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Periodic vortex shedding which forms when fluid moves over a circular cylinder creates a wake which
causes fluctuating unsteady forces on structures. The oscillating wake may also serve to enhance heat
transfer rates from a surface on which it impinges. In this paper we investigate the passive excitation of
the impinging jet’s velocity field using a cylindrical insert. The insert is placed just before where the jet

issues from the circular pipe. The flow is examined using Large Eddy Simulations (LES). The jet's Reynolds
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applications.

number based on bulk inlet velocity is 23,000 and jet’s outlet-to-target wall distance is two. It is found
that using a cylindrical insert in the impingement pipe results in enhanced heat transfer rates for cooling

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The behaviour of impinging jets has been investigated in depth
both numerically and experimentally in the past. Excellent re-
views of the state of art can be found in [1-3]. The core tar-
get of the present study is on the use of passively-generated ex-
citations to augment the heat-transfer rates from the impinging
jet-a topic that has received little attention to date with the fo-
cus, so far, being mainly directed towards the study of the ef-
fects of excitation by means of active control [4-7]. While such
methods have proved to be effective in the enhancement of heat-
transfer rates, their use requires an efficiently devised mechanism
for the control of the flow field and their efficiency depends heav-
ily on the amplitude of the excitation and judicious choice of fre-
quencies. Passive excitation of the jet, on the other hand, can
potentially produce similar benefits with far less complexity and
cost.

Despite its potential benefits, there are only but a few studies
focused on passive jet excitation and its influence on the target
wall heat transfer. Herwig et al. [8] investigated the impinging jet
heat transfer variability due to unsteadiness introduced through a
circular ring installed in free jet that has generated periodic vortex
shedding. This leads to precessing effect and intricate flow pattern
as flow moves around circular ring. They found that the heat trans-
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fer can be augmented for the von Karman jet nozzle in which ad-
ditional unsteadiness and turbulence is introduced. Haneda et al.
[9] explored a setup in which a circular cylinder elastically sus-
pended with a cantilever-type plate spring in the slot jet impinge-
ment region. The cylinder was 3 or 5 times as large as the jet slot
width whereas slot jet’s Reynolds number is from 10,000 to 5,000.
Gao et al [10] used arrays of triangular tabs installed on the exit
of turbulent round impinging jets issuing from a long pipe. They
found that for small nozzle-to-plate spacings the locally heat trans-
fer can be increased up to 25% compared with the case of no tabs
installed. Also, the first and secondary peaks in radial distribution
of the Nusselt number are observed at jet's outlet-to-target wall
distance of 4.

The control of vortex shedding by a cylinder has been the sub-
ject of several studies using a feedback mechanism, surface mod-
ifications or cylinder oscillations. The wake from a cylinder can
be an effective mean for increasing heat transfer at target wall
Bhattacharya and Ahmed [11] conducted experiments to measure
mean surface pressures and heat transfer rates on a flat plate with
jet impingement of Reynolds number =50,000. Four cases were
considered for the passive excitation of the jet consisting of (1)
in-line jet, (2) in-line jet with stationary cylinder placed at 1.5D
from jet’s outlet, (3) in-line jet with eccentrically mounted oscil-
lating cylinder, and (4) in-line jet with oscillating cambered airfoil.
It was found that enhancement of the heat transfer rates can be
achieved which is attributed to enhanced mixing/turbulence due
to wakes vortex dynamics and oscillatory dislocation of the stag-
nation streamline. In terms of excitation device stationary cylinder
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Nomenclature

D diameter of jet, m

d diameter of insert, m

H jet’s outlet to the target wall distance, m

h convective heat transfer coefficient, W/m2K

k turbulent kinetic energy, m?2/s2

K constant convection velocity, m/s

/ wavenumber, 1/m

Lp delivery pipe length, m

ql, heat flux at wall, W/m?2

r radius, m

Ruu autocorrelation of velocity signal

L(t) integral length scale, m

Up Bulk velocity at jet's inlet, m/s

U Mean velocity in walljet region, m/s

<u> radial component of velocity, m/s

ur frictional velocity, m/s

u+ dimensionless turbulent velocity in wall bounded
flows u/ ut

y+ dimensionless wall coordinates Ay.ut/v,

P Pressure, Pa

T Temperature, K

Greek

q§ large scale component

@ Subgrid component

v kinematic viscosity

Is subgrid thermal diffusivity

A Thermal conductivity, W/mK

Turbulent fluctuations

u'v turbulent shear stress

wu', Vv, ww' turbulent velocity fluctuations

TT turbulent temperature fluctuations

Dimensionless Numbers

Re Reynolds number UyD/v

Pr Prandtl number

Prs subgrid turbulent Prandtl number

Nu Nusselt number

RehD Umath/V

and oscillating cylinder heat transfer on target wall results were
not very different.

Li et al. [12] presented heat transfer results of large eddy sim-
ulation (LES) of normally impinging elliptic air-jet heat transfer at
a Reynolds number of 4,400, with an orifice-to-plate distance fixed
to be 5 in the unit of the jet nozzle effective diameter. LES are car-
ried out using a dynamic subgrid model and Open-FOAM. Natara-
jan et al. [13] presented large eddy simulation for jet impingement
with a vibrating wall. The jet’s Reynolds number was 23,000 and
the jet’s outlet-to-target wall was two diameters. Vortical struc-
tures are shown to play a major role in convective heat trans-
fer even under the vibrating conditions of the impingement wall.
Krumbein et al. [14] investigated slot jet impingement at a mod-
erate Reynolds number of 9,120, using a time-accurate Very Large
Eddy Simulation (VLES). The results were compared with experi-
mental data. Penumadu and Rao [15] conducted LES simulations to
get a better understanding of the flow physics in multiple jet im-
pingement arrays. The Reynolds number was varied from 5,000 to
90,000. They found that CFD is over-predicting the pressure drop
in case of multiple jet impingement as high as 50%.

In this paper a case of passive excitation of the impinging jet's
velocity field has been investigated. The excitation is produced us-
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ing a cylinder which is inserted just before the jet emerges from
the pipe. The flow is studied numerically using Large Eddy Sim-
ulations (LES). The jet’s Reynolds number (Re=U,D/v) of the main
pipe flow is 23000 and the dimensionless jet’s outlet-to-target wall
distance (H/D) is two. The benchmark test case of single jet im-
pingement (Cooper et al. [16]) is investigated for comparative pur-
pose. The interested reader is referred to Uddin et al. [17] for the
discussion on the case of natural jet impingement without an in-
sert.

An impinging jet can be excited actively by modulating jet’s ve-
locity and temperature fields in time. Also a jet can be excited pas-
sively by placing insert inside the pipe or fee jet development zone
before it impinges on the surface. In the present study the focus is
set on passive excitation using a cylindrical insert, which is placed
just before the jet's issues from a pipe.

2. Governing Equations

In LES, the quantities are divided into a large-scale and a small-
scale motions as ¢ = q§ +¢. Here, ¢ serve as the flow quantities
like velocity (u;), pressure (p), temperature (T) etc. The quantity ¢3
serve as the large scale (resolved) component which is time de-
pendent, and the quantity ¢ denotes the small scale (unresolved),
or sub-grid component. Here in this paper an implicit filtering ap-
proach is used i.e. the grid size is use as appropriate filter. For
Newtonian fluids with no body forces and sub-grid scale density
fluctuations we can write conservation equations as follows (Pope
[18]):

dp | 9(ply)

a5 + a% - 0 (1)
d(pt)  dpiity) _ o [ Foa 0w} 957 0p
at an a aX]' an Bxi 8Xj 8X,‘

Stresses at sub-grid level are modelled as (Pope [9]):

1 - 1. -
Tisjfgs _ §8,J‘E’ffs = —2/1,5[5,'}' — §8ijskk] (3)
Where s is the subgrid viscosity defined as us = p(csA)2§, where
¢s is dynamically adjusted based on dynamic Smagorinsky model
proposed by Germano et al. [19] . After filtering operation, the en-
ergy equation can also be expressed as:

a(pcpf)+a(pcpajf)_ 3 [ af] ag® )

=—|Tcp— | — =—
at an an P an 8Xj
The turbulent heat-fluxes at sub-grid level are specified by us-
ing the gradient diffusion assumption as:

aT
Qj'gs = —rscpaij (5)

where, T is the resolved temperature and T is the subgrid thermal
diffusivity. After substituting eq. (5) into eq. (4) the following form
of the energy equation is obtained:

d(pc,T)  d(pcpiT) D aT
=—| (T +Ts)cps—
ot Tax x| YO (6)
The sub-grid thermal diffusivity I's can be expressed as
[s = ps/Prs (7)

where Pr; is the sub-grid turbulent Prandtl number which is set to
0.9 (Uddin et al. [17]). The values assigned to the subgrid turbulent
Prandtl number are ranging form 0.3 to 0.9. But more and more
researcher have taken a value of 0.9. Deardorff [20,21] used a sub-
grid Prandtl number less than one. Moeng and Wyngaard [22] used
a value of 0.4 for subgrid Prandtl number, Gao et al. [23] used a
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Figure 1. (a) Computational domain without insert (b) Computational domain with
insert (c) the Cartesian coordinate used for the computations and the cylindrical
domain. (d) Plane parallel to insert axis

value of 0.3 for subgrid Prandtl number. More recently, Hadziabdic
[24] simulated a quarter of an impinging jet using LES with value
of subgrid Prandtl number of 0.9. From our previous LES of im-
pingement of natural jet studies, we found that a value of 0.9 is

u/y,
[ 28
0.07 15

y/D
O a N W

y/D
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() (b)

(c)

Figure 2. Cross section of grids used for (a) natural jet impingement (b) jet im-
pingement with cylindrical insert and (c) close-up view of grid around insert.

giving good results. As current case is also a jet impingement case
the same 0.9 value is selected.

The test filtering has been done by averaging over 27 control
volumes. The above equations are solved with the density taken as
constant.

10*

102

Power Spectral Density

(d)

Figure 3. Instantaneous Velocity distribution in the jet and in the impingement region (a) without insert (b) Time averaged mean velocity (b) in perpendicular to cross-
section of cylinder (c) in transverse direction of cylinder (parallel to the axis of insert). Flow over a cylindrical insert and formation of a twin jet system can be observed
(d) The velocity distribution at the pipe outlet with and without insert. (b) Power Spectral density (PSD) of velocity fluctuations in the jet at y/D=1 and r/D=0.5, the line
indicates the slope of the inertial subrange.
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PRES
60
0
-39.0312
-42.1621

-43.9487
-44.5409

(d)

Figure 4. Instantaneous pressure distribution (a) at the target wall for no insert case (b) close to target wall perpendicular to the cross-section of the cylinder (c) in
transverse direction of the cylinder (parallel to the axis of insert) (d) perpendicular to the cylinder

3. Inflow and Boundary Conditions

The mean velocity profile of a hydrodynamically fully developed
turbulent pipe flow, together with time-varying velocity fluctua-
tions, are prescribed at the inlet plane (see Fig. 1). The turbulent
mean velocity profile for a fully developed pipe flow is prescribed
from Kays et al. [25]:

ut =2.51n[1'5y+(1 “/(D/Zz))] +55
1+2(r/(D/2))

where, y© =Ay u; /v represents the pipe wall normal direction, D
is the diameter of the pipe, ut is dimensionless wall velocity is
ut=u/u;. In case of a natural jet (non-excited jet), the bulk inlet
velocity (Up) is calculated from equation (8). The above equation
needs the correct estimate of frictional velocity which is estimated
from a smooth pipe friction correlation (see e.g. White [26]).

The appropriate generation of turbulent inflow fluctuations was
done using the artificial turbulence generation procedure devised
by Klein et al. [27]. According to this approach the digital fil-
ter is applied on random data and velocity fluctuations are gen-
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(¢)

Figure 5. Instantaneous temperature field (a) perpendicular to insert (b) parallel to insert (c) in stagnation region.

erated which are qualitatively in agreement with prescribed tur-
bulent fluctuations. This requires also a prescribed autocorrelation
function Ry, which defines the homogeneous turbulence levels as
developed (see Klein et al. [27]). The autocorrelation function is
defined as:

>
Ruy(F) = exp (ﬁ) (9)

where, L(t) = /2w v(t —t,) is the integral length scale at the in-
flow plane and 7 is the position vector. According to this procedure,

the inflow turbulent velocity generated is based on the relation:

Uj =< Uj > +aj;u} (10)
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TEMP
510

where, < u; > is the mean axial velocity, ug. are velocity fluctua-
tions and g;; is the Cholesky factorization of the Reynolds stress
tensor. To accomplish this task a separated LES periodic pipe flow
simulation is executed and turbulent fluctuations were used. This
approach greatly reduced the computational burden.

Outlet boundary Condition: A convective boundary is specified
at the outlet of the domain (Colonius [28]):
au au
ot +K ar = 0 (11)

The quantity K is taken to be a constant mean convection ve-
locity of the large-scale structures.

At the target wall, a constant heat flux per unit area (q,) of
1,000 W/m? is applied. The value of heat flux applied will af-
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0.8+ r/D=2.5

&  Tummer et al (no insert)
—— LES no insert
—— LES with insert

<u>/Ub

y/D

Figure 6. Distribution of time averaged wall jet radial velocity component <u> With and without insert at r/D=2 and 2.5. For the no insert case LES predictions are

compared with Tummers et al. data.

0.03
r/D =2

“ o = & Tummers et al. (2011)
= —— LES without insert
Z 0014 —— LES with insert

0.004

3
-0.01

— T T T T T T 1 T T T T
00 01 02 03 04 05 06 07 08 09 1.0 1.1

y/D

0.10 - r/'D=2.5
0.08 o Cooper et al
2 Tummer et al
0.06 4 —— LES without insert

—— LES with insert

1 1 2
uu/Ub

Figure 7. Distribution of time averaged v/v’ and vw/u’ distribution in wall jet region at r/D = 2 and 2.5 for case of with and without insert. The no insert case LES predictions

are compared with Tummers et al. (2011) and Cooper et al data (1993).

0.030
0.025 4
oo 0.020 4
- o  Tummers et al. (no insert)
Q_ LES no insert
2 0.015 1 —— LES with insert (perpendicular to insert)
e —— LES with insert (parallel to insert)
0.010
0.005
0000 T T T T T T T T 1
0 1 2 3 4 5 6 7 8
r/'D

Figure 8. The normalized shear stress is plotted and compared with Tummers et al
data.

fect the temperature of jet in stagnation zone and wall-jet de-
velopment zone. Since the heat transfer is reported in terms
of Nusselt number, the value of heat flux applied is not that
important.

Adiabatic and no-slip wall boundary conditions are applied at
the pipe wall and insert. The boundary condition at the top wall
close to jet's outlet is thermally adiabatic and no-slip. The tem-
perature field inside the computational domain is initialized using
the jet’s inlet temperature which is set to 293 K. The domain is
initialized with the same value as the jet’s inlet temperature. It is
known that the entraining fluid temperature has an influence over
the pre-impinged jet's temperature. However, since in current nu-
merical simulations the jet’s inlet temperature and entraining fluid
temperature near jet are the same, this caused no change in the
bulk inlet jet's temperature field.

4. Flow Solver

All computations were executed in non-commercial CFD code
called FASTEST (Flow Analysis Solving Transport Equations Sim-
ulating Turbulence) (see Sternel [29]). This code is based on
finite-volume methods and it solves the three-dimensional filtered
Navier-Stokes and energy equations. The sub-grid model proposed
by Germano et al. [19] is used in computations reported in this pa-
per. The SIMPLE algorithm is used for pressure velocity coupling.
The second order accurate time discretization scheme called im-
plicit Crank-Nicolson method is used. For the space discretization
of the convective terms, a second order central differencing scheme
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Figure 9. Semi-logarithmic plot of the radial velocity profiles without subtracting the shift parameter, (b) Velocity profile with subtraction of profile shift parameter, the line
shows the characteristic of the equilibrium layer that extends till the location of maximum velocity.(Normal to the axis of insert) o r/D=1, + r/D=1.5, * r/D=2, x r/D=2.5, 4

r/D=3, > r/D=3.5, A r/D=4.
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Figure 10. Semi-logarithmic plot of the radial velocity profiles without subtracting the shift parameter, (b) Velocity profile with subtraction of profile shift parameter, the
line shows the characteristic of the equilibrium layer that extends till the location of maximum velocity. (Parallel to the axis of insert) o r/D=1, + r/D=1.5, * r/D=2, x r/D=2.5,

< 1/D=3, > 1/D=3.5, A 1/D=4.

is used. The resulting set of equations is solved using the SIP solver
[30].

5. Problem Description and Computational Setup

Both the computational domains (Figure 1) are consist of a
cylindrical domain and a circular pipe. The case of jet impinge-
ment without insert is shown in Figure 1(a). A delivery pipe length
(Lp) of 2D is used for the no-insert case, whereas, the delivery pipe
length (Lp) of 6D is used for the cylindrical insert case. Here D is
the diameter of the delivery pipe. The diameter of the main im-
pingement region domain connected with the delivery pipe is 16

D. The jet issues through the pipe at the centre of the main do-
main. For both cases, the distance between jet’s outlet to the tar-
get wall is 2D. The jet Reynolds number, based on D and the time
averaged bulk velocity Uy, is 23,000. The diameter of the cylindri-
cal insert is 0.4 times of the diameter of the main pipe. The center
of the cylinder is located at (x,y,z)=(0, 2.2D, 0) in Cartesian coor-
dinates, e.g. 0.2D inside pipe just before the jet issues into main
impingement domain.

The whole computational domain is modelled using an O-grid
and hexahedral structured cells. The grid was constructed using
ICEM-CFD of ANSYS, Inc [31]. The details of grids used in this work
are summarised in Table-I. In case of no cylindrical insert in the
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Figure 11. Turbulent velocity fuctuations (a & b) v/’ (c & d) VvV (e & f) w'w’ in the domain in the insert cross section (perpendicular to axis of cylinder) and in the
transverse direction (parallel to the axis of insert). The location of highest turbulent kinetic energy is above the stagnation region.
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Table 1

International Journal of Heat and Mass Transfer 165 (2021) 120705

Grid Resolution in impingement and starting wall jet zone (r < 4D)

Cases Jet impingementwithout insert

Jet Impingementwith cylindrical insert

Total Grid Size (Million CV) 10

Near-wall y* value 0.2
Mean Art = (Ar)ug /v 29
Mean rAf+ = (rAf)u, /v 17

7.3
0.5
16
20

0.3 0.2 0.1 0.10.2 0.3

r/D r/D
(c) (d)

Figure 12. (a) Distribution of turbulent kinetic energy in the impinging jet zone
(a) iso-surface of turbulent kinetic energy (k/U,? = 0.32) along with pressure dis-
tribution at target wall (b) the location of maximum turbulent kinetic energy is
shown along with pressure distribution at target wall (c) The location of the near
wall plume formation along with turbulent kinetic energy is shown. (d) Time av-
eraged turbulent temperature shows that there is a plume formation in near wall
region. (e) Time averaged turbulent temperature fluctuations would increase away
from the jet as the wall jet undergo radial spreading. ) The arrow on legend indi-
cates the value at the stagnation region which is T'T’ = 2.

pipe, the total grid consist of 10 million control volumes. The di-
mensionless mean grid spacing Ar™ = (Ar)u; /v is 29 in radial di-
rection and 16 in azimuthal direction.

Figure 1 (b) shows the computational domain used for the -
LES investigation for the case of cylindrical insert at the jet out-
let. In the near wall region, the mesh quality fulfils the require-
ments as deemed necessary for a properly resolved large eddy
simulation. The mean mesh spacing near the wall corresponds to
A*/nt = 6.4, where n is the order of the Kolmogorov scale and
A is grid spacing. The most important region for an impinging jet
is the stagnation and wall jet regions. It is known that the for the
wall jet region (r/D<4) two peaks in Nusselt number are present.
In this zone the grid spacing is defined as Art = (Ar)u;/v =38

within the jet zone and 16 in the wall jet region. This indicates
that the number of control volumes used in the jet impingement
zone are high. Also close to cylindrical insert the mesh quality is
improved. The structured O-grids are used in regions surrounding
the insert with 12 blocks surrounding the cylindrical insert. Over-
all 7.3 million control volumes were used for the simulation of jet
with insert case. The dimension less grid spacing is tabulated in
Table 1. During simulations run, the CFL number is maintained at
a value less than one. Once flow become statistical stationary, the
dimensionless time step Atd/U, corresponds to 3.57x10°%8, where
d is the diameter of the cylindrical insert. The total simulation time
was 90 cycles. The flow took around 20 cycles to attain statistical
stationary state. Here one cycle corresponds to the vortex shedding
frequency of the cylindrical insert. Once the flow became statistical
stationary, it was averaged in time. Also in plots, presented in this
paper the flow and thermal fields are averaged at radial positions.

The computations were done in a Cartesian coordinate sys-
tem. However, as the domain is cylindrical the results are reported
along the radius of target wall. Figure 1 (c) shows the radius coor-
dinate used for post-processing of the computational results in the
following section. Figure 1(d) shows the plane parallel to the insert
axis which is used to extract data later in this paper.

Figure 2 (a) shows the cross section of the gird used for natural
jet impingement and Figure 2 (b) shows the grid used for jet im-
pingement with a cylindrical insert. Figure 2 (c) shows the close-up
view of the grid surrounding the cylindrical insert.

6. Results and Discussion

In this section, first the mean and instantaneous flow field in-
side the wall jet region are presented. This is followed by the
presentation of the law of the wall for the wall-jet region. After
that the turbulent kinetic energy levels are discussed along with
anisotropy in the stagnation and wall jet region. Finally the heat
transfer from jet impingement is explained.

The placement of the cylinder in the pipe causes the forma-
tion of a wake region which extends till the target wall. The size
and strength of this wake region changes in time and the vortices
shed by the cylinder strike the surface. It has been found experi-
mentally that different vortex structures formed sweeping over the
cylinder in wake region leading to different flow topology as out-
lined in Table 2 (see Lugt [32]). In the context of an external flow
over a cylinder, the Reynolds number of the flow, based on the in-
sert diameter, is 11,500. According to Lught [32] for this range of
Reynolds number a vortex street with superimposed irregular fre-
quencies is expected. However, here the cylindrical insert is in a
confined space and the flow over it is different from free-stream
conditions. Lught’s [32] flow regimes are for the case of a flow
over a cylinder under wind tunnel conditions. The placement of
a cylindrical insert inside a pipe and the flow conditions around
the cylinder are very different to the free flow around a cylinder
in a wind tunnel.

6.1. Mean and Instantaneous flow field

The velocity distributions at the pipe outlet with and without
cylindrical insert is shown in Figure 3. Due to the presence of in-
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Table 2
Flow over Cylinder (see Lugt[32])

International Journal of Heat and Mass Transfer 165 (2021) 120705

Reynolds number range flow over cylinder  Flow behaviour

0 <Req <5

5 < Req < 45

45 < Reyq < 200

200 < Reg < 4.5 x 10°
Req > 4.5 x 10°

No flow separation

Vortex pair attached to cylinder

Purely laminar, vortex street
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Figure 13. (a) Anisotropy vectors by, by, b3z for location r/D=2 (blue) and 2.5 (red) in the wall jet region for the case without an insert. (b) Anisotropy vectors from Kim

et al. [36] data of channel flow

sert the effective flow region at the jet’s outlet is reduced and the
mean jet velocity is increased.

Figure 3 shows the velocity distribution inside the jet and the
impingement region for both cases. Figure 3 (a) shows the velocity
distribution for the case without an insert and Figure 3 (b) shows
the time averaged mean velocity perpendicular to the cross-section
of the cylinder. Figure 3 (c) shows the time averaged mean veloc-
ity in the transverse direction of the cylinder i.e. parallel to the
axis of the insert. The flow over the cylindrical insert and the for-
mation of a twin jet system can be identified. In Figure 3(d) the
Power Spectral density (PSD) of velocity fluctuations in the jet’s
shear layer at r=D/2 and y/D=1 is plotted. The line indicates the

slope of the inertial subrange. Here / is the wave number. This

slope is in agreement with the empirically known characteristics of
turbulence spectrum. Also in LES subgrid modelling an important
issue is of the energy build up at higher wave numbers. The spec-
trum confirms the characterstics of Germano model that it does
not allow it and thus deemed suitable of thermal and flow analy-
sis.

Figure 4 shows the instantaneous pressure distribution over the
target surface. In case of no insert the pressure is highest at the
geometric centre of the target wall, as seen in Figure 4 (a). How-
ever, for the case of the cylindrical insert the flow is split-up into
two parts and the twin jets strike on the target wall creating two
distinct high-pressure regions. Figure 4(b) shows the instantaneous
pressure distribution at the target wall perpendicular to the cross-
section of the cylinder. Figure 4 (c) shows the same distribution
in transverse direction of cylinder (parallel to the axis of insert),
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whereas Figure 4 (d) shows the instantaneous pressure distribution
perpendicular to the cylindrical insert. The instantaneous pressure
change in the jet's stagnation zone is different from the case with
no insert. The insert causes the formation of a high-pressure zone
above the insert. Apparently, the similar high pressure is formed
over the twin-stagnation zones. This is confirmed through the iso-
surfaces of the time averaged pressure field.

Figure 5 (a) shows the instantaneous temperature field perpen-
dicular to the insert whereas figure 5(b) shows the instantaneous
temperature field parallel to the insert. Figure 5 (c) shows that the
instantaneous temperature distribution at target wall is asymmet-
ric, especially in the stagnation zone due to the twin-jet formation.

Figure 6 shows the distribution of the time averaged wall jet
radial velocity component <u> with and without insert at r/D=2
and 2.5. For the case of no insert the predictions are compared
with experimental data of Tummers et al. [33]. It can be seen that
LES predictions agrees well with experimental data of Tummers
et al. [33]. Figure 7 shows the time averaged u’v’ and u/v’ distribu-
tions in the wall jet region at r/D = 2 and 2.5 for the cases of jet
impingement with and without a cylindrical insert.

The case of impinging jet depends a lot on the actual inlet con-
ditions. The information available in the data sets of Cooper et al.
[16] and Tummer et al. [33] on the jet's conditions before the out-
let is not well elaborated. From experimental data, we can notice
that the jet's with the same or close Reynolds numbers can give
different Nusselt number distributions (discussed later in the pa-
per). This shows that even through the mean flow is matched in
simulations with experimental data the inflow fluctuations are not
properly documented.
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Figure 14. Anisotropy invariant map for location (a) r/D=0.05 (stagnation zone) (b) r/D=2 (wall jet region). The case without an insert is indicated by blue colour and the
insert case is indicated in red colour. At r/D=2 the near wall flow is behaving as a two-component type and away from the wall the flow is mainly axisymmetric expansion

type. (c) at r/D=2.5 away from wall the flow is in between an axisymmetric expansion and an axisymmetric contraction type.

The LES predictions for the case without insert are also com-
pared with Tummers et al. [33] and Cooper et al. [16] data. The
normalized shear stress is plotted in figure 8 and compared with
Tummers et al. data [33]. It can be seen that though the order
of magnitude of velocity in wall jet region is not very different
for both the cases the gradient at the impingement wall is much
higher for case of jet impingement with insert than the gradient
for case of jet impingement without an insert.

The large velocity gradient in the wall-jet accelerating zone,
causes a high skin friction coefficient at the target wall for the jet
impingement with insert.

6.2. Law of the wall for the wall-jet region:

Ozdemir [34] and Guerra and Feire [35] have investigated the
semi-logarithmic wall relation which can be used to model the in-
ner layer inside the wall jet region. They proposed the following

1

relation:
u+=l=11n(&>+3 (12)
U K v

where B is a function of the mean and the the frictional velocity.
Using the procedure proposed by Ozdemir et al. [34] and Guerra
and Feire [35] the following relationship is obtained:

B:1.122(Ul‘)—10
u

T

(13)

The first term in the above equation is called profile shift pa-
rameter, which is subtracted from the law of the wall. The curve
obtained represents an equilibrium layer that extends up to the
point of the maximum velocity. This has been observed in wall-
jet region from experimental investigation for the non-excited jet
case [34,35]. Figure 9(a) and 9(b) show the radial velocity profiles
in wall jet region with and without subtracting the shift- parame-
ter in semi-logarithmic axes for the velocities normal to the insert
axis. Figure 10(a) and 10(b) show the radial velocity profiles with
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Figure 15. Distribution of Nusselt number at target wall (a) no insert case (b) Asymmetric distribution in case of cylindrical insert. (c) Radial distribution of Nusselt number.
Comparison between no-insert and insert case along with experimental validation for the no-insert case.

and without subtracting the shift parameter in semi-logarithmic
axes for the velocities parallel to the insert axis in the wall jet di-
rection. It is found that close to impingement zone the flow in wall
jet, parallel to the insert axis may deviate from the law of the wall.

6.3. Turbulent Fluctuations

The turbulent kinetic energy is defined as:

1<:%(W+W+W) (14)

It is important to understand the benefits of placing an insert
in the jet’s path. Figure 11 (a & b) show the turbulent velocity fluc-
tuations u/v’/, Figure 11 (c & d) show the turbulent velocity fluctu-
ations 1’1/ and Figure 11 (e & f) show the turbulent velocity fluc-
tuations w'w’. As seen in the Figure 11 the fluctuations in the tar-
get wall normal directions are higher than what has been known
for an impinging jet without an insert. In case of regular jet im-
pingement with no inert the radial velocity fluctuations are much
higher than the fluctuations normal to a target wall. This confirms
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that the insert has profound influence on the jet's dynamics and
passive excitations leads to changes in fluctuations in the near-wall
region.

Figure 12 (a) shows the iso-surfaces of time -averaged turbu-
lent kinetic energy (k/Uy? = 0.32) close to the target wall while
Figure 12 (b) shows distribution of the turbulent kinetic energy in
the jet shear layer and in the impingement zone and the location
of maximum turbulent kinetic energy which is at y/D=0.12. It is
found that the turbulent kinetic energy is maximum in the stagna-
tion zone.

In the case of impingement without insert the location of maxi-
mum turbulent kinetic energy is in wall jet region (k/U,? = 0.054),
whereas in the case of jet impingement with a insert the location
of maximum turbulent kinetic energy is within the stagnation zone
with the value of (k/U,? = 0.42). Comparing the maximum values
of turbulent kinetic energies for both the cases there is 670% in-
crease in values of maximum turbulent kinetic energy.

Figure 12 (c & d) shows the close wall plume formation in the
stagnation region with time averaged pathlines of time-averaged
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wall (with insert case).

flow field. The time averaged temperature field normalized by the
jet's inlet temperature is shown as well. From the time averaged
mean flow field it is observed that the plume like region has
formed close to the target wall. This happened as the incoming
flow from cylindrical insert wake strikes the surface and swept the
flow in stagnation region and then created an up-wash region. Al-
though this region is small but the complex flow dynamics has sig-
nificant influence on the heat transfer. In terms of cylindrical in-
sert’s diameter, the location of plume corresponds to a distance of
4.5 times the diameter of insert. It is important to understand that
the flow coming from the constricted jet’s outlet when impinges
on the target wall the flow no longer remains symmetrical. The cu-
mulative dynamics of vortex shedding and flow impingement give
rise to asymmetrical flow field in plane of inserts axis and in its
normal direction.

Figure 12 (e) shows time averaged turbulent temperature fluc-
tuations in insert transverse direction (Parallel to the axis of in-
sert). These fluctuations in the temperature field are small albeit
are present due to wake formation. The arrow at legend indicates
the value at the stagnation region which is T'T’ = 2. The time av-
eraged turbulent temperature fluctuations will increase away from
the stagnation point as the wall jet become thin due to radial
spreading under constant wall heat flux conditions.

6.4. Anisotropy in the stagnation and wall jet region

A plot of anisotropy vectors and the anisotropy invariant map
give great insight into turbulent flows, as the invariants do not
change with rotation of the coordinate system. This makes them
a valuable tool in turbulence analysis. If one component of the ve-
locity fluctuations is larger than the other components than this is
called axisymmetric expansion state in anisotropy invariant map,
whereas if one component of the velocity fluctuations is smaller
than the other two then this is called an axisymmetic contraction
state. The anisotropy vectors are defined as:

(15)

Where k = u/;u’;/2 represents turbulent kinetic energy §;; is known
as kronecker delta . This gives:
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wu'\ 1 v\ 1 ww/ 1
b = (Zk) —3 bm= <2k> —3 bws <2k ) 3
(16)

Figure 13 (a) shows the distributions of the anisotropy vectors
b11, by, b3z for the location r/D=2 (blue) and 2.5 (red) in the wall
jet region for the case without an insert. Here the streamwise di-
rection of channel flow is compared with the radial wall jet di-
rection. For the sake of comparison, the direct numerical simula-
tion (DNS) data of channel flow from Kim et al. [36] is used and
anisotropy vectors are calculated and are plotted in figure 13 (b).
The location of r/D=2 & 2.5 is selected as we would like to com-
pare the channel flow with the wall jet region. Most of the tur-
bulence models are designed on data of channel flows. However,
the figure 13 shows that the case of impinging jet is very different
from the channel flow.

The plot of —II=b;b;j/2 and I =b;bjby;/3 is called
anisotropy invariant map (AIM) in turbulence literature. Previ-
ously Nishino et al. [37] have utilized the anisotropy invariant
map (AIM) for the investigation of the nature of turbulence in
the stagnation zone of an impinging jet at Reynolds numbers of
10,400 and 13,000 and for a natural jet impingement case. They
found that in the stagnation zone the turbulence is following an
axisymmetric contraction state close to the wall. Using the present
LES data for the jet of Re = 23,000 the anisotropy invariant map
for the location r/D=0.05 (stagnation zone) and r/D=2 (in the
wall jet region) is plotted in figure 14 (a) and (b) . The case
without an insert is indicated by blue colour and the insert case is
indicated in red colour. At r/D=2 the near wall flow is behaving as
a two-component type and away from wall the flow is mainly in
an axisymmetric expansion type. The near wall flow is behaving
as a two-component type in both cases. Figure 14 ¢ shows AIM
at r/D=2.5. The near wall flow is behaving as a two-component
type and away from wall the flow is mainly in an axisymmetric
expansion type. At r/D=2.5 away from the wall the flow is in an
axisymmetric expansion type. This wall jet behaviour close to wall
bounded flow channel data of Kim et al. [36] which predicted
two-component behaviour in the near wall region.

6.5. Heat transfer

The Nusselt number is defined as:

Wi (2T) (D) (g \(®
N”‘( an >W<A<Tw—m) - ((Tw—n))(k)

where, A is thermal conductivity, g}, is the heat flux T, is the radi-
ally averaged temperature attained at the target wall and Tj is the
mean jet inlet temperature, n indicates the wall normal direction.

Figure 15 shows the distribution of the time-averaged Nusselt
number at the target wall. Figure 15 (a) shows the Nusselt number
distribution for the case without an insert and Figure 15 (b) shows
Nusselt number distribution in the presence of a cylindrical insert.
The asymmetric distribution is caused by the twin-jet formation.

Figure 15 (c) shows radially averaged mean Nusselt number at
the target wall with and without an insert. Numerical predictions
for the case without an insert are compared with experimental
data of Baughn and Shimizu [38], Baughn et al. [39], Lee and Lee
[40], Yan and Saniei [41], Ashforth-Frost et al. [42], Vejraska [43],
Giovannini and Kim [44], Fenot [45].

The radially averaged Instantaneous and mean Nusselt number
at the target wall (with insert case) are shown in Fig. 16. It is found
that the fluctuations in the Nusselt number distribution are large
in the wake region of the cylinder. However, as the wall jet de-
velops the influence of the wake flow is reduced. For the case of
a cylindrical insert, the secondary peak in the radial distribution

(17)
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area at the location of insert.

of the Nusselt number is found to be shifted towards the zone
affected by the wake region. The impact of the high velocity jet
streams, originated by the cylindrical insert, causes the increase in
heat transfer rates. Due to the cylindrical insert, it is found that
two jet streams emerge from the sides of the cylinder with the ve-
locity reaching values twice as high as in the main pipe, causing
the Reynolds number to be doubled.

Figure 17 (a) shows the time averaged mean velocity at a dis-
tance of one diameter away from the target wall i.e. y/D=1. The
velocity is normalized with the bulk velocity at pipe inlet. As can
be seen here the inclusion of an insert would cause an increase in
velocity of the jet and twin jets are formed. Figure 17 (b) shows
the effective flow area as insert is reduced compared with no in-
sert case.

The radial distribution of Nusselt number normalised by Re?/3
is plotted in Fig. 18 as suggested by Martin [46]. The Nusselt num-
ber is normalised by the Reynolds number of the flow in the main
pipe. The Reynolds number based on the hydraulic diameter and
the maximum velocity is defined as Re;,y =Umax Dy/v = 12,696, is
used for normalization. It is found that as the effective flow area is
reduced, this Reynolds number is smaller than the Reynolds num-
ber of the flow in the main pipe. The finding that inserts could af-
fect the heat transfer at the target wall has been confirmed by ex-
periments [9]. The current LES simulation results thus support this
finding. However, as a word of caution, the authors suggest that
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more experiments are needed to identify optimum insert shapes
and flow regimes for heat transfer improvement.

7. Conclusions

The passive excitation of an impinging jet through a cylindri-
cal insert is investigated through LES. The jet is excited passively
using a cylindrical insert that is placed just before the jet’s outlet.
The vortex shedding from the cylinder is changing the flow-filed
of the jet. The Reynolds number of the delivery pipe was 23,000
and based on the hydraulic diameter at the insert location and
the maximum velocity it is Repy =Umax Dp/v =12,696. The jet's
outlet-to-target wall distance is two pipe diameters. Following con-
clusions can be drawn:

The presence of an insert will alter the flow and thermal fields
of the impinging jet in the stagnation zone, leading to higher
skin-friction coefficients and higher heat transfer.

It can be observed that the insert is causing a departure of the
flow behaviour from a free jet and an insert would cause the
formation of twin-jets, which velocity twice as high as that of
a jet without an insert.

It is found that the insert can generate flow fluctuations which
enhances the heat transfer rates. The time averaged mean flow
field shows an up-wash with plume like appearance is gener-
ated in the impingement zone in near wall region. It is found
that turbulent kinetic energy is very high in this region. Also,
the secondary peak in radial distribution of the Nusselt num-
ber is found to be shifted towards the impingement zone.

It is found that the heat transfer is greatly enhanced by the use
of such a device.

The anisotropies generated in the impingement zone are quite
different from the channel flow. However, the flow would come
closer to channel flow in wall jet development zone.
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