step and a single rib. This requires a detailed study of the
processes of heat and mass transfer. At the same time, from the viewpoint of practical
applications, the aerodynamics and heat transfer of a cylinder represent an urgent problem
in various technical applications, for example, in the case of a turbulized flow around
chimneys [31], leading edges of gas turbine blades [33], etc., therefore, in the review,
attention is also paid to this problem.

2. Heat and Mass Transfer and Friction in a Strong Turbulated Flow around a Flat Plate

2.1. Transport Processes in a Laminar Boundary Layer in a Flow with Intense Velocity Pulsations

The problem of the external turbulence effect on transfer processes in boundary
layers exists only for relatively constrained channels. The most detailed study of the
laminar boundary layer under conditions of external turbulence was carried out in [2].
The turbulence intensity, calculated by longitudinal velocity pulsations, varied from 0.3
to 9%. For turbulence degree Tugy = 9%, the authors have obtained a very strong increase
in the boundary layer thickness, by about 65% in comparison with a low-turbulent flow.
Moreover, the greater an increase in 8/x is, the larger the value of Tuy and the Reynolds
number Rey are. An increase in the degree of turbulence of the external flow leads to
noticeable deformation of the velocity profile both near the wall and at the outer border of
the boundary layer. The velocity profile becomes more gently sloping, the shear stresses
on the wall increase with a simultaneous thickening of the boundary layer and intensive
erosion of its external boundary. The shape of the velocity profile approaches the turbulent
velocity profile. However, the idea that, under the influence of external turbulence, the
laminar velocity profile transforms directly into a turbulent one is erroneous. There is
no region of the logarithmic law and the region with the viscous regime (U/u* = u*y/v)
transforms through the buffer region to the external flow: U/u* = |/2/cf. In the general
case, such a profile is not self-similar in terms of the Reynolds number; this relates especially
to the outer part of the boundary layer. This is connected, on the one hand, with selective
penetration of turbulent pulsations into the boundary layer from outside, and, on the
other hand, with development of turbulent pulsations inside the boundary layer before
the laminar-turbulent transition. Taking these features into account, the authors called
such boundary layers the pseudo-laminar ones. It was also shown that if the thickness of
the boundary layer is set according to the condition Us = 0.99-Uj, then an intermediate
region, called the overlayer where significant changes in the velocity pulsation components
are observed, can be distinguished between the external flow and the external border of
the boundary layer. The length of the overlayer for different components differs: for the
longitudinal component, it is 0.2 §, for the tangential component, it is 0.3-0.5 6, and for the
component normal to the surface, it can exceed 10 6. External turbulence has a significant
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effect on friction and heat transfer in the laminar boundary layer, and the strongest effect
(up to 40%) is observed at a high Rex number. To generalize the experimental data on
friction and heat transfer coefficients, in addition to the generally accepted Prandtl and
Reynolds similarity numbers, Dyban and Epik [2] proposed to use the effective Reynolds
number of turbulence at the external border of the boundary layer Rog = Vg /v, where Vg
is the effective kinematic viscosity at the beginning of laminar-turbulent transition. This
parameter is quite physically justified, since it characterizes the development of velocity
pulsations in the boundary layer. At that, pulsations in the pseudo-laminar boundary
layer cannot exceed the level of pulsations corresponding to the beginning of the laminar-
turbulent transition. However, from a practical point of view, the use of the proposed
parameter is not always possible.

2.2. Effect of External Turbulence on Laminar-Turbulent Transition

To calculate the transfer coefficients in a turbulent boundary layer, it is necessary to
know the parameters of the laminar-turbulent transition as accurately as possible. On a
smooth wall in a gradientless flow, the Reynolds number of the transition beginning is
Re = 2 x 10, and at the end of transition, it reaches Re = 107. The flow in the tube can
become turbulent if Req > 2000. However, if the inlet to the tube is ideally smooth and
the environment is almost stationary, then the laminar flow can be maintained up to Rey
= 50,000. The onset of transition depends on the stability of the initial laminar flow to
external perturbations. The flow is unstable if the perturbation energy grows faster than its
loss due to viscous dissipation.

An increase in the degree of turbulence of the external flow causes a decrease in the
transition length. It is shown in [7,8,36,37] that when turbulence intensity changes from
0 to 1% and from 3 to 6%, the Reynolds number of transition decreases from 2 x 10° to
5.7 x 10° and from 1.4 x 10° to 9 x 10%, respectively. In [2], a formula for the Reynolds
number calculated by momentum loss thickness at a point, where the transition begins,
was proposed on the basis of experimental data:

Repr** = 190 [1 n exp(1.6 —Vur /uo%)] )

It can be seen from Equation (1) that at a high degree of turbulence, the Reynolds
number of the transition beginning reaches the minimum limiting value of 190, which is
only 16% higher than the theoretical minimum value Rey** = 164-(Reyx = 3 x 10%) [38]. It
is interesting that in [12] at Tuy = 55% a smaller transition number Rey = 2.5 x 10* was
obtained. Perhaps, this is due to the fact that in their experimental studies an unfavorable
pressure gradient could form on the surface.

In some papers, for instance in [17], it was noted that for laminar boundary layers,
external turbulence in the transient regime causes the Kelvin-Helmholtz instability and
not the Tollmien—Schlichting instability, characteristic of natural turbulence, which causes
the so-called upper bypass transition.

2.3. Friction and Heat Transfer in the Turbulent Boundary Layer at an Increased Level of
Turbulence of the External Flow

For a long time, it was believed that the influence of external turbulence on character-
istics of turbulent boundary layers is less significant than for laminar layers. However, the
researchers in [9] refuted this statement clearly. We will not go into the initial discussions
on this issue. At present, in accordance with [6], it is accepted that for the flows behind
biplanar grids, which make it possible to increase the degree of turbulence from 3 to 10%,
the law of friction and heat transfer can be represented as: St/Sty~c¢/cg =1 + A Tug, where
A is constant and in accordance with [4] A =5 or A =1/(Le"/8 + 2) [5] (the dissipative
scale of turbulence is taken into account) or A =1/(1 + 3 exp(—Re**/400) [3] (the Reynolds
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number calculated by the thickness of momentum loss is taken into account). To take into
account both effects, the law for friction and heat transfer is used:

St/Sto~Ce/Cro =1 + Tug/(x B) (2)

where o = Lou /8 + 2 and § = 3 exp(—Reg /400) + 1.

A stronger influence of superimposed external pulsations was obtained, for example,
in [10] for a jet turbulator, where jets are used in grids instead of bars, and for a flag
turbulence generator, where polyethylene strips are tied to a biplanar lattice. The turbulence
level Tugy behind these turbulators reaches 10-20%. At that, there is a large discrepancy
between the data and above dependences. Particularly strong deflection takes place at a
high level of turbulence in a free jet [11-14]. The jets are characterized by non-isotropic
turbulence and at initial jet calibers, the degree of turbulence can reach 65%. In this case,
the Stanton number can increase by up to four times. For these conditions, albeit with large
scattering, (St — Stg)/Sty ~ Tuy. In the case of jet flowing around a wall at Tug = 15%, strong
dissimilarity of the velocity and temperature profiles in a turbulent boundary layer was
found in [12].

If the velocity profiles in universal coordinates almost correspond to the velocity
profiles in a low-turbulent flow, then the temperature profiles are strongly deformed, and
the logarithmic region and the vortex wake region disappear. In this regard, the effect
of external turbulence on heat transfer is much more noticeable than on friction. The
authors of [9] believe that this is due to the influence of external pulsations on coherent
structures in the boundary layer, with the formation of streaks in the viscous sublayer and
horseshoe-shaped or hairpin vortices, propagating into the outer region, in the logarithmic
region. The process of “bursting”—quasi-periodic emissions of matter from the near-wall
layers into the environment—in turbulized flows requires further careful study.

2.4. Effect of Increased Turbulence on the Transfer Processes Near a Porous Surface

The flow of matter fed to a turbulent boundary layer through a porous or ablating
surface, in contrast to external turbulence, leads to a decrease in the processes of momentum
and heat transfer. As it is shown in [18], external turbulence degrades the efficiency of
porous cooling. At intense injection parameters, an edging layer appears on the porous
surface; in its structure, it differs significantly from the flow in a standard turbulent
boundary layer. This layer retains the features characteristic of the injected gas flow. The
boundary between the edging layer and the boundary layer is intermittent. External
turbulence leads to later formation of the edging layer. With an increase in the degree of
turbulence from 0.2 to 11%, the critical injection parameter increases by 1.5 times, and at
moderate injection, twofold intensification of heat transfer is observed.

3. Highly-Turbulent Flow around a Backward-Facing Step and a Single Rib

It is shown in studies of separated flows [22-27,35,36,39—-47] that turbulence of the
incoming flow has a more noticeable effect on them than on the boundary layers. Moreover,
itis not correlated with high turbulence induced in the shear layer of the separated flow [26].
Below, there is a comparison of some characteristics of separated flows behind various
obstacles with increased external turbulence.

3.1. Dimensions of Separation Zone in a Turbulized Flow

The greatest attention in the literature is paid to two cases of separated flow formation:
the flow behind a backward step and behind a straight rib [48-65]. The flow patterns are
shown in Figure 1. The main geometric parameter of such flows is the ratio of the obstacle
height to the channel size H/S. The rib thickness is usually assumed to be negligible.
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Figure 1. Flow configuration behind a backward step (a) and a rib (b).

These flows are currently classical, and they have a number of both common and very
different characteristics. Both of them have a fixed separation point, flow recirculation zone
(x < x < xp), reattachment point at x = xr, and relaxation region (x > xg). However, the flow
structures in these two cases are very different: if for a step the region of flow disturbance
practically does not exceed its height (Figure 1a), then for the rib the disturbances created
by the upper rib penetrate deeply into the liquid flow (Figure 1b). The dimensions of
the recirculation zone, for the above reasons, during separation behind the rib and the
step differ greatly from each other, which also affects the convective heat transfer and
hydraulic losses.

3.1.1. Flowing around Backward-Facing Steps

The structure of separated flow is extremely complex. Large-scale coherent struc-
tures of the shear layer, which generate a high level of turbulent pulsations and periodic
oscillations of the mixing layer and reattachment point, play a specific role.

With natural turbulence, the length of the separation region behind the step depends
on the degree of expansion and axisymmetry of the channel, and it varies from 6 to 9
calibers of the step height. Reduction in separation zone behind the step with an increase
in the degree of turbulence according to data of different authors is shown in Figure 2.

9 T T T T T T T T T T T T T T T
H=26 mm [23]
H=40 mm [24]
H=42 mm [1] 7

obo

3 T T T T T T T T T T T T T T

6 8 10 12 14 16
Tuy, %

Figure 2. Influence of turbulence on the length of the separation region behind the step.

The tendency to a decrease in the length of separation region depending on the degree
of turbulence in mentioned publications is almost the same. Similar results were obtained
in works [24,25] and the work of the authors [26].
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External turbulence leads to some increase in the mixing layer due to the lower
boundary, which is caused by reduction in the separation region. A step on a plate behind
a conical leak with several opening angles is considered in [25]. In this work, it is shown
that for Tup = 10% when flowing around a cone with a right angle, the thickness of the
mixing layer behind the attachment point increases by 1.2 times.

Researchers [24] have demonstrated an increase in maximum turbulence from 10 to
12% in the mixing layer behind a 40 mm step at Tug = 7.4%. However, it is this small
increase in the turbulence intensity that provides a two-caliber reduction in the separation
region. In [26], the perforated and flag turbulators were used to create a more noticeable
effect of external turbulence. The latter allowed generation of up to 15% turbulence in front
of the obstacle causing separation (see Figure 3).

25 T T T T T T T T T T T T
1 - without a turbulator; ]
2 - with a turbulator “perforated plate;
20 3 - with flag turbulence generator 7
15 1 -
Tu, % 1
10 + —
51 i
: 1
O— —— £} O- —
O T T T T ; T T T T T
-150 -100 -50 0 50 100 150
X, mm

Figure 3. Distribution of turbulence intensity along the center of the channel. The origin X is from
the obstacle [26].

The results obtained in [1,23,42,47] on the reduction in the separation region length
(Figure 3) and profiles of the velocity and intensity of turbulence correlate with the data
of [24]. As far as the structure of the secondary vortex zone is mainly determined by
ejection from the region of the main reversible flow, at high turbulence, it undergoes a
change: it is halved, and the corner vortices break up into a series of smaller vortices.

3.1.2. Flowing around Single Ribs

When flowing around a rib, the additional separation in front of it increases the mixing
zone significantly. According to [26,27,47], the upper boundary of this zone can be three
times the rib height. An increase in external turbulence up to Tug = 13.4% at the same
height of the obstacle leads to a more significant reduction in the separation zone behind
the rib as compared to the step [26,47].

The reduction reaches 20%, while behind the step, it is no more than 13%. In this case,
a highly turbulent external flow also causes two-fold reduction in the secondary vortex
region behind the rib, like behind the step, almost without changing in the vortex formation
pattern. The line of attachment along the channel span is a curved line with convex in the
center downstream.

At high external turbulence, the attachment line becomes straighter. The degree of
turbulence in the mixing layer behind the rib (Figure 4), as well as behind the step, increases
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insignificantly. The change in the maximum velocity of the return flow in the recirculation
zone of the separated flow behind the backward-facing step and the rib is demonstrated
in Figure 5. As it can be seen, the Umax value behind the rib is two times higher than
behind the step, and this is one of the reasons for the greater intensification of heat transfer
when using ribs. At the same time, in accordance with Figure 5, there is a slight increase
in the maximum return flow rate for a highly turbulized flow. However, there is a strong
relationship between the coherent structures of the mixing layer and reverse flow.

25 L DL LA LA L R LA R R LA B R BN B
24 /\o -
- ® 5 -
23 - A .
- v O l
] / 5 _
7 o @) Y A b
21 .
Tu, % 1 v ) 1
20 - v -

* ¢
| o— A A
94 Y gV -
18 ‘\/A i
4 \Y4 A-
A
17 —O——@—y/h= -
"] s—" T ow W
A—" Y '

16 1 —A——A—y/h=035 1

s 4+

Figure 4. Turbulence intensity behind the rib at different heights from the wall. H = 6 mm; Tuy = 1.2%
(open symbols), 13.4% (closed symbols); [42].
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T T T T T T T T T
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S Rib Step 8,
0.1+ S —A—H=10mm [47] - & - H=20mm [47] . -
@ —O— H=20mm [47] %+ H=51mm [48] RS "
i ¥ —&— H=20mm Tu =13.4% [47] - &~ H=15mm [50]
_ -+~ H=38.1mm [51]
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0.0 —<— H=10mm [52] - H=12mm [53]
. T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
(XR—X)/XR

Figure 5. Maximum velocity of the reverse flow in the recirculation region.
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The location of the maximum of turbulent pulsations on the coordinate plane is
presented in Figure 6 for two types of obstacles in the middle of the mixing layers. It can
be clearly seen there that the mixing layer is much larger behind the rib. As it is shown for
the step, with increasing Tuy, the middle of the mixing layer approaches the obstacle.

2.5 . T T T T T T T T T
] /\ Rib
T - —O—H=6mm, Tu=1.2% [47]
. —B—H=6mm, Tu~ 13.4% [47]
2.0 4 [ |
|
1.5 -
y/H ] ]
1.0 {g2-4—A A——x7 -
%0 Naonan
8 Step
1 \<> /VV —A—x /H=79][1] 1
05 \(g\/vgf\go —/—x /H=6.9[1] o
' AN /\ —O—x,/H=5.6 [33]
| \&Z. —O—H=20mm, x,/H = 4.8, Tu=1.2% [47] "
—@— H=20mm, x,/H = 4.8, Tu=13.4% [47] U
0.0 . T T T T T T T T T
0 5 10 15 20 25

x/H

Figure 6. Maximum turbulence intensity distribution behind a rib and a step. Rib: H = 6 mm
(Tug = 13.4%); step: H = 20 mm (open symbols—Tug = 1.2%, closed ones—Tug = 13.4%).

3.2. Pressure Fields behind Single Rib and Step

Increased external turbulence has a much stronger effect on the displacement of the
pressure coefficient maximum to the obstacle than the length of the attachment region and
increases the absolute value of the wall pressure coefficient. The results of measurements of
distribution of pressure coefficient Cp = 2(p; — po)/ pUy? for the flow around the rib and the
step are shown in Figure 7. There is a fundamental qualitative and quantitative difference
between these two flow cases.

Experimental data on the pressure coefficient, presented in universal coordinates C;, =
?:Ciif:r““i:‘ = f(X/XR), are shown in Figure 8. Here, Xg is the coordinate of the attachment
point of the separated flow.

According to Figure 8, pressure distributions over the surface behind the separation
point in universal coordinates are generalized for the ribs with different heights and differ-
ent degrees of external turbulence. When flowing around the steps, such generalization
was not obtained, which indicates a possible effect of the flow prehistory on the flow behind
the step. The separation in front of a rib destroys the effect of the initial conditions.
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Figure 7. Pressure coefficients distribution behind a rib (a) and a step (b) [47].
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Figure 8. Generalization of experimental data on the pressure coefficient behind the rib in universal
coordinates.

3.3. Temperature Profiles behind Single Obstacles

The profiles of velocity and temperature in the flow detached behind an obstacle
in usual coordinates at high external turbulence have qualitatively the same shape as
the profiles under the conditions of low-turbulent flow. At the initial distances from
the obstacle, the wall has a region of negative velocities, which decreases to zero while
approaching the point of attachment.

The mixing layer width expands as it moves from the step or rib, and accordingly,
the velocity gradients in the normal direction to the wall decrease. For turbulized flows,
mixing processes occur more intensively, and velocity profiles become steeper. Since the
friction coefficient is zero at the point of shear layer attachment, the universal coordinates
for the profiles of separated flow velocity and temperature are rarely used, mainly in the
zone of relaxation.

The mixing layer width expands as it moves from the step or rib, and accordingly,
the velocity gradients in the normal direction to the wall decrease. For turbulized flows,
mixing processes occur more intensively, and velocity profiles become steeper. Since the
friction coefficient is zero at the point of shear layer attachment, the universal coordinates
for the velocity and temperature profiles in separated flows are rarely used, mainly in the
relaxation zone.

Due to violation of the Reynolds analogy for separated flows, the heat transfer coeffi-
cient at the attachment point is maximal and can be applied to construct altered universal
coordinates. The temperature profiles for a low-turbulent flow around a step in such
coordinates do not have a logarithmic section characteristic of a flat plate [41], although
they do not have negative values near the wall, and for a rib (Figure 9a), the profiles near
the barrier and in the relaxation areas coincide with the profiles on the plate.
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Figure 9. Temperature profiles behind the rib (a) and step (b) (H = 20 mm). Behind the step: open
points—Tug = 1.2%, dark points—Tug = 13.4%.

Figure 9b shows characteristic temperature distributions behind a backward-facing
step in coordinates [26]:

ped T L gy - POV ®
To — Ty \/§ 14

Lines 1 and 2 in Figure 9 correspond to the temperature distribution in the laminar
sublayer ¢ =n and in the turbulent core of the ordinary boundary layer ¢ = 2.5:-In 1 +
5.5. A specific section of the logarithm, which is not universal and varies from section
to section downstream, can be traced in the separated flow. The largest decrease in the
logarithmic section occurs in the middle of the separation bubble: in a low-turbulent flow
at x/H = 4.65 and for turbulence Tug = 13.4% at x/H = 2.75. At Tuy = 13.4%, the relative
temperature distribution demonstrates more significant stratification of experimental data
in the outer logarithmic region for different cross-sections along the separation region than
at low turbulence. A similar picture is observed for the rib [26,47]. Increased turbulence
of the main flow lowers the overall level of relative temperature ¢, indicating, in general,

intensification of heat transfer processes.
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3.4. Heat Transfer Enhancement

Heat transfer intensification behind a rib and a step in a turbulized flow (Tugy = 13.4%)
was noted in [42,47] (Figure 10); it was most pronounced at the point of shear layer
attachment, where the maximum of « occurs.

100

90

80 +

70

60

50 +

40 -

30 +

20

Figure 10. Distribution of the Nusselt number behind the step (a) and rib (b). (H =20 mm). 1—Tu0 = 1.2%; 2—5%;
3—13.4% [26].

The relative heat transfer coefficients are considered in Figure 11 for obstacles with a
height of 3 to 30 mm, which characterize the effect of turbulence. The effect of Tug for a rib
and a step appears somewhat differently. For a rib with high turbulence due to the shift of
the heat transfer maximum to the obstacle, intensification near the rib is more pronounced
for high obstacles, while in the relaxation region, on the contrary, it is more pronounced
for small obstacles. The effects of turbulence persist far downstream. Near a step, the
effectiveness of the highest obstacle decreases. Nevertheless, dependence of the Nusselt
number, plotted along dividing line L = (Xg2 + H)Y2, on the Reynolds number under real
circumstances is described by the formula from [66] (Figure 12):
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Figure 11. Influence of the degree of turbulence on the effect of heat transfer intensification for the backward-facing step (a)
and rib (b) [26].
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Figure 12. The law of heat transfer in the separation zone behind the step for the maximum Nusselt
number. L is the distance along the dividing line. Line 1—[66], 2—[67].

Nug, = 0.192 Rep %% Pr!/3; at a high degree of turbulence, it is described by a similar
empirical formula of Leontiev et al. [67] Nuy, = 0.0803 Rer %73 Prl/3,

Behind the step with an inclined rear wall, dependence of heat transfer in the separa-
tion region on external turbulence remains with a change in the angle, with the exception of
small angles of continuous flow. This can be seen in Figure 13 according to the maximum
values of Nusselt number. Here are the results of experimental research works [26,43].
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Figure 13. The scheme of the flow behind the backward-facing inclined step (a) and maximum heat transfer coefficient at
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different angles of inclination with variations in the level of turbulence (b). [26,43].

4. Flow and Heat Transfer behind an Inclined Rib at High Turbulence

For additional intensification of heat transfer, the ribs on the heat exchanger surfaces
are mounted at an angle to the gas flow. This method of heat transfer enhancement is often
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implemented inside the blades of gas turbines, when cooling electronic devices, and in
compact heat exchangers. A diagram of such a task is shown in Figure 14.

Figure 14. Set-up with an inclined rib. 1—rib, 2—streamline. All dimensions are in mm.

For a transverse rib, the longitudinal pressure distributions in all cross-sections along
the channel width are similar; therefore, due to the three-dimensional character of the
flow behind the beveled rib, there is no such coincidence. As it is shown in Figure 15,
the flow behind the inclined rib is inhomogeneous along the transverse coordinate z,
which also affects the distribution of the heat transfer coefficient. The largest pressure
drop behind the rib along the channel width is observed near the acute rib inclination
relative to the wall [39,65]. In this case, the maximum vacuum occurs, advanced by the
pressure recovery. For turbulence Tup~15%, the reduced relative pressure coefficient in
the midsection becomes higher when the angle of rib inclination relative to the flow ¢
decreases. For ¢ = 50°, this rise is 35%.

00 T T T T T T

-0.2
-0.4 -
Cp
-0.6

-0.8 +

-1.0 +

¢ =90° |

-12 T T T T T T

0.0 0.1 0.2 0.3 0.4
X,m

Figure 15. Longitudinal distribution of pressure coefficient behind the rib at ¢ = 60 and 90° in five
sections along the channel width (z is indicated in mm).

When flowing around a rib oriented at an angle to the flow, the greatest intensi-
fication of heat transfer in the separation region is observed at rotation angle ¢ = 70°
(Figure 16a). Moreover, low ribs are more effective (Figure 16b), and the effect of heat
transfer enhancement due to high turbulence is significant at any rib height.
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Figure 16. Influence of high turbulence of the external flow on heat transfer behind a single rib at different angles of
inclination to the main flow. (a)—rib H = 20 mm, 1—¢ = 50°; 2—d¢ = 60°; 3—¢ = 70°; 4—d¢ = 80°. (b)—rib ¢ = 60°, 1—H =
20 mm; Tug~1.2%; 2—H = 20 mm, Tuy~13.4%; 3—H = 6 mm, Tug~1.2%; 4—H = 6 mm; Tuy~13.4% [40,65].

5. Heat Transfer in a Cavity during Flow Turbulization

Heat exchangers of power plants often have transverse trenches (cavities) on their
surfaces. It can have a rectangular shape or be in the form of trapeziums with an angle of
inclination from the wall ¢. A diagram of a cavity with inclined side walls is shown in
Figure 17.

po, Lo
e

Figure 17. The geometric dimensions of the cavity: H—depth, L—width, Lyy—sidewall length,
¢p—angle of side wall inclination.

Heat transfer inside the cavity depends strongly on its depth H, and as it increases,
convective heat transfer decreases. For this reason, a transverse cavity is not a heat transfer
enhancer, and integral heat transfer from the cavity surface is always lower than on the
smooth wall. Considering that the cavity walls make different contributions to integral heat
transfer, it is important to analyze the behavior of the pressure and heat transfer coefficient
in individual sections of the cavity.

The main contribution to heat transfer and hydraulic losses is made by the downstream
sidewall. This clearly follows from Figure 18, which shows the pressure distribution in the
median section over the entire sweep of the cavity. On the downstream wall, the pressure,
depending on the angle of inclination, can change its sign, and for cavities with gentle
walls (small values of angle ¢), the value of Cp increases strongly.
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Figure 18. Pressure distribution in the midsection along the walls of the cavity with different angles
of side wall inclination.

The heat transfer coefficient inside the cavity changes in the same way as the pressure
coefficient (Figure 19). Its value is maximum on the back wall and minimum on the
front. This tendency is observed in a wide range of variations in turbulence intensity. It is
important to emphasize that the effect of turbulence on heat transfer is significant, which is
probably caused by penetration of large-scale pulsations from the external turbulized flow
into the cavity.

o, [W/m?K]
180
160 - Upstream Bottom Downstream L 160
140 - 140
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100 4 2 - 100
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80 - - 80
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1 = 45"
40 - ¢ 40
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Figure 19. Distribution of local heat transfer coefficients in the midsection of the cavity at different
degrees of turbulence intensity. ¢ = 45°. 1—Tu = 1.2%; 2—6.5%; 3—15.8%.

With an increase in the degree of main flow turbulence Tuy, a gradual uniform increase
in heat transfer in the transverse cavity is observed, mainly on the back wall [44]. The
degree of heat transfer enhancement in a cavity with different opening angles of the side
walls differs, which is associated with peculiarities of vortex formation for each angle. A
more noticeable increase in heat transfer occurs at angles ¢ = 60 and 70°, for which flow
instability is noted. That is, the effect of external turbulence reaches 40%, which is generally
greater than that behind the rib and the step. The character of distribution does not change
with increasing Tug. This confirms uncorrelatedness of external turbulence and turbulence
of the separated shear layer, which was indicated in [22].

The effect of intensifying heat transfer inside the cavity at different levels of external
turbulence is shown in Figure 20. The Nusselt number Nuayoo @ = 15% is used here as the
scale of heat transfer, which corresponds to the average heat transfer in a rectangular trench
(¢ =90°) and at a natural degree of turbulence (Tugy = 1.5%).
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Figure 20. The effect of heat transfer intensification during high-turbulent flow in trenches.

As expected, an increase in turbulence intensifies heat transfer at all inclination angles
of the cavity side walls. At the same time, it should be specially noted that the greatest
effect is achieved in cavities with an inclination angle ¢ = 60 degrees and the degree of
intensification increases almost twice. The weakest effect can be observed in rectangular
cavities. These results are important from the viewpoint of practical applications.

Therefore, with an increase in the degree of main flow turbulence Tuy, a gradual
uniform increase in heat transfer in the transverse cavity is observed, mainly on the rear
wall [44]. The degree of heat transfer intensification in a cavity with different opening
angles of the side walls differs, which is associated with peculiarities of vortex formation for
each angle. A more noticeable increase in heat transfer occurs at angles ¢ = 60° and 70°, for
which flow instability is noted. That is, the effect of external turbulence reaches 40%, which
is generally greater than that behind the rib and the step. The character of distribution does
not change with increasing Tug. This confirms uncorrelatedness of external turbulence and
turbulence of the separated shear layer, which was indicated in [22].

It is necessary to dwell on the interesting results of [45]. As shown in this work,
intensification of average heat transfer by external turbulence on a surface densely covered
with hemispherical cavities was studied. With a hole diameter of 16 mm, the distance
between the nearest hole centers is 19 mm. In a channel 76 mm high without a turbulator,
intensification of heat transfer when using holes was 44% in comparison with a smooth
surface. However, behind the turbulizing grid at Tuy from 8 to 6%, the heat transfer
efficiency when using holes decreased to 35%. At first glance, the resulting effect is quite
unexpected. Most of all, this is due to the fact that the greatest intensification of heat transfer
on the surface when using spherical notches corresponds to the transient regime, but not
to the beginning of the turbulent flow regime in dimples, and additional turbulization of
the flow reduces heat transfer.

6. Heat Transfer in the Ribs System

The scenarios considered above for the development of dynamic and thermal fields in
the flow around single obstacles are the model ones, and they help to understand better the
physics of exchange processes. In real heat exchanging devices, systems of alternating ribs
are used to intensify heat transfer. Depending on the specific conditions, they are located
at certain distances from each other, as it is shown in Figure 21. The ribs can also be set at
an angle to the flow.
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Figure 21. Flow diagram with a system of straight ribs.

Flow visualization [40] showed that in the case of a low-turbulent flow around an
assembly of three or more high ribs (H = 60 mm), a highly unstable flow can be seen in the
second cell; it is associated with mass suction from next cell because of the low pressure
behind the second rib and a reverse flow over the third rib (Figure 22).
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0.0 4

ofribs

®
0.4
0.8
124
Xm
T T T T T T T T T T T T T
300 400 500 0 100 200 300 400 500

Figure 22. Pressure distribution on the surface with a different number of ribs. (a)—Tu = 1.5%, (b)—15%.

Thus, a multi-ribbed structure can be regarded as a feedback system, when the flow
and heat transfer in the cell in front depends on how many cells are located after it. This
interesting and unusual phenomenon is caused by the interference effects of separated
flows behind each obstacle and requires extensive study, since it can have a strong effect on
aerodynamic drag and heat transfer.

At high incident flow turbulization, instability moves to the first cell. When flowing
around five ribs, heat transfer in a low-turbulent flow reaches a maximum in the last two
cells, and in accordance with the character of vortex formation, the strongest heat transfer
intensification of up to 30%, caused by external turbulence, is observed in the second cell
(Figure 23).



Energies 2021, 14, 1005

19 of 23

120 T T T T T T
*
N i
*
100 A A T
2 * *
WmK ]
| |
80+ * A Number of cellsT|
(o] o
A ! : i
o 2 m 2
A A
60 ‘ o ) .
g * 4 * 4
T T T T
0 1 2 3 4
x/L

Figure 23. Distribution of the coefficient averaged heat transfer coefficient over the cell surface when
flowing around from two to five fins (light symbols—Tug = 1.5%; dark ones—Tug = 15%) [40].

7. High-Turbulent Flow around a Cylinder
7.1. Features of the Flow around a Circular Cylinder

The cross flow around a cylinder is a typical example of a separated flow on a curved
surface. It is known that in a laminar flow at angle ¢ > 80° the flow separates. In a turbulent
flow, a more intense momentum transfer occurs; as a result, the turbulent flow has a greater
ability to resist an increasing positive pressure gradient and friction. Therefore, flow
separation occurs at noticeably higher values of ¢ than in the case of a laminar flow. The
separation point in the turbulent flow around a circular cylinder corresponds to ¢~110°.
A wake is formed behind the separation point, where a reverse flow and vortices are
formed. Since the separation point of the laminar flow is located upstream than that of
a turbulent flow, the size of the wake in the first case is larger, and accordingly, the total
resistance increases. As the Reynolds number increases, the three-dimensional vortex
pattern interacting with the external flow—the so-called Karman vortex street—becomes
more and more unsteady. Namely, this phenomenon is the key to understanding the results
of observations by numerous researchers.

Richardson was one of the first who draw attention to the fact that the laws of heat
transfer at the front of the cylinder are different from the laws for the separated flow for the
back part of the cylinder [46]. He found out that at a turbulent flow around a cylinder, the
heat transfer coefficient in the separation zone is proportional to the Reynolds number to
the power of 2/3. This law of heat transfer has been confirmed for many cases of separated
flows in a turbulent flow (in a tube with sudden expansion, in sufficiently deep caverns,
etc.), where turbulence is maintained by diffusion transfer from regions far from the wall.

7.2. Flow around a Circular Cylinder with Increased Turbulence of the External Flow

According to [2], in both the laminar and turbulent flows around the cylinder external
turbulence has the strongest effect on the parameters in the separation zone. With an
increase in Tuy, a decrease in rarefaction in the separation region is observed; the mixing
layer thickens as well as the width of the wake along the flow. The intensity of pulsations
of the longitudinal velocity component also increases. In this case, the frequency of
detachment of regular vortices from the rear part of the cylinder almost does not change.
That is, all spectra have a peak at a frequency corresponding to the Strouhal number equal
to 0.2. However, the peak amplitude decreases (almost twice at Tup~24%). This indicates a
decrease in the energy contained in regular vortices. It was shown in [2] that turbulence of
the external flow leads to an increase in the values of turbulent shear stresses and kinetic
energy of turbulence in the inner part of the near wake. Both factors intensify the flow in
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the reverse flow zone, increase the degree of turbulence there, and cause an increase in
the turbulent viscosity in the wake. For the resistance coefficient, the following formula
is proposed:

Cw = Cwo (1 — 1.2 Tup®®) (4)

At low degrees of turbulence, the resistance coefficient decreases noticeably, and at
high Tuy, it becomes close in the absolute value to the Cyy value for a supercritical flow
around a cylinder, when a turbulent boundary layer develops on its surface and separates.

7.3. Heat Transfer in a Turbulized Flow around a Cylinder

According to provisions of [2], in the range of Tug = 0.3-27% and Re =2 x 10° — 8 x 10%,
the subcritical nature of the flow around the cylinder is preserved. For these conditions,
distributions of local heat transfer coefficients are characterized by a decrease in the heat
transfer coefficients from the front critical point downstream in the region of a developed
laminar boundary layer and a subsequent increase beyond the separation point towards
the rear critical point. The curve Nu = f(Re) has a minimum near the point of separation
of the laminar boundary layer and two maxima at the frontal and rear points (¢ = 0 and
¢ =180°). Moreover, at high external turbulence, the frontal surface of cylinder makes the
greatest contribution to total heat transfer, while at a low degree of turbulence, with an
increase in the Reynolds number, the role of the back part increases.

For the average Nusselt number, the Zukauskas formula [34] is recommended in [2]:

Nuaye = 0.23 Re?® Tu % (5)

In [35], the authors showed that the initial point of flow stall depends on the ratio
of the longitudinal scale of turbulence to the cylinder diameter. The smaller the ratio,
the earlier the separation occurs. This reduces the pressure and especially heat transfer
in the separation region. For the Nusselt number at the rear critical point, the modified
Richardson relationship was suggested:

Nu = 0.15 Re?/? (A /D) 060 (6)

It is considered in [29,68] how external turbulence affects the vortex wake behind a
cylinder with different length-to-diameter ratios L/D. It has been determined that increased
turbulence has a stronger effect with an increase in the width of the vortex wake and the
frequency of vortex separation at lower L/D values.

8. Conclusions

As an introduction to the problem, a brief description of the external flow with an
increased level of turbulence around a flat plate is given in the review presented.

The main analysis is aimed at assessing the effect of external turbulence on the
dynamics and thermal characteristics of the separated flow behind different obstacles.
It is demonstrated that the influence of external small-scale pulsations is ambiguous in
comparison with pulsations in shear layers of various separated flows. This confirms the
lack of correlation between them.

The intensifying effect of a highly turbulent flow on heat transfer in separated flows
is demonstrated. At that, the lower barriers, especially ribs, retain an obvious advantage
as heat transfer enhancers. The strongest manifestation of flow turbulence is noted for
transverse trenches.

When external turbulence acts on the separated flow around a cylinder, in addition to
the level and scale of turbulence, its geometric dimensions play an important role.
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Abbreviations

Cp =2(p; — po)/pU?  pressure coefficient

G = %:n“::‘ dimensionless pressure coefficient
H obstacle height, m
L dividing line length, m
L=1/xg?+ H?
Nu Nusselt number, Nu =« H/A
P pressure, Pa
Pr Prandtl number
Re Reynolds number; Re = U-x/v
Regy=UH/v
Tug the degree of turbulence of the main stream, \/ u/? /U
u main stream velocity, m/c
X longitudinal coordinate, m
XRr coordinate of the attachment point separated flow
o heat transfer coefficient, W/m?2K
¢ the angle of orientation of the obstacle to the flow or the angle of inclination
of the side walls of the trench or step, degrees
A coefficient of thermal conductivity, W/mK
v kinematic viscosity, m2/c
Indices:
0 conditions in the main stream or with natural turbulence
max maximum value
min minimum value
w wall
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