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Turbulence plays an important role in the fields of heat and mass transfer and en-
hanced chemical reaction. In order to explore the effect of grid-generated turbu-
lence on flow heat transfer, in this paper, three different fractal grid structures with
the same blocking ratio o, effective mesh size M, and thickness ratio t, =t /t

max ' “min

(Casel: The grid cross-section is a triangle, Case2: the grid cross-section is an
inverted triangle, Case3:the grid cross-section is square, Case4:no grid) and with-
out the grid were simulated based on large eddy simulation. The aim of this simu-
lation is to explain the evolution characteristics and heat transfer mechanism of
turbulent flow field under the four cases. The results show that, in the same initial
condition, Case 2 can generate the highest turbulence intensity and the feature of
heat transfer on the cylindrical surface is more uniform. In Case 3, the bound-
ary-layer in the flow field is separated earlier, and more vortices are excited to
enhance the heat transfer than other cases in the boundary-layer region. The sur-
face average Nusselt number is 1.3 times than that of Case 4.

Key words: fractal structure, grid turbulence, heat transfer,
large eddy simulation

Introduction

The flow under different turbulent state has greatly influenced the heat transfer char-
acteristics. For example, turbulence intensity, pressure drop, homogeneous isotropic and other
turbulence parameters will significantly affect the turbulent heat transfer. The effects of turbu-
lent flows on the heat transfer from cylinders are of interest in different engineering applications
[1]. It is common to use cylindrical geometry in actual engineering to exchange heat between
fluid and wall, such as shell-and-tube heat exchangers, pressurized water reactors, water-to-air
radiators, efc. [2]. In 1935, Taylor G. L. created irregular disturbances in the air-flow by placing
a row or rows of regular grids in the wind tunnel. Irregular disturbances occurred when a uni-
form air-flow vertically passed through the grid. During the irregular disturbance moving to the
downstream, due to no external interference, it has gradually evolved into homogeneous isotro-
pic turbulence. Similar homogeneous isotropic turbulence has been extensively studied in wind
tunnels or water tunnels, and direct numerical simulation (DNS) has been performed in the
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periodic square computational domain by using the spectral method. Hurst et al. [3] used vari-
ous multi-scale (fractal) grids to generate turbulence in wind tunnels, and found that complex
multi-scale grid structures can greatly affect the behavior of turbulence and explored the fractal
dimension D, <2, grid effective size M and grid thickness ratio ¢, =7, /,;, by experimen-
tal methods. These three factors greatly influence the mechanism of flow, isotropic, uniformity
and attenuation characteristics of fractal-generated turbulence.

Melina [4] investigated the flow on the centerline of grid-generated turbulence for
grids with different geometry: a fractal grid (FSG17), a single square grid (SSG), a regular grid
(RG60). It is found that the turbulence intensity generated by the single grid structure is larger
than the other two cases in the production region, which is due to the stronger vortex shedding
effect, and the fractal grid suppresses the vortex shedding. Torrano [5] compared experimental
measurement with RANS-Based numerical studies of the decay of grid-generated turbulence.
The result showed the ability of RANS-based numerical simulations to capture the large scale
properties generated by grid is within an acceptable accuracy. Hearst and Lavoie [6] designed a
novel square-fractal-element grid in tunnel experiment to increase the downstream measure-
ment range of fractal grid experiment. Their results demonstrate that the turbulence generated
by the novel grid behaves in a manner similar to that observed in previous fractal studies near
the grid, and the far downstream turbulence performance is similar to that produced by the
regular grid. Panda et al. [7] compared grid generated turbulence with and without mean strain.
They recommend optimal values of coefficients that should be used for experiment studies of
grid generated turbulence. The previous conclusions provide theoretical bases and experimental
bases for studying the influence of the turbulent parameters on the heat transfer effect [8, 9].
Smith et al. [10] developed a theoretical model by assuming that in the proximity of the front
stagnation point Reynolds stress are proportional to the turbulence intensity, 7u, in the free-
stream (flow approaching the cylinder) and to the distance from the wall. Their model, sup-
ported by experimental results, showed that the Frossling number at the front stagnation point
was directly proportional to the turbulence parameter Tu Re®>, where Re is the Reynolds num-
ber based on the diameter, D, of the cylinder and on the mean streamwise velocity, U. Kestin et
al. [11] and Lowery and Vachon [12] measured, respectively, the mass transfer and the heat
transfer from a cylinder in a turbulent cross-flow generated by grids in a wind tunnel. Both
studies correlated the values of Nugg, /Re"™ with a second-degree polynomial function of
TuRe". In addition, several experiments show that the integral length scale, L, at the flow is
also very important [13]. Van Der Hegge Zijnen [14] reported that when Reynolds number and
Tu are the same, when 0< L /D <1.6, Nusselt number increases with the L /D ratio; when
L,/D >1.6, Nusselt number decreases with the L /D ratio, where L is defined as a length scale
of turbulence. Recently, the vortex structure in the flow field has been extensively studied for
enhanced heat transfer, and good heat transfer has been achieved by adding a vortex generator
in the flow field [15-21].

With the improvement of computer technology, numerical simulation has become an
important means of studying turbulence. There are three methods of numerical simulation com-
monly used: DNS, RANS, large eddy simulation (LES). The DNS can obtain the in-depth data
of turbulent statistics including high-order moments near the wall, while it can only be used
to solve very limited types of turbulent flows. The RANS can properly predict the complex
flow of high Reynolds number at the most economic approach, but the result is time-averaged
and does not reflect the instantaneous information of the flow field. Typical examples of such
models are the k-¢ or the k~w models in their different forms. Recently, many Reynolds stress
models have been developed by correcting the pressure-strain correlation of turbulence [22-25].
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The LES directly predict the large-scale vortex motion, for only the smallest (subgrid scale) and
more nearly isotropic vortices [26], sub-grid scale (SGS) model is adopted. Not only can the
detailed flow field dynamic information be obtained, but also the calculation cost can be saved.
Therefore, LES has been more and more widely used.

In view of the above analysis, in this paper, LES is used to study the turbulent flow
generated by three different cross-section grids and the heat transfer of the constant temperature
cylinder in the flow field. Three cross-sectional shapes are different for the turbulence generat-
ing device: triangle, an inverted triangle and the square. The blocking ratio is o = 0.28, and the
instantaneous and statistical properties such as velocity field, turbulence intensity, pressure
drop, and Nusselt number are given to illustrate the mechanism of fluid motion and heat transfer
under different perturbations, as well as the relationship between turbulence characteristics and
heat transfer.

Numerical simulation method
Computing domain and meshing

The LES method is currently one of the effective tools for numerical study of tur-
bulent flow and half way between the direct solution and RANS method. In the LES method,
the scales that are below the mesh size are modelled by SGS, the scales that are higher than
the mesh size are modelled directly by solving Navier-Stokes equation. The accuracy of LES
results is high with the appropriate sub-grid mode. The computational cost of LES is lower
than that of DNS. The simulation results could get the realer transient flow field, which helps to
understand the nature of turbulent flow.

The problem, which was studied based on LES, is that the different flow fields gener-
ated by the fluid through the grid will arise different heat exchange effects on the cylinder. As
shown in fig. 1, the specific simulation scheme is: In a L, x L, xL,=1.2mx0.2mx0.2m
cuboid wind tunnel, in Case 1, Case 2, and Case 3, three types of grids with different shapes are
placed at 0.1 m from the entrance, placing a constant temperature cylinder with a diameter of
D =0.05 m and a length of 0.2 m and temperature of 323 K at a distance of 0.5 m from the grid
in all four cases. In order to eliminate
the incomparability of the size factor,
the calculation domain is dimension-
less based on the diameter D of the
heat exchange cylinder. The compu-
tational domain after dimensionless
isL,xL,xL, =24Dx4Dx4D.

These fractal grids are completely
characterized by:
— the number of fractal iterations,

here N=3; '
— the number 4’ of square patterns Case3 Cases
at iteration J; Figurel. Computational domain

— the lengths L; = R/ L, and lateral
thickness R, = R, =0.5, here L,=0.5L,, ¢, =1t,,,=0.0025m

— the thickness ratio ¢, =¢,,, /f,..,, I. e. the ratio between the lateral thickness of the bars mak-
ing the largest square and the lateral thickness of the smallest. Here ¢, =4

— effective mesh size for multiscale grids M, =4T 2 (1- 0')1/2 /L. Unlike regular grids, mul-

tiscale/fractal grids, and in particular the fractal grids considered here, do not have a well-de-
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fined mesh size, This is the reason that Hurst ez a/. [3] introduced an effective mesh size for

multiscale grids. Ly is the total perimeter of the fractal grid on the x-y plane, in this paper

M = 4.85 -

— Angle of the triangular prism grid a. In this paper, the evolution law of turbulent flow in
triangular prism fractal grid is studied specially. Here & = 53°.

Considering that the quality of the structural mesh at the intersection of the triangular
prisms is difficult to guarantee, the unstructured grid is used in the entire computational domain
of the Case 1 and 2. To ensure higher calculation accuracy, we set y* = Ay xu, /v =1, thus, the
first layer of mesh has a thickness of 0.056 mm. The y* is the dimensionless distance from the
centroid of the first layer mesh to the wall. The Ay is the distance from the wall to the centroid
of the first layer mesh. The MESH was used to generate tetrahedral unstructured mesh in Case 1
and 2. Curvature size function was chosen to control important extreme bending and mesh
growth and distribution in adjacent areas of the surface. We set min size, max face size, max tex
size to 2.0-107 m, 0.002 m, 0.005 m, respectively. The total nodes are 1629407 and the total
elements are 8917056.

Because the geometric models in Case 3 and Case 4 are simpler, the structured grid
mesh with mesh numbers of 624 x 200 x 160 in the streamwise, wall-normal, and spanwise
directions is used in Case 3 and Case 4.

Mathematical model

Control equation

The basic idea of LES is to separate large-scale eddies from small-scale eddies by
filtering. To carry out the computation of the turbulent flow, continuity equation and Navier-
Stokes equation are filtered:

Ou;
T 1
o (1)
- Ouu, o ou, ou;
9u; | Ot :_lﬁ_p V@ul +ﬁ—f,, )
o ox; pox | ox; Ox
Ty = U U 3)

where p is the fluid density, v — the dynamic viscosity of the fluid, #; — the filtered value of the
velocity, p — the filtered value of the pressure, and 7, — the SGS, reflecting the influence of
small-scale vortex on large-scale vortex. To close the filtered equations, the SGS stress is mod-
elled using a viscous analogy:

_ 1
T = -2 LSy + gé}jrij 4)
#,=(Cs0)[S,] 5)
w.  Ou;
Sy =l %4__/ (6)
T2\ x; ox

A = (AxAyAz)" (7)
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where 7, is an isotropic part of the SGS, which is usually negligible in an incompressible flow,
C, — the Smagorinsky constant calculated from the inertial subrange of the energy spectrum
given by the Kolmogorov’s—5/3 law and it is chosen in a range from 0.10 to 0.30. The
A= 0.86 mm is the filter width, an indication of the characteristic length scale separates large
and small-scale eddies from each other and can considered to be an average cell size. The g, is
the SGS viscosity term. The s, is mean strain rate tensor.

Boundary conditions

The LES is a transient turbulence model, and its boundary conditions should be intro-
duced into the time term.

— The initial Gauge pressure value is 0 Pa.

— The inlet velocity for all cases is set to u,, =5 m/s which leads to a Reynolds number of
Re=u,l/v =13611, where / is hydraulic diameter of the cuboid wind tunnel. In Cases 1-3,
no perturbations is added at the tunnel inlet, in Case 4, turbulence intensity
1=0.16(Re) A (—1/8) = 6.4% is added at the inlet.

— Outflow boundary conditions are used at the tunnel outlet boundary.

— No-slip condition and thermostatic wall 7' =283 K are applied to wind tunnel walls and the
grid. The cylinder is also set to be no-slip wall boundary and the temperature is 323 K.

In this study, LES simulations is carried out using a finite volume solver which em-
ploys a finite volume method for solving the incompressible Navier-Stokes equations within
transient assumptions. The second order discrete format is used for the pressure term, and the
bounded central differencing discrete format is used in the momentum equations. The numeri-
cal calculation method adopts the PISO algorithm, and the sub-grid model adopts the
Smagorinsky-Lilly model. C; =0.10 is used for all simulations here [27].

Results and discussion
Simulation verification

In order to verify the correctness of the simulation results in this paper, we used the
same simulation scheme to simulate the RG60 flow field studied in reference [4]. In fig. 2, we
compared the streamwise mean velocity and turbulence intensity along the central line of the
wind tunnel in the simulation and the wind tunnel test, which obtained a good agreement. The
computation error is less than 25%. The U is definite as time-average streamwise velocity.

Flow characteristics

When the fluid flows around the cylinder, due to the frictional resistance between the
fluid and the wall, boundary-layer is formed around the cylinder, and the flow in the bound-
ary-layer region is laminar flow. There is no mutual mixing between the layers, so the heat
transfer is mainly carried out by means of heat conduction. After the boundary-layer separation,
heat is carried by the moving fluid due to the macroscopic mutual mixing, where the heat ex-
change is mainly convective heat transfer.

Analysis of velocity distribution

In this paper, by analyzing the contours and data of instantaneous streamwise velocity,
the characteristic parameters and heat transfer effects of the turbulent field are obtained. Since
the flow in the calculation domain has not been fully developed for the beginning of the flow,
the data from 0-0.35 seconds is omitted. Only data from 0.35-0.55 seconds was selected for
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Figure 2. Mean velocity (a) and turbulence intensity (b) along the central line of the wind
tunnel with distance downstream of the grid

analysis. All cases share the same Cartesian co-ordinate system with common origin, in which
x is the streamwise direction starting just downstream of the grid, and y and z are the other two
orthogonal directions. As a qualitative information, contours plots on the x-y plane (y = 0) as
well as cross-stream planes situated on the x/D =2, x/D =10, x/D=12.5 are provided.
Quantitatively, different variables along the centerline of the wind tunnel and around the cylin-
der are displayed.

As shown in fig. 3, the contours plot of U is obtained at = 0.55 seconds. U is definite
as instantaneous streamwise velocity. When the flow passes through the grid, a low-speed zone
is generated at the rear of the grid, and the vortex is gradually generated in the low-speed zone
and alternately falls off along the streamwise direction. Comparing Case 1 with Case 2 and Case
3, the local low-speed area generated by the Case 2 is significantly larger than the other two
cases. From the plane of x/D =2, all cases with the grid have a more distinct geometrical im-
prints on the mean flow properties, the Case 3 is most obvious. In that, the shape of the grid do
not change along the streamwise. The plane of x/D =12.5 is placed on the surface behind the
cylinder. A Karman vortex street occurs in the rear of the cylinder when the fluid flow around the
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Figure 3. Instantaneous velocity contours plot extracted for the x-z plane (y = 0) and
different cross-stream planes (x/D=2,10,12.5) at 0.5 seconds
(for color image see journal web site)
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cylinder in Case 3 and Case 4. The reason is that the
flow around the cylinder is less turbulent in both
cases, and a strong disturbance occurs when

- - - Casel
Case 2
~-—--Case3

Ulms™]

-..--- Case 4

disturbed.

Figure 4 illustrates the streamwise mean veloc-
ity profile along the centerline of the flow field. For
Cases 1-3 the streamwise mean velocity increases
distinctly in the interval 0 <x/D <2, owing to the
blockage radios. For the Case 2, the mean velocity of
is highest up to 8.3 m/s and the velocity attenuation
is lowest in all the cases. In addition, for Case 3 and
Case 4 vortices are generated in the rear of cylinder
and shed off along the streamwise. The streamwise

24

x/D

Figure 4. Mean velocity profile along the

mean velocity near the rear of the cylinder sharply  centerline
increase accompanied by a shock, until the speed re-
turns to the inlet flow speed. Meanwhile, no obvious 60 ———————r—r———7 (.
shocks occur in the Case 1 and the Case 2. 8 || ——Case2
S 50r C | Case3
. . L |—o— Case4
Turbulence intensity e ERN |
Figure 5 shows the turbulence intensity, sl \ \5 i
Tu, distribution along the centerline in four cases. V"
Turbulence intensity is calculated by the following 207 ; —q\a*a\‘& ]
formula: e » v
, M{f‘} ~A-A-A-A-W
u L. A o000 ’ =
Tu=—= (3) i A S S B DR
u 0 2 4 6 8 1012 14 16 18 20 22 24

where u' is root mean square of instantaneous x/D

speed, U — the time-average streamwise velocity.
From the formula, turbulence intensity is directly re-
lated to stochastic turbulent fluctuation. A higher
turbulence intensity means greater stochastic turbulence fluctuations.

In figure, we find a increase of turbulence intensity with x/D in Cases 1-3 in front of
the cylinder. In Case 3, the flow field produces the highest turbulence intensity up to 20%,0wing
to strong mixing. But, the turbulence intensity in Case 4 without grid is constant. At the back
of cylinder, due to the cylinder disturbance, the flow becomes more turbulent. Case 4 produces
the strongest turbulence intensity up to about 56%, which is about 48% in Case 1. Near the rear
of the cylinder, for Case 3 and Case 4, the turbulence intensity shows a wavelike decrease, for
Case 1 and Case 2, the turbulence intensity decrease progressively.

Figure 5. Turbulence intensity along the
centerline

Analysis of pressure drop

In order to express the pressure distribution around the cylinder in the flow field, this
paper introduces a dimensionless pressure drop formula, defined as: f =2(P— P, )/ pu’,
where p is the total pressure around the cylinder, p u — the density and average velocity at the
inlet, and P, — the total pressure of the inlet.

Figure 6 shows the boundary-layer separation when the air-flow around the cylinder.
Figure 7 shows the velocity distribution around the cylinder. For all cases the mean velocity

along the o display parabola distribution, increasing firstly then decreasing and finally stabi-
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lizing. When the internal pressure
gradient dp/dx <0, the flow in the
layer is accelerated, and the kinetic
_ energy of the flow is increased. When

: dp/dx > 0, the pressure is opposite to
\ the flow direction, and the flow in the
R
|

!
L . boundary-layer is decelerated, and
|/

the kinetic energy is quickly ex-

hausted. The shear stress in the
Figure 6. Schematic diagram of the formation of the boundary-layer near the cylinder sur-
boundary layer [28] face is greater than that in the up-
stream fluid, and a reflow opposite the original flow direction occurs. This reflow separates the
fluid in the boundary-layer and forms a boundary-layer separation. For Case 1 and Case 2 the
boundary-layer separation occurs at ¢ ~100°, and for Case 3 and Case 4 the boundary-layer
separation occurs at ¢ ~160".

In fig. 8, we show the 0° < ¢ <180° pressure drop coefficient distribution around the
cylinder in the flow field. We find that the Case 1 and Case 2 have a linear downward trend
around the cylinder, for Case 1 the change of pressure drop coefficient is very small and nearly
unchanged. For Case 3 and Case 4 the trend of pressure drop coefficient are nearly same. The
pressure drop coefficient is the largest at ¢ =0, and the data decreases exponentially at
0° < ¢ <80°. At ¢ =80", the pressure drop coefficient drops to the lowest point and reflow begins
to appear, at which point dp/dx= 0. It rises between 80° < ¢ <100°, then becomes stable.
Meanwhile, the kinetic energy of the boundary-layer is exhausted and the boundary-layer be-
gins to separate. However, the minimum pressure drop coefficient of Case 3 is about —4.5,
which is lower than —3.5 for Case 4. Moreover, in 100° < ¢ <180°, the data of Case 3 could be
maintained at —2.5 and Case 4 at —3.3.

Boundary-layer
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Figure 7. Velocity around the cylinder Figure 8. Pressure drop around the cylinder
Vortex structure

According to the incompressible Navier-Stokes equation, Jeong and Hussain [16]
Sorted the eigenvalues of the combined tensor D? + Q7 of the strain rate tensor, D, and the vor-
tex tensor, €2, coming to the conclusion 4, > 4, > 4,. The necessary and sufficient condition for
the vortex core pressure reaching the minimum cross-section is A, <0, called the A, criterion.
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Figure 9 shows the vortex structure in four cases. In Case 1 and Case 2, the flow field
only produces a more obvious vortex at the rear of the cylinder but less than that of Case 4. For
Case 3 the flow field excites more vortices on the entire cylinder surface, and it is these vortexes
that are close to the cylinder that enhance the heat transfer.
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-50700
-50800
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-51000

Figure 9. Vortex structure 4, between —-5000 and -51000
(for color image see journal web site)

Heat transfer characteristics

Figure 10 shows the Nusselt number contour plots of the cylindrical surface in four
cases, and the top view of the heating cylinder, the front view (facing the incoming flow direc-
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Figure 10. Surface Nusselt number of the cylinder the top view of the heating
cylinder, the front view (facing the incoming flow direction), the side view, and
the rear view (for color image see journal web site)
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tion), the side view, and the rear view are, respectively, selected. Heat conduction is dominated
in the boundary-layer while heat convection is dominant in the wake area. In addition, the heat
conduction effect in the boundary-layer is stronger than the heat convection generated by the
vortex shedding in the wake region. Therefore, the heat transfer effect of the cylindrical bound-
ary-layer region is stronger than that of the wake area. The & is boundary-layer separation an-
gle, i. e. the angle between the x and the line between boundary-layer separation point and the
center of a circle. For Case 1 and Case 2 8 ~135° is much larger than 6 =~ 85° of Case 3 and
Case 4. In addition, the distribution of Nusselt number under Case 1-3 is very uneven in bound-
ary-layer region. Especially in the Case 3, the area with large Nusselt number (> 6000) exists in
the boundary-layer region. This can be explained by the presence of generated disturbance,
therefore, convective heat transfer occurs in the boundary-layer region.

Figure 11 illustrates that the contours plot of the temperature is obtained on the plane
z = 0. The conclusion drawn from fig. 11 get a good match intuitively with the figs. 8-10.

Case 1 Case 2
B
Case 3 Case 4

LI 1 [ 1 el

Temperature [K]: 284 285 286 287 288 289 290 291 292 293 294

Figure 11. Temperature contours plot on the plane z =0 at #= 0.5 seconds
(for color image see journal web site)

7000 T T T T T T s o Figure 12 shows the Nusselt number distribu-
0 oy —v— Case2 tion of 0° <@ <180°. Between 0" <¢p<78°,
W er e~ &3 the maximum Nusselt number of Case 3 is

] about 6200, which is about 30% higher than
that of Case 4, about 63% higher than Case 1
and Case 2. However, it drops sharply be-
tween 78" < ¢ <105°, reaching a minimum
value 1000, and gradually recovers from
1 105" < ¢ <180° and finally reaches to about
2600. It shows that the heat exchange effect
| \ for Case 3 is not uniform. In terms of surface
0 25 50 75 100 125 150 175 200 average Nusselt, heat transfer effect of Case 3

g°C] is best in the four cases, which is up to 3870,

Figure 12. Nusselt number around the cylinder tab. 1.

i

Table 1. Surface average Nusselt number

Case 1 Case 2 Case 3 Case 4
Surface average Nusselt 2493 2666 3870 2852
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The trend and value of the two distributions in Case 1 and Case 2 are approximately the
same without a sharp rise and fall. The gap between the maximum and minimum values is about
2300, which is much smaller than 5000 in the Case 3 and 4000 in the Case 4.

It shows that in Case 1 and Case 2 the flow field can produce a more uniform heat
transfer effect, and the surface average Nusselt number is 2493, 2666, respectively.

Conclusions

Based on LES, the flow evolution and heat transfer around a cylinder in four flow
fields (triangle grid, inverted triangle grid, square grid, and no grid) are simulated. The flow
characteristics and heat transfer characteristics of the four flow fields are analyzed, and the
following conclusions are drawn as follows.
® In this paper, the flow fields under triangular grid, inverted triangle, square grid and no
grid perturbation are compared. It is found that the local low-speed region generated by the
inverted triangle grid is significantly larger than other two cases, thus the higher turbulence
intensity is produced.

® (Case 1 and Case 2 present a linear downward trend in the pressure drop coefficient around
the cylinder, in Case 1 the change of pressure drop coefficient is very small and nearly
unchanged.

® In Case 1 and Case 2, the flow field can produce a more uniform heat transfer effect, but the
overall heat transfer effect is not as good as Case 4.

® In Case 3 the boundary-layer is separated earlier, and more vortices are excited to enhance
the heat transfer effect in the boundary-layer region, moreover, in terms of the surface aver-
age Nusselt number, heat transfer effect is best, surface average Nusselt number up to 3870.
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