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ABSTRACT

In the present study a tandem cylinder setup is simulated

by means of embedded DNS. The influence of wake turbulence

on the heat transfer in the stagnation region of the rear cylin-

der is investigated. The oncoming flow is varied by increasing

the distance between the two cylinders, causing a change of the

turbulent wake characteristics and the heat transfer. The data of

both simulations show good agreement with an existing experi-

mental correlation in the literature. For the small wake generator

distance, a clear shift of the maximum heat transfer is observed

away from the stagnation line. This shift is less pronounced for

the larger distance.

NOMENCLATURE

a1 Free-stream strain-rate

K Turbulent kinetic energy

l Wake generator distance

Nu Nusselt number

Nua Characteristic Nusselt number

Pr Prandtl number

Re Reynolds number

T Temperature

T0 Free-stream temperature

∗Corresponding author.

Tw Wall temperature

Tu Turbulence intensity

Tua Characteristic turbulence intensity

u,v,w Velocities in x,y and z direction

u′,v′,w′ Velocity fluctuations in x,y and z direction
U∞ Free-stream velocity

x,y,z Cartesian coordinates

r,θ ,z Cylindrical coordinates

〈·〉 Time-average of ·

INTRODUCTION

In modern gas turbines, the first turbine stages after the com-

bustion chamber are exposed to hot gases with temperatures well

beyond material limits. It is therefore of key importance to un-

derstand the physical mechanisms that influence the potentially

destructive heat transfer. In the first turbine stages, the bound-

ary layer is largely laminar due to the strong acceleration, but

it is subjected to turbulent wakes of the preceding blades. This

is a challenging research topic, which has been investigated in a

controlled way in the past by replacing the turbine blades with

cylinders.

A semi-analytical relation was obtained in [1] for circular

cylinders, describing the heat transfer for laminar flow, with-

out any turbulence effects. However, many investigations have
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shown that free-stream turbulence causes a considerable increase

in heat transfer in the stagnation region and a correlation for this

was proposed in [2]. The important parameters in this corre-

lation are, besides the Reynolds number, the turbulence inten-

sity and the free-stream strain rate. The correlation shows two

regimes for the heat transfer, one regime is characterized by low

turbulence intensity, low Reynolds numbers and high free-stream

strain-rates in which a high dependency of the heat transfer on the

flow characteristics is seen. The second regime, at high turbu-

lence intensity and Reynolds numbers, shows a less pronounced

influence of changes in the oncoming flow. Both correlations are

valid for incompressible flow, with small Mach numbers,M.

In [3] experiments were carried out, in which turbulence in

a wake generated by an upstream smaller cylinder impinges on

a heated cylinder. In the experimental setup, the wake genera-

tor distance is relatively small. The oncoming flow is therefore

characterized by a high turbulence intensity and a strong wake

deficit of the streamwise velocity. Therefore, these experiments

cover the second regime in the correlation of [2]. The increase

in heat transfer is well documented in this work, but the mecha-

nisms causing it are not well understood. Here a study by Direct

Numerical Simulation (DNS) would help to clarify these mecha-

nisms as the results allow to extract all details of the flow devel-

opment, the turbulent structures and also the heat flux caused by

the turbulence.

First DNS inspired by the experiments of [3] were carried

out in [4, 5]. These simulations show good agreement with the

correlation mentioned above, however, [4] covers mainly the

lower regime of the correlation due to a lower Reynolds number

and a higher free-stream strain-rate than the experiments. The

first simulation to reach the second regime was performed in [5],

where the experimental setup of [3] was realized and simulated

by means of embeddedDNS. The Reynolds number, though, was

still lower than in the experiments. Good agreement with the cor-

relation of [2] was found and by flow visualizations it was con-

jectured that the same physical mechanism was at play as pro-

posed in [4]. All DNS of the tandem cylinder configuration so

far revealed the maximum heat transfer to occur downstream of

the stagnation point.

The present study investigates the sensitivity of the heat

transfer to the wake generator distance. Therefore, an additional

embedded DNS is performed with the same Reynolds number

as in [5], but with an increased wake generator distance. Since

turbulence intensity and wake-deficit of the streamwise velocity

decay with increasing wake generator distance, a shift towards

the lower regime of [2] is expected. The results will be compared

with the data of [5] and the correlations of [1,2]. Of particular in-

terest is the location of maximum heat transfer increase. Finally,

flow structures are visualized to see whether the same physical

mechanisms as found in [4] are responsible for the heat transfer

increase here as well.

CORRELATIONS

In the literature, a number of correlations are available that

describe the heat transfer in a stagnation flow. The present simu-

lation results will be compared with two correlations describing

specifically the heat transfer in cylinder stagnation flow. The first

correlation is due to [1], which describes the heat transfer ex-

pressed by the Frössling number Nu/
√
Re along a cylinder sur-

face by

Nu√
Re

= 0.9449− 0.51

(

θ

2

)2

− 0.596

(

θ

2

)4

+ . . . (1)

where θ is the angle with respect to the stagnation point in radi-

ans and Re the Reynolds number (=U∞D/ν). This correlation

is valid for laminar flow only, for θ < 55◦. The Nusselt number,

Nu, is defined as

Nu =
T0

T0−Tw

d(T/T0)

d(r/D)

∣

∣

∣

∣

wall

(2)

with r being the wall-normal coordinate, D the diameter of the

cylinder, T0 the free-stream temperature and Tw the wall temper-

ature. From this correlation it can be observed that the maximum

heat transfer occurs at the stagnation point (θ = 0◦). Therefore
the stagnation point heat transfer is the focus of many other stud-

ies. However, for turbulent flow with oncoming wakes, the re-

sults of [4, 5] show a shift of the maximum heat transfer off the

stagnation line.

In [2] the stagnation point heat transfer was investigated for

cylinders and airfoils under the influence of free-stream turbu-

lence and the following correlation from a survey of experimen-

tal data was found:

NuaPr
−0.37 =

0.571+ 0.0125 Tua

{

1+ 1.8
[1+(Tua/20)3]

}

(3)

with the characteristic Nusselt number Nua = Nu/
√
a1Re, the

characteristic turbulence intensity Tua = Tu
√

Re/a1, where a1
is the free-stream strain rate, and the Prandtl number Pr = 0.7.

The turbulence intensity is defined as Tu =
√

2K
3
/U∞ with K =

1
2
(〈u′u′〉+〈v′v′〉+〈w′w′〉), where 〈·〉 represents the time-average

of a quantity. The correlation (3) plotted in figure 7 below in-

dicates the existence of two regimes for the dependency of the

heat transfer on the characteristic turbulence level. With help of

a simple binomial series, it can be shown that for Tua < 20 the

correlation (3) simplifies to:

NuaPr
−0.37 ≈ 0.571+ 0.02375 Tua (4)
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For Tua >> 20 equation (3) can be reduced to:

NuaPr
−0.37 ≈ 0.571+ 0.0125 Tua (5)

From equations (4) and (5) it can be observed that for Tua < 20,

the heat transfer depends much stronger on the characteristic tur-

bulence intensity than for large Tua values. Furthermore, the

two regimes are more or less linear. In the region between the

regimes, Tua = O(20), the simplifications (4) and (5) are not

valid.

As discussed above, an important parameter determining in

which regime the resulting data lies is the coefficient a1, the free-

stream strain rate. By definition, a1 is the acceleration of the

near-wall flow around the cylinder. For the stagnation point this

means that a1 is the acceleration of the tangential velocity
(

∂ 〈v〉
∂y

)

of the free-stream. Because of continuity, a1 is thus equal to the

deceleration of mean u-velocity: − ∂ 〈u〉
∂x

along the symmetry axis

y/D = 0. This illustrates the importance of the oncoming flow

profile, especially the maximum centerline velocity, since this

is the velocity that has to be decelerated to zero in the stagna-

tion point. By increasing the wake generator distance, l/D, the
wake deficit of the streamwise velocity decreases, leading to an

increase of a1 and, consequently, to a reduction of Tua at the

stagnation point. Moreover, also the turbulence intensity Tu de-

cays with increasing distance, yielding a further reduction of Tua.

This double impact of the wake generator distance on Tua makes

l/D an interesting parameter to be varied.

METHODOLOGY
Computational setup

The baseline numerical setup resembles the experiment in

[3] as closely as possible. In figure 1 an overview is given. The

length of the domain is chosen as 15D. A large heated cylinder

with diameter D represents in its front part the leading edge of

a turbine blade, the axis of the large cylinder is located at 7.5D
from the inflow plane. To reduce the vortex shedding behind the

large cylinder, a splitter plate with a length of 1.5D is placed at

the rear. The wake generator is a smaller cylinder with a diameter

of 0.25D, placed upstream of the large cylinder. A baseline wake

generator distance l of 2D is chosen in accordance with [3]. The

channel has a height of 5.2D and a width of 2.5D and thereby

represents the full wind tunnel of the experiments. The blockage

of the large cylinder relative to the tunnel cross-section is 19.2%,

which is relatively severe. For the second simulation the wake

generator distance is increased to l/D = 3. Simultaneously, the

domain length is increased 1D upstream, to a total length of 16D.

The cylinder surfaces and the splitter plate are modeled as no-slip

walls. Since the boundary layer thicknesses on the wind tunnel

walls are unknown, all tunnel walls are modeled as frictionless

walls. The temperature can be calculated by a scalar transport

equation, since the flow is incompressible. On the large (heated)

cylinder a Dirichlet boundary condition is applied with a temper-

ature of 1.35T0. The inflow is uniform and the Reynolds number

based on D and the bulk velocity is 48,000. No freestream tur-

bulence is applied, since this did not have a significant influence

in the experiments. For this Reynolds number the wake charac-

teristics of the wake generator were determined in [3]. The heat

transfer measurements were performed at even higher Reynolds

numbers (67,500 – 112,000), which are beyond the reach of the
present study. Therefore, only a qualitative comparison of the

heat transfer with the experiments is possible.

2D

1.5D
5.2D

15D

3D

d d
D

16D

FIGURE 1: Schematic overview of the computational setup with

the two wake generator distances.

Numerical method

The simulations were performed with the Finite Volume

code LESOCC2 [6, 7] developed at KIT and tested in many pre-

vious DNS and LES calculations (e.g. [8, 9]). LESOCC2 solves

the incompressible, three-dimensional, time-dependent, Navier–

Stokes equations and an arbitrary number of scalar transport

equations using second-order accurate central differences for the

discretization of the convective and viscous fluxes (and a second-

order upwind scheme for the convective terms in the scalar trans-

port). Time advancement is accomplished by an explicit, third

order low-storage Runge–Kutta method. An adaptive timestep is

chosen, whereby a CFL number of 0.5 is guaranteed. Conser-

vation of mass is achieved by the SIMPLE algorithm with the

pressure–correction equation being solved with the strongly im-

plicit procedure (SIP) of Stone. Velocity and pressure decou-

pling is avoided by a momentum interpolation technique. In the

LES zone, the subgrid-scale model of Smagorinsky is used with

Cs = 0.1. Parallelization is achieved via domain decomposition

with the use of ghost cells and MPI for the data transfer. The

baseline case is averaged over a timespan of 50D/U∞, for the

l/D = 3 case this is 55D/U∞. Additionally, both simulation re-
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sults are averaged in the spanwise direction. The current simula-

tions of l/D = 2 and l/D= 3 are performed on a Linux cluster,

with 256, respectively 276, processors. For the l/D = 2 case,

a total of 150,000 CPU hours was used, the l/D = 3 case took

165,000 CPU hours.

Grid
The computational domain is meshed with a block-

structured grid, with a total number of 100 millions cells for the

baseline case and 115 million cells for the l/D= 3 case. The grid

of the l/D = 3 case originates from the l/D = 2 case, which is

shown in figure 2. At x=−1.5, where the mesh is relatively uni-

form in x and y-direction, a cut is made and additional blocks are

added. In this way the main elements, the wake generator grid

and stagnation region grid, remain intact. The region of interest,

the front part of the large cylinder, has the highest cell density.

The front half of the large cylinder is meshed with 400 cells in

azimuthal direction, the rear half with 240. The smaller wake

generator is uniformly meshed with 480 cells in the azimuthal

direction. In the spanwise direction 250 cells are used, equidis-

tantly spread along the full channel width. Preliminary studies

were performed with lower resolutions and/or a smaller domain

width. In table 1 an indication of the achieved resolution is given

in terms of nondimensional wall units. The resolution is not as

good as one would like, but the results presented below show that

it is sufficient for the conclusions drawn. The wake generator is

resolved ”just well enough,” such that the large coherent struc-

tures, which will reach the heated cylinder, are well resolved.

The smaller structures, which would be dissipated before reach-

ing the stagnation point, are of less importance. Due to the high

Reynolds number, a full DNS would be too costly, therefore, a

coupling with LES is realized for x/D > 0 to save further grid

points and hence computational cost.

FIGURE 2: Block boundaries. Each block has 40x40 cells in

the xy-plane. Indicated are the DNS zone (x/D < 0) and the

LES zone (X/D > 0). The contour gives an impression of the

temperature field in the wake of the heated cylinder.

Case ∆r+ ∆θ+ ∆z+

l/D= 2 1.32 27.5 34.2

l/D= 3 1.42 29.6 36.8

TABLE 1: Maximum grid-spacings in wall-units for l/D= 2 and

l/D= 3, in the region of interest (−30◦ ≤ θ ≤ 30◦).

RESULTS

As discussed above, the increase of the wake generator dis-

tance l/D causes a change of the flow characteristics relevant for

the heat transfer increase. Before discussing this effect, first the

changes of the flow field characteristics of the oncoming wake

are presented.

Flow field comparison

This section focuses on the relevant flow parameters used in

correlation (3) for the stagnation point heat transfer. These pa-

rameters are: Re,〈u〉 and Tu. Since the Reynolds number is kept

constant, it is left out of the discussion here. The time-averaged

u-velocity and turbulence intensity were also determined in the

experiments in [3], where a centerline velocity of 0.721U∞ and a

turbulence intensity Tu = 21% are reported at the location of the

stagnation point, but with the large cylinder absent. As already

shown in [5], the large cylinder is known to have a considerable

influence on the development of the wake, making it questionable

whether these values are representative for the actual oncoming

flow. For the present simulations the flow characteristics are de-

termined in situ.

In figure 3 the wake profiles of the mean u-velocity are plot-

ted for both simulations. Close to the wake generator, the flow

fields of both simulations are almost identical, as illustrated in

figure 3a. Close to the heated cylinder stagnation point, however,

the wake deficit of the mean velocity for l/D= 3 is smaller than

for the smaller wake generator distance. This is better shown in

figure 4, here the mean streamwise velocity and turbulence in-

tensity are plotted. Figures 4a and 4b show the same data set,

however, with a horizontal shift of the coordinate system. From

figure 4a the wake development just downstream of the wake

generator can be compared. As seen already, the wake in the near

vicinity of the wake generator (−2.5 ≤ x/D ≤ −2.0) is nearly
identical for both cases, however for x/D>−2.0 deviations can
be observed. Since all other flow and boundary conditions are

identical for both cases, it can be concluded that the influence

of the large cylinder reaches at least 1.5D upstream, which is al-

most the complete wake generator distance in case of the smaller

spacing l/D= 2. Concentrating on the mean velocity, the maxi-

mum velocity in the l/D= 3 case is markedly higher and further

downstream than for l/D = 2. To determine the consequences

of this increase and shift of the maximum velocity on the stag-
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x/D=−3.5 x/D=−3.0 x/D=−2.5 x/D=−2.0 x/D=−1.5 x/D=−1.0 x/D=−0.5 x/D=0.0
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

y
/D

 

 

l/D=2

l/D=3

(b) Stagnation points coincide

FIGURE 3: Wake profiles of the mean u-velocity between the

wake generator and the heated cylinder stagnation point. The

labels are placed where 〈u〉/U∞ = 1. In (a) the coordinates of the

wake generator coincide; in (b) the x-coordinate is shifted such

that the stagnation points coincide.

nation region flow characteristics, the coordinates are translated

such that the stagnation points of both cases coincide. The result

is displayed in figure 4b. As expected, the deceleration at the

stagnation point of 〈u〉 along the centerline is clearly higher for

the larger wake generator distance, indicating a larger a1. Also

the turbulence intensity is considerably reduced due to the longer

wake development. For l/D= 2 a turbulence intensity of 22.5%
is found, in the l/D = 3 case a turbulence intensity of 18.6% is

observed. The value for l/D = 2 is actually relatively close to

the value found in the experiments of [3] for the same Reynolds

number, at the location of the large cylinder but in the absence

of it. This indicates that the turbulence intensity is hardly influ-

−2 −1.5 −1 −0.5 0 0.5 1
−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

x/D

<
u
>

/U
∞

 ,
 T

u
 

 

 

l/D=3: <u>/U
∞

l/D=2: <u>/U
∞

l/D=3: Tu

l/D=2: Tu

(a) Wake generators coincide
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u
 

 

 

l/D=3: <u>/U
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l/D=2: <u>/U
∞

l/D=3: Tu

l/D=2: Tu

(b) Stagnation points coincide

FIGURE 4: Flow characteristics along the centerline for both

wake generator distances l/D. Displayed are the time-averaged

streamwise velocity 〈u〉/U∞ and the turbulence intensity Tu;

(a) the coordinates of the wake generator coincide; (b) the x-

coordinate is shifted such that the stagnation points coincide.

enced by the large cylinder. This is also observed in figure 4a, the

curves for the turbulence intensity show a very similar behavior,

though it must be noted that the decay of Tu is slightly slower for

the large wake generator distance.

The free-stream strain-rate a1 was determined to be 1.18 for
l/D= 2, for l/D= 3 a higher value of 1.67 was found, which is
to be expected from the previous results. The resulting character-

istic turbulence intensity values are Tua = 45.3 for l/D = 2 and

Tua = 31.5 for l/D = 3. The higher value is well in the second

regime of the correlation (3). The lower value could be regarded

as being in the transition region between both regimes.
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(a) l/D= 2 (b) l/D = 3

(c) T/T∞

(d) Cut plane normal to the cylinder surface, taken at θ = 0, for l/D= 3

FIGURE 5: Instantaneous temperature field adjacent to cylinder surface at r/D= 0.502 for both simulations. High cylinder temperature

is colored red (dark), low free-stream temperature T∞ is blue (light).
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Instantaneous temperature field

To get a qualitative impression of the heat transfer, in fig-

ure 5 the instantaneous temperature field near the heated cylin-

der is plotted for an arbitrary instant in time for both simula-

tions. The figure shows a curved slice along the front part ad-

jacent to the heated cylinder, which is projected on a 2D plane.

The stagnation point is located at θ = 0. Despite the changes in

the oncoming flow, the increased wake generator distance does

not cause a significant change in the instantaneous temperature

field. Both figure 5a and 5b show a similar picture; the fine struc-

tured hot and cold spots indicate a turbulent temperature field. In

both wake generator distance cases longitudinal structures can be

recognized, which is in accordance with the observations in [4].

In [4] these structures are correlated with elongated flow struc-

tures around the cylinder that penetrate the boundary layer and

influence the heat transfer. As mentioned above, the investiga-

tions of [4] cover the lower regime of Tua, whereas the present

investigations are in the second regime and the transition region

in between. The similarity of the heat transfer mechanisms in

both regimes is surprising, since the existence of two regimes

in a correlation is often related to a change of the responsible

mechanism. The present results deny such a conjecture. Finally,

in figure 5d a cut-out of the plane normal to the cylinder sur-

face is taken at an arbitrary z-range at the stagnation line. This

vector plot demonstrates how heat is transferred due to the tur-

bulent flow and helps understanding the creation of the hot and

cold spots on the cylinder surface. At the cold regions there is a

strong impingement of the flow and heat is transported sideways,

causing hot spots to appear. This effect is strengthened when two

side-way flows collide and the heat is trapped.

Comparison with correlations

In the following, a quantitative comparison of the present

data with the above described correlations and experiments of [3]

is made. The mean heat transfer along the cylinder circumfer-

ence is displayed in figure 6. As expected, for both simulations

the heat transfer has increased with respect to the laminar flow

around a cylinder as given in (1). For the small wake generator

distance, the effect of the wake deficit of the streamwise velocity

is visible, as already shown in [5]. The maximum heat transfer

is located at θ ≈ 30◦, clearly off the stagnation line. This effect

is less pronounced for l/D = 3, which can be explained by the

reduced wake deficit. The experimentally obtained data from [3]

also shows a less severe shift of the maximum heat transfer in-

crease. This is consistent, since the heat transfer measurements

in the experiments were performed for the lower distance be-

tween cylinders but at a higher Reynolds number. The higher Re

is expected to also lead to a reduction in the wake deficit.

In figure 7, the correlation from [2] is plotted for the rele-

vant Tua range. Recognizable are the two regimes and the tran-

sition between them. The gray area represents the bandwidth
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FIGURE 6: Comparison of the numerical simulations with the

solution of [1] and experiments of [3], θ = 0 represents the stag-

nation point.

of the experimental data taken to determine the correlation of

equation (3). Note that the data obtained from cylinder data de-

termines the lower bound, whereas the upper bound corresponds

to airfoil experiments. The DNS data of the present study show

a very good agreement with the correlation. Both for the large

and small wake generator distance, the calculated characteristic

Nusselt number is on the correlation curve or well within the

bandwidth of the experimental data. Also, both data points are

located far away from the first linear regime. The good fit with

the correlation in the higher Tua regime is a promising result,

meaning that the higher Reynolds number and Tua regimes of

the correlation are becoming accessible to DNS studies.

CONCLUSIONS

In the present study, a tandem cylinder setup was simulated

by means of embedded DNS. The DNS data show good agree-

ment with the correlation proposed in [2] for all simulations.

This correlation exhibits two distinct regimes for the dependency

of the heat transfer on a characteristic turbulence level normal-

ized by Reynolds number and the free-stream strain-rate as a

measure for the flow acceleration in the free-stream. The data

presented here are the only DNS data that reached the regime

governed by higher characteristic turbulence levels.

The setup was inspired by experiments performed in [3], in

which an increase in heat transfer on the rear cylinder was found

due to wake-induced turbulence. Our previous DNS study [5]

was able to reproduce this increase in heat transfer for the same

setup, but for a lower Reynolds number and with a pronounced
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FIGURE 7: Comparison of numerical simulations with the corre-

lation of [2]. The symbols represent numerical simulations from

the literature (open symbols) and the present study (filled sym-

bols).

shift of the maximum increase off the stagnation line. For the ex-

periments, such a shift was small for the lowest Reynolds number

and completely vanished for higher Re. An increase in Re was

not affordable in our DNS study. Therefore, to investigate the in-

fluence of changing wake characteristics without increasing the

Reynolds number, the distance between the two cylinders was

increased by 50%. The larger wake generator distance allowed

for a stronger decay of streamwise velocity wake-deficit and tur-

bulence intensity. This caused a reduction in the characteristic

turbulence intensity used for the correlation given in [2] with a

value in between the two limiting regimes of the correlation.

The off-stagnation line shift of the maximum heat transfer,

as observed for the original cylinder spacing, is only marginally

present for the wider spacing which is likely to be due to the

reduced wake deficit. Such a reduction is also expected to hap-

pen for increased Reynolds numbers, for which the heat transfer

measurements were conducted in the experiments. Therefore,

our results with larger cylinder spacing are consistent with the

experimental observations.

The instantaneous temperature fields reveal no indication

of a change in the physical mechanism responsible for the heat

transfer increase for all cases investigated. An observation of the

instantaneous flow field indicates that elongated flow structures,

which penetrate the boundary layer, are responsible for the in-

crease. This is the same mechanism as proposed in [4] for the

lower characteristic turbulence levels regime of the correlation.

Overall, it was demonstrated that all regimes of the correla-

tion in [2] are now accessible to (embedded) DNS studies. More-

over, it is possible that somewhat downstream of the stagnation

point a larger heat transfer increase has to be expected than is pre-

dicted by stagnation point correlations for strong wake deficits

reaching a cylinder or airfoil!
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