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a b s t r a c t 

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 

number based on bulk inlet velocity is 23,0 0 0 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 

applications. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The behaviour of impinging jets has been investigated in depth 

oth numerically and experimentally in the past. Excellent re- 

iews of the state of art can be found in [1–3] . The core tar-

et of the present study is on the use of passively-generated ex- 

itations to augment the heat-transfer rates from the impinging 

et–a topic that has received little attention to date with the fo- 

us, so far, being mainly directed towards the study of the ef- 

ects of excitation by means of active control [4–7] . While such 

ethods have proved to be effective in the enhancement of heat- 

ransfer rates, their use requires an efficiently devised mechanism 

or the control of the flow field and their efficiency depends heav- 

ly on the amplitude of the excitation and judicious choice of fre- 

uencies. Passive excitation of the jet, on the other hand, can 

otentially produce similar benefits with far less complexity and 

ost. 

Despite its potential benefits, there are only but a few studies 

ocused on passive jet excitation and its influence on the target 

all heat transfer. Herwig et al. [8] investigated the impinging jet 

eat transfer variability due to unsteadiness introduced through a 

ircular ring installed in free jet that has generated periodic vortex 

hedding. This leads to precessing effect and intricate flow pattern 

s flow moves around circular ring. They found that the heat trans- 
∗ Corresponding author. Universiti Teknologi Brunei, Jalan Tungku Link, Gadong, 

E1410, Brunei Darussalam. 

E-mail address: naseem.uddin@utb.edu.bn (N. Uddin). 

I

a

t

n

ttps://doi.org/10.1016/j.ijheatmasstransfer.2020.120705 

017-9310/© 2020 Elsevier Ltd. All rights reserved. 
er can be augmented for the von Karman jet nozzle in which ad- 

itional unsteadiness and turbulence is introduced. Haneda et al. 

9] explored a setup in which a circular cylinder elastically sus- 

ended with a cantilever-type plate spring in the slot jet impinge- 

ent region. The cylinder was 3 or 5 times as large as the jet slot

idth whereas slot jet’s Reynolds number is from 10,0 0 0 to 5,0 0 0.

ao et al [10] used arrays of triangular tabs installed on the exit 

f turbulent round impinging jets issuing from a long pipe. They 

ound that for small nozzle-to-plate spacings the locally heat trans- 

er can be increased up to 25% compared with the case of no tabs 

nstalled. Also, the first and secondary peaks in radial distribution 

f the Nusselt number are observed at jet’s outlet-to-target wall 

istance of 4. 

The control of vortex shedding by a cylinder has been the sub- 

ect of several studies using a feedback mechanism, surface mod- 

fications or cylinder oscillations. The wake from a cylinder can 

e an effective mean for increasing heat transfer at target wall. 

hattacharya and Ahmed [11] conducted experiments to measure 

ean surface pressures and heat transfer rates on a flat plate with 

et impingement of Reynolds number = 50,0 0 0. Four cases were 

onsidered for the passive excitation of the jet consisting of (1) 

n-line jet, (2) in-line jet with stationary cylinder placed at 1.5D 

rom jet’s outlet, (3) in-line jet with eccentrically mounted oscil- 

ating cylinder, and (4) in-line jet with oscillating cambered airfoil. 

t was found that enhancement of the heat transfer rates can be 

chieved which is attributed to enhanced mixing/turbulence due 

o wakes vortex dynamics and oscillatory dislocation of the stag- 

ation streamline. In terms of excitation device stationary cylinder 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120705
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120705&domain=pdf
mailto:naseem.uddin@utb.edu.bn
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120705
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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/m 

2 K 

k turbulent kinetic energy, m 

2 /s 2 

K constant convection velocity, m/s 

wavenumber, 1/m 

Lp delivery pipe length, m 

q ′′ w 

heat flux at wall, W/m 

2 

r radius, m 

R uu autocorrelation of velocity signal 

L(t) integral length scale, m 

U b Bulk velocity at jet’s inlet, m/s 

U Mean velocity in walljet region, m/s 

< u > radial component of velocity, m/s 

u τ frictional velocity, m/s 

u + dimensionless turbulent velocity in wall bounded 

flows u/ u τ
y + dimensionless wall coordinates �y.u τ / ν , 

P Pressure, Pa 

T Temperature, K 

Greek 
ˆ φ large scale component 
˜ φ Subgrid component 

ν kinematic viscosity 

�s subgrid thermal diffusivity 

λ Thermal conductivity, W/mK 

Turbulent fluctuations 

u ′ v ′ turbulent shear stress 

u ′ u ′ , v ′ v ′ , w 

′ w 

′ turbulent velocity fluctuations 

T ′ T ′ turbulent temperature fluctuations 

Dimensionless Numbers 

Re Reynolds number U b D/ ν
Pr Prandtl number 

Pr s subgrid turbulent Prandtl number 

Nu Nusselt number 

Re hD U max D h /v 

nd oscillating cylinder heat transfer on target wall results were 

ot very different. 

Li et al. [12] presented heat transfer results of large eddy sim- 

lation (LES) of normally impinging elliptic air-jet heat transfer at 

 Reynolds number of 4,400, with an orifice-to-plate distance fixed 

o be 5 in the unit of the jet nozzle effective diameter. LES are car-

ied out using a dynamic subgrid model and Open-FOAM. Natara- 

an et al. [13] presented large eddy simulation for jet impingement 

ith a vibrating wall. The jet’s Reynolds number was 23,0 0 0 and 

he jet’s outlet-to-target wall was two diameters. Vortical struc- 

ures are shown to play a major role in convective heat trans- 

er even under the vibrating conditions of the impingement wall. 

rumbein et al. [14] investigated slot jet impingement at a mod- 

rate Reynolds number of 9,120, using a time-accurate Very Large 

ddy Simulation (VLES). The results were compared with experi- 

ental data. Penumadu and Rao [15] conducted LES simulations to 

et a better understanding of the flow physics in multiple jet im- 

ingement arrays. The Reynolds number was varied from 5,0 0 0 to 

0,0 0 0. They found that CFD is over-predicting the pressure drop 

n case of multiple jet impingement as high as 50%. 

In this paper a case of passive excitation of the impinging jet’s 

elocity field has been investigated. The excitation is produced us- 
2 
ng a cylinder which is inserted just before the jet emerges from 

he pipe. The flow is studied numerically using Large Eddy Sim- 

lations (LES). The jet’s Reynolds number (Re = U b D/ ν) of the main

ipe flow is 230 0 0 and the dimensionless jet’s outlet-to-target wall 

istance (H/D) is two. The benchmark test case of single jet im- 

ingement (Cooper et al. [16] ) is investigated for comparative pur- 

ose. The interested reader is referred to Uddin et al. [17] for the 

iscussion on the case of natural jet impingement without an in- 

ert. 

An impinging jet can be excited actively by modulating jet’s ve- 

ocity and temperature fields in time. Also a jet can be excited pas- 

ively by placing insert inside the pipe or fee jet development zone 

efore it impinges on the surface. In the present study the focus is 

et on passive excitation using a cylindrical insert, which is placed 

ust before the jet’s issues from a pipe. 

. Governing Equations 

In LES, the quantities are divided into a large-scale and a small- 

cale motions as φ = 

ˆ φ + 

˜ φ. Here, φ serve as the flow quantities 

ike velocity ( u i ), pressure ( p ), temperature ( T ) etc. The quantity ˆ φ
erve as the large scale (resolved) component which is time de- 

endent, and the quantity ˜ φ denotes the small scale (unresolved), 

r sub-grid component. Here in this paper an implicit filtering ap- 

roach is used i.e. the grid size is use as appropriate filter. For 

ewtonian fluids with no body forces and sub-grid scale density 

uctuations we can write conservation equations as follows (Pope 

18] ): 

∂ρ

∂t 
+ 

∂(ρ ˆ u i ) 

∂ x i 
= 0 (1) 

∂(ρ ˆ u i ) 

∂t 
+ 

∂(ρ ˆ u i ̂  u j ) 

∂ x j 
= 

∂ 

∂ x j 

{
μ

[
∂ ̂  u i 

∂ x j 
+ 

∂ ̂  u j 

∂ x i 

]}
−

∂τ sgs 
i j 

∂ x j 
− ∂ ̂  p 

∂ x i 
(2) 

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

sgs 
i j 

− 1 

3 

δi j τ
sgs 

kk 
= −2 μs 

[ 
ˆ S i j −

1 

3 

δi j ̂
 S kk 

] 
(3) 

here μs is the subgrid viscosity defined as μs = ρ( c s �) 2 ̂ S , where 

 s is dynamically adjusted based on dynamic Smagorinsky model 

roposed by Germano et al. [19] . After filtering operation, the en- 

rgy equation can also be expressed as: 

∂(ρc p ̂  T ) 

∂t 
+ 

∂(ρc p ̂  u j ̂
 T ) 

∂ x j 
= 

∂ 

∂ x j 

[
�c p 

∂ ̂  T 

∂ x j 

]
−

∂q sgs 
j 

∂ x j 
(4) 

The turbulent heat-fluxes at sub-grid level are specified by us- 

ng the gradient diffusion assumption as: 

 

sgs 
j 

= −�s c p 
∂ ̂  T 

∂ x j 
(5) 

here, ˆ T is the resolved temperature and �s is the subgrid thermal 

iffusivity. After substituting eq. (5) into eq. (4) the following form 

f the energy equation is obtained: 

∂(ρc p ̂  T ) 

∂t 
+ 

∂(ρc p ̂  u j ̂
 T ) 

∂ x j 
= 

∂ 

∂ x j 

[
(� + �s ) c p 

∂ ̂  T 

∂ x j 

]
(6) 

The sub-grid thermal diffusivity �s can be expressed as 

s = μs / Pr s (7) 

here Pr s is the sub-grid turbulent Prandtl number which is set to 

.9 (Uddin et al. [17] ). The values assigned to the subgrid turbulent 

randtl number are ranging form 0.3 to 0.9. But more and more 

esearcher have taken a value of 0.9. Deardorff [ 20 , 21 ] used a sub-

rid Prandtl number less than one. Moeng and Wyngaard [22] used 

 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 

v

[

o

p

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. 

g

t

v

c

F

s

(

i

alue of 0.3 for subgrid Prandtl number. More recently, Hadziabdic 

24] simulated a quarter of an impinging jet using LES with value 

f subgrid Prandtl number of 0.9. From our previous LES of im- 

ingement of natural jet studies, we found that a value of 0.9 is 
igure 3. Instantaneous Velocity distribution in the jet and in the impingement region 

ection of cylinder (c) in transverse direction of cylinder (parallel to the axis of insert). 

d) The velocity distribution at the pipe outlet with and without insert. (b) Power Spect

ndicates the slope of the inertial subrange. 

3 
iving good results. As current case is also a jet impingement case 

he same 0.9 value is selected. 

The test filtering has been done by averaging over 27 control 

olumes. The above equations are solved with the density taken as 

onstant. 
(a) without insert (b) Time averaged mean velocity (b) in perpendicular to cross- 

Flow over a cylindrical insert and formation of a twin jet system can be observed 

ral density (PSD) of velocity fluctuations in the jet at y/D = 1 and r/D = 0.5, the line 
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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 
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. Inflow and Boundary Conditions 

The mean velocity profile of a hydrodynamically fully developed 

urbulent pipe flow, together with time-varying velocity fluctua- 

ions, are prescribed at the inlet plane (see Fig. 1 ). The turbulent 

ean velocity profile for a fully developed pipe flow is prescribed 

rom Kays et al. [25] : 

 

+ = 2 . 5 ln 

[
1 . 5 y + (1 + r/ (D/ 2)) 

1 + 2 (r/ (D/ 2)) 
2 

]
+ 5 . 5 (8) 
4 
here, y + =�y u τ / ν represents the pipe wall normal direction, D 

s the diameter of the pipe, u 

+ is dimensionless wall velocity is 

 

+ = u/u τ . In case of a natural jet (non-excited jet), the bulk inlet

elocity ( U b ) is calculated from equation (8) . The above equation 

eeds the correct estimate of frictional velocity which is estimated 

rom a smooth pipe friction correlation (see e.g. White [26] ). 

The appropriate generation of turbulent inflow fluctuations was 

one using the artificial turbulence generation procedure devised 

y Klein et al. [27] . According to this approach the digital fil- 

er 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. 
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1

rated which are qualitatively in agreement with prescribed tur- 

ulent fluctuations. This requires also a prescribed autocorrelation 

unction R uu which defines the homogeneous turbulence levels as 

eveloped (see Klein et al. [27] ). The autocorrelation function is 

efined as: 

 uu ( ̂ r ) = exp 

(
−π ˆ r 2 

4 L (t) 
2 

)
(9) 

here, L (t) = 

√ 

2 πν(t − t o ) is the integral length scale at the in- 

ow plane and ˆ r is the position vector. According to this procedure, 

he inflow turbulent velocity generated is based on the relation: 

 i = < u i > + a i j u 

′ 
j (10) 
5 
here, < u i > is the mean axial velocity, u ′ 
j 

are velocity fluctua- 

ions and a i j is the Cholesky factorization of the Reynolds stress 

ensor. To accomplish this task a separated LES periodic pipe flow 

imulation is executed and turbulent fluctuations were used. This 

pproach greatly reduced the computational burden. 

Outlet boundary Condition: A convective boundary is specified 

t the outlet of the domain (Colonius [28] ): 

∂U 

∂t 
+ K 

∂U 

∂r 
= 0 (11) 

The quantity K is taken to be a constant mean convection ve- 

ocity of the large-scale structures. 

At the target wall, a constant heat flux per unit area ( q w 

) of

,0 0 0 W/m 

2 is applied. The value of heat flux applied will af- 
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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. 

Figure 7. Distribution of time averaged u ′ v ′ and u ′ 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). 

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

data. 
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ect the temperature of jet in stagnation zone and wall-jet de- 

elopment zone. Since the heat transfer is reported in terms 

f Nusselt number, the value of heat flux applied is not that 

mportant. 
6 
Adiabatic and no-slip wall boundary conditions are applied at 

he pipe wall and insert. The boundary condition at the top wall 

lose to jet’s outlet is thermally adiabatic and no-slip. The tem- 

erature field inside the computational domain is initialized using 

he jet’s inlet temperature which is set to 293 K. The domain is 

nitialized with the same value as the jet’s inlet temperature. It is 

nown that the entraining fluid temperature has an influence over 

he pre-impinged jet’s temperature. However, since in current nu- 

erical simulations the jet’s inlet temperature and entraining fluid 

emperature near jet are the same, this caused no change in the 

ulk inlet jet’s temperature field. 

. Flow Solver 

All computations were executed in non-commercial CFD code 

alled FASTEST (Flow Analysis Solving Transport Equations Sim- 

lating Turbulence) (see Sternel [29] ). This code is based on 

nite-volume methods and it solves the three-dimensional filtered 

avier-Stokes and energy equations. The sub-grid model proposed 

y Germano et al. [19] is used in computations reported in this pa- 

er. The SIMPLE algorithm is used for pressure velocity coupling. 

he second order accurate time discretization scheme called im- 

licit Crank-Nicolson method is used. For the space discretization 

f 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) ◦ r/D = 1, + r/D = 1.5, ∗ r/D = 2, x r/D = 2.5, � 

r/D = 3, � r/D = 3.5, � r/D = 4. 

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) ◦ r/D = 1, + r/D = 1.5, ∗ r/D = 2, x r/D = 2.5, 

� r/D = 3, � r/D = 3.5, � r/D = 4. 
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s used. The resulting set of equations is solved using the SIP solver 

30] . 

. Problem Description and Computational Setup 

Both the computational domains ( Figure 1 ) are consist of a 

ylindrical domain and a circular pipe. The case of jet impinge- 

ent without insert is shown in Figure 1 (a). A delivery pipe length 

L p ) of 2 D is used for the no-insert case, whereas, the delivery pipe

ength (L p ) of 6D is used for the cylindrical insert case. Here D is

he diameter of the delivery pipe. The diameter of the main im- 

ingement region domain connected with the delivery pipe is 16 
7 
 . The jet issues through the pipe at the centre of the main do-

ain. For both cases, the distance between jet’s outlet to the tar- 

et wall is 2D. The jet Reynolds number, based on D and the time 

veraged bulk velocity U b, is 23,0 0 0. The diameter of the cylindri- 

al insert is 0.4 times of the diameter of the main pipe. The center 

f the cylinder is located at (x,y,z) = (0, 2.2D, 0) in Cartesian coor- 

inates, e.g. 0.2D inside pipe just before the jet issues into main 

mpingement domain. 

The whole computational domain is modelled using an O-grid 

nd hexahedral structured cells. The grid was constructed using 

CEM-CFD of ANSYS, Inc [31] . The details of grids used in this work 

re summarised in Table-I. In case of no cylindrical insert in the 
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Figure 11. Turbulent velocity fuctuations (a & b) u ′ u ′ (c & d) v ′ v ′ (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. 

8 
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Table 1 

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 7.3 

Near-wall y + value 0.2 0.5 

Mean �r + = (�r) u τ /ν 29 16 

Mean r �θ+ = (r �θ) u τ /ν 17 20 

Figure 12. (a) Distribution of turbulent kinetic energy in the impinging jet zone 

(a) iso-surface of turbulent kinetic energy (k/U b 
2 = 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 . 
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c  
ipe, the total grid consist of 10 million control volumes. The di- 

ensionless mean grid spacing �r + = (�r) u τ /ν is 29 in radial di- 

ection and 16 in azimuthal direction. 

Figure 1 (b) shows the computational domain used for the - 

ES investigation for the case of cylindrical insert at the jet out- 

et. In the near wall region, the mesh quality fulfils the require- 

ents as deemed necessary for a properly resolved large eddy 

imulation. The mean mesh spacing near the wall corresponds to 
+ / η+ = 6 . 4 , where η is the order of the Kolmogorov scale and

is grid spacing. The most important region for an impinging jet 

s the stagnation and wall jet regions. It is known that the for the 

all jet region (r/D < 4) two peaks in Nusselt number are present. 

n this zone the grid spacing is defined as �r + = (�r) u τ /ν = 8 
9 
ithin the jet zone and 16 in the wall jet region. This indicates 

hat the number of control volumes used in the jet impingement 

one are high. Also close to cylindrical insert the mesh quality is 

mproved. The structured O-grids are used in regions surrounding 

he insert with 12 blocks surrounding the cylindrical insert. Over- 

ll 7.3 million control volumes were used for the simulation of jet 

ith insert case. The dimension less grid spacing is tabulated in 

able 1 . During simulations run, the CFL number is maintained at 

 value less than one. Once flow become statistical stationary, the 

imensionless time step �td/ U b corresponds to 3.57x10 -08 , where 

 is the diameter of the cylindrical insert. The total simulation time 

as 90 cycles. The flow took around 20 cycles to attain statistical 

tationary state. Here one cycle corresponds to the vortex shedding 

requency of the cylindrical insert. Once the flow became statistical 

tationary, it was averaged in time. Also in plots, presented in this 

aper the flow and thermal fields are averaged at radial positions. 

The computations were done in a Cartesian coordinate sys- 

em. However, as the domain is cylindrical the results are reported 

long the radius of target wall. Figure 1 (c) shows the radius coor- 

inate used for post-processing of the computational results in the 

ollowing section. Figure 1 (d) shows the plane parallel to the insert 

xis which is used to extract data later in this paper. 

Figure 2 (a) shows the cross section of the gird used for natural 

et impingement and Figure 2 (b) shows the grid used for jet im- 

ingement with a cylindrical insert. Figure 2 (c) shows the close-up 

iew of the grid surrounding the cylindrical insert. 

. Results and Discussion 

In this section, first the mean and instantaneous flow field in- 

ide the wall jet region are presented. This is followed by the 

resentation of the law of the wall for the wall-jet region. After 

hat the turbulent kinetic energy levels are discussed along with 

nisotropy in the stagnation and wall jet region. Finally the heat 

ransfer from jet impingement is explained. 

The placement of the cylinder in the pipe causes the forma- 

ion of a wake region which extends till the target wall. The size 

nd strength of this wake region changes in time and the vortices 

hed by the cylinder strike the surface. It has been found experi- 

entally that different vortex structures formed sweeping over the 

ylinder in wake region leading to different flow topology as out- 

ined in Table 2 (see Lugt [32] ). In the context of an external flow

ver a cylinder, the Reynolds number of the flow, based on the in- 

ert diameter, is 11,500. According to Lught [32] for this range of 

eynolds number a vortex street with superimposed irregular fre- 

uencies is expected. However, here the cylindrical insert is in a 

onfined space and the flow over it is different from free-stream 

onditions. Lught’s [32] flow regimes are for the case of a flow 

ver a cylinder under wind tunnel conditions. The placement of 

 cylindrical insert inside a pipe and the flow conditions around 

he cylinder are very different to the free flow around a cylinder 

n a wind tunnel. 

.1. Mean and Instantaneous flow field 

The velocity distributions at the pipe outlet with and without 

ylindrical insert is shown in Figure 3 . Due to the presence of in-
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Table 2 

Flow over Cylinder (see Lugt[32]) 

Reynolds number range flow over cylinder Flow behaviour 

0 < Re d < 5 No flow separation 

5 < Re d < 45 Vortex pair attached to cylinder 

45 < Re d < 200 Purely laminar, vortex street 

200 < Re d < 4.5 × 10 5 Formation of vortex layer; Vortex street superimposed with irregular frequencies 

Re d > 4.5 × 10 5 Turbulent vortex street 

Figure 13. (a) Anisotropy vectors b 11 , b 22 , b 33 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 
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ert the effective flow region at the jet’s outlet is reduced and the 

ean jet velocity is increased. 

Figure 3 shows the velocity distribution inside the jet and the 

mpingement region for both cases. Figure 3 (a) shows the velocity 

istribution for the case without an insert and Figure 3 (b) shows 

he time averaged mean velocity perpendicular to the cross-section 

f the cylinder. Figure 3 (c) shows the time averaged mean veloc- 

ty in the transverse direction of the cylinder i.e. parallel to the 

xis of the insert. The flow over the cylindrical insert and the for- 

ation of a twin jet system can be identified. In Figure 3 (d) the

ower Spectral density (PSD) of velocity fluctuations in the jet’s 

hear layer at r = D/2 and y/D = 1 is plotted. The line indicates the

lope of the inertial subrange. Here is the wave number. This 

lope is in agreement with the empirically known characteristics of 

urbulence spectrum. Also in LES subgrid modelling an important 

ssue is of the energy build up at higher wave numbers. The spec- 

rum confirms the characterstics of Germano model that it does 

ot allow it and thus deemed suitable of thermal and flow analy- 

is. 

Figure 4 shows the instantaneous pressure distribution over the 

arget surface. In case of no insert the pressure is highest at the 

eometric centre of the target wall, as seen in Figure 4 (a). How- 

ver, for the case of the cylindrical insert the flow is split-up into 

wo parts and the twin jets strike on the target wall creating two 

istinct high-pressure regions. Figure 4 (b) shows the instantaneous 

ressure distribution at the target wall perpendicular to the cross- 

ection of the cylinder. Figure 4 (c) shows the same distribution 

n transverse direction of cylinder (parallel to the axis of insert), 
10 
hereas Figure 4 (d) shows the instantaneous pressure distribution 

erpendicular to the cylindrical insert. The instantaneous pressure 

hange in the jet’s stagnation zone is different from the case with 

o insert. The insert causes the formation of a high-pressure zone 

bove the insert. Apparently, the similar high pressure is formed 

ver the twin-stagnation zones. This is confirmed through the iso- 

urfaces of the time averaged pressure field. 

Figure 5 (a) shows the instantaneous temperature field perpen- 

icular to the insert whereas figure 5 (b) shows the instantaneous 

emperature field parallel to the insert. Figure 5 (c) shows that the 

nstantaneous temperature distribution at target wall is asymmet- 

ic, especially in the stagnation zone due to the twin-jet formation. 

Figure 6 shows the distribution of the time averaged wall jet 

adial velocity component < u > with and without insert at r/D = 2 

nd 2.5. For the case of no insert the predictions are compared 

ith experimental data of Tummers et al. [33] . It can be seen that 

ES predictions agrees well with experimental data of Tummers 

t al. [33] . Figure 7 shows the time averaged u ′ v ′ and u ′ u ′ distribu- 

ions in the wall jet region at r/D = 2 and 2.5 for the cases of jet

mpingement with and without a cylindrical insert. 

The case of impinging jet depends a lot on the actual inlet con- 

itions. 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- 

et is not well elaborated. From experimental data, we can notice 

hat the jet’s with the same or close Reynolds numbers can give 

ifferent Nusselt number distributions (discussed later in the pa- 

er). This shows that even through the mean flow is matched in 

imulations with experimental data the inflow fluctuations are not 

roperly 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. 
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The LES predictions for the case without insert are also com- 

ared with Tummers et al. [33] and Cooper et al. [16] data. The 

ormalized shear stress is plotted in figure 8 and compared with 

ummers et al. data [33] . It can be seen that though the order

f magnitude of velocity in wall jet region is not very different 

or both the cases the gradient at the impingement wall is much 

igher for case of jet impingement with insert than the gradient 

or case of jet impingement without an insert. 

The large velocity gradient in the wall-jet accelerating zone, 

auses a high skin friction coefficient at the target wall for the jet 

mpingement with insert. 

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

Özdemir [34] and Guerra and Feire [35] have investigated the 

emi-logarithmic wall relation which can be used to model the in- 

er layer inside the wall jet region. They proposed the following 
11 
elation: 

 

+ = 

u 

u τ
= 

1 

κ
ln 

(
y u τ

ν

)
+ B (12) 

here B is a function of the mean and the the frictional velocity. 

sing the procedure proposed by Özdemir et al. [34] and Guerra 

nd Feire [35] the following relationship is obtained: 

 = 1 . 122 

(
U m 

u τ

)
− 10 (13) 

The first term in the above equation is called profile shift pa- 

ameter, which is subtracted from the law of the wall. The curve 

btained represents an equilibrium layer that extends up to the 

oint of the maximum velocity. This has been observed in wall- 

et region from experimental investigation for the non-excited jet 

ase [ 34 , 35 ]. Figure 9 (a) and 9(b) show the radial velocity profiles

n wall jet region with and without subtracting the shift- parame- 

er in semi-logarithmic axes for the velocities normal to the insert 

xis. 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. 
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nd without subtracting the shift parameter in semi-logarithmic 

xes for the velocities parallel to the insert axis in the wall jet di- 

ection. It is found that close to impingement zone the flow in wall 

et, parallel to the insert axis may deviate from the law of the wall.

.3. Turbulent Fluctuations 

The turbulent kinetic energy is defined as: 

 = 

1 

2 

( u 

′ u 

′ + v ′ v ′ + w 

′ w 

′ ) (14) 

It is important to understand the benefits of placing an insert 

n the jet’s path. Figure 11 (a & b) show the turbulent velocity fluc- 

uations u ′ u ′ , Figure 11 (c & d) show the turbulent velocity fluctu- 

tions v ′ v ′ and Figure 11 (e & f) show the turbulent velocity fluc- 

uations w 

′ w 

′ . As seen in the Figure 11 the fluctuations in the tar- 

et wall normal directions are higher than what has been known 

or an impinging jet without an insert. In case of regular jet im- 

ingement with no inert the radial velocity fluctuations are much 

igher than the fluctuations normal to a target wall. This confirms 
12 
hat the insert has profound influence on the jet’s dynamics and 

assive excitations leads to changes in fluctuations in the near-wall 

egion. 

Figure 12 (a) shows the iso-surfaces of time -averaged turbu- 

ent kinetic energy (k/U b 
2 = 0.32) close to the target wall while 

igure 12 (b) shows distribution of the turbulent kinetic energy in 

he jet shear layer and in the impingement zone and the location 

f maximum turbulent kinetic energy which is at y/D = 0.12. It is 

ound that the turbulent kinetic energy is maximum in the stagna- 

ion zone. 

In the case of impingement without insert the location of maxi- 

um turbulent kinetic energy is in wall jet region (k/U b 
2 = 0.054), 

hereas in the case of jet impingement with a insert the location 

f maximum turbulent kinetic energy is within the stagnation zone 

ith the value of (k/U b 
2 = 0.42). Comparing the maximum values 

f turbulent kinetic energies for both the cases there is 670% in- 

rease in values of maximum turbulent kinetic energy. 

Figure 12 (c & d) shows the close wall plume formation in the 

tagnation region with time averaged pathlines of time-averaged 
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Figure 16. Radially averaged Instantaneous and mean Nusselt number at the target 

wall (with insert case). 
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ow field. The time averaged temperature field normalized by the 

et’s inlet temperature is shown as well. From the time averaged 

ean flow field it is observed that the plume like region has 

ormed close to the target wall. This happened as the incoming 

ow from cylindrical insert wake strikes the surface and swept the 

ow in stagnation region and then created an up-wash region. Al- 

hough this region is small but the complex flow dynamics has sig- 

ificant influence on the heat transfer. In terms of cylindrical in- 

ert’s diameter, the location of plume corresponds to a distance of 

.5 times the diameter of insert. It is important to understand that 

he flow coming from the constricted jet’s outlet when impinges 

n the target wall the flow no longer remains symmetrical. The cu- 

ulative dynamics of vortex shedding and flow impingement give 

ise to asymmetrical flow field in plane of inserts axis and in its 

ormal direction. 

Figure 12 (e) shows time averaged turbulent temperature fluc- 

uations in insert transverse direction (Parallel to the axis of in- 

ert). These fluctuations in the temperature field are small albeit 

re present due to wake formation. The arrow at legend indicates 

he value at the stagnation region which is T ′ T ′ = 2 . The time av-

raged turbulent temperature fluctuations will increase away from 

he stagnation point as the wall jet become thin due to radial 

preading under constant wall heat flux conditions. 

.4. Anisotropy in the stagnation and wall jet region 

A plot of anisotropy vectors and the anisotropy invariant map 

ive great insight into turbulent flows, as the invariants do not 

hange with rotation of the coordinate system. This makes them 

 valuable tool in turbulence analysis. If one component of the ve- 

ocity fluctuations is larger than the other components than this is 

alled axisymmetric expansion state in anisotropy invariant map, 

hereas if one component of the velocity fluctuations is smaller 

han the other two then this is called an axisymmetic contraction 

tate. The anisotropy vectors are defined as: 

 i j = 

u 

′ 
i u 

′ 
j 

2 k 
− δi j 

3 

(15) 

here k = u ′ i u ′ i / 2 represents turbulent kinetic energy δi j is known 

s kronecker delta . This gives: 
13 
 11 = 

(
u 

′ u 

′ 
2 k 

)
− 1 

3 

, b 22 = 

(
v ′ v ′ 
2 k 

)
− 1 

3 

, b 33 = 

(
w 

′ w 

′ 
2 k 

)
− 1 

3 

(16) 

Figure 13 (a) shows the distributions of the anisotropy vectors 

 11 , b 22 , b 33 for the location r/D = 2 (blue) and 2.5 (red) in the wall

et region for the case without an insert. Here the streamwise di- 

ection of channel flow is compared with the radial wall jet di- 

ection. For the sake of comparison, the direct numerical simula- 

ion (DNS) data of channel flow from Kim et al. [36] is used and

nisotropy vectors are calculated and are plotted in figure 13 (b). 

he location of r/D = 2 & 2.5 is selected as we would like to com-

are the channel flow with the wall jet region. Most of the tur- 

ulence models are designed on data of channel flows. However, 

he figure 13 shows that the case of impinging jet is very different 

rom the channel flow. 

The plot of −II = b i j b i j / 2 and III = b i j b jk b ki / 3 is called

nisotropy invariant map (AIM) in turbulence literature. Previ- 

usly Nishino et al. [ 37 ] have utilized the anisotropy invariant 

ap (AIM) for the investigation of the nature of turbulence in 

he stagnation zone of an impinging jet at Reynolds numbers of 

0,40 0 and 13,0 0 0 and for a natural jet impingement case. They 

ound that in the stagnation zone the turbulence is following an 

xisymmetric contraction state close to the wall. Using the present 

ES data for the jet of Re = 23,0 0 0 the anisotropy invariant map

or the location r/D = 0.05 (stagnation zone) and r/D = 2 (in the 

all jet region) is plotted in figure 14 (a) and (b) . The case 

ithout an insert is indicated by blue colour and the insert case is 

ndicated in red colour. At r/D = 2 the near wall flow is behaving as

 two-component type and away from wall the flow is mainly in 

n axisymmetric expansion type. The near wall flow is behaving 

s a two-component type in both cases. Figure 14 c shows AIM 

t r/D = 2.5. The near wall flow is behaving as a two-component 

ype and away from wall the flow is mainly in an axisymmetric 

xpansion type. At r/D = 2.5 away from the wall the flow is in an

xisymmetric expansion type. This wall jet behaviour close to wall 

ounded flow channel data of Kim et al. [36] which predicted 

wo-component behaviour in the near wall region. 

.5. Heat transfer 

The Nusselt number is defined as: 

u = 

(
−∂T 

∂n 

)
w 

(
D 

λ( T w 

− T j ) 

)
= 

(
q ′′ w 

( T w 

− T j ) 

)(
D 

λ

)
(17) 

here, λ is thermal conductivity, q ′′ w 

is the heat flux T w 

is the radi- 

lly averaged temperature attained at the target wall and T j is the 

ean jet inlet temperature, n indicates the wall normal direction. 

Figure 15 shows the distribution of the time-averaged Nusselt 

umber at the target wall. Figure 15 (a) shows the Nusselt number 

istribution for the case without an insert and Figure 15 (b) shows 

usselt number distribution in the presence of a cylindrical insert. 

he asymmetric distribution is caused by the twin-jet formation. 

Figure 15 (c) shows radially averaged mean Nusselt number at 

he target wall with and without an insert. Numerical predictions 

or the case without an insert are compared with experimental 

ata of Baughn and Shimizu [38] , Baughn et al. [39] , Lee and Lee

40] , Yan and Saniei [41] , Ashforth-Frost et al. [42] , Vejraska [43] ,

iovannini and Kim [44] , Fenot [45] . 

The radially averaged Instantaneous and mean Nusselt number 

t the target wall (with insert case) are shown in Fig. 16 . It is found

hat the fluctuations in the Nusselt number distribution are large 

n the wake region of the cylinder. However, as the wall jet de- 

elops the influence of the wake flow is reduced. For the case of 

 cylindrical insert, the secondary peak in the radial distribution 
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Figure 17. (a) The time averaged mean velocity at a distance of one diameter away 

from target wall. The data is normalized with bulk inlet velocity. (b) Effective flow 

area at the location of insert. 
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Figure 18. Normalized distribution of radial Nusselt number at target wall. 
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f the Nusselt number is found to be shifted towards the zone 

ffected by the wake region. The impact of the high velocity jet 

treams, originated by the cylindrical insert, causes the increase in 

eat transfer rates. Due to the cylindrical insert, it is found that 

wo jet streams emerge from the sides of the cylinder with the ve- 

ocity reaching values twice as high as in the main pipe, causing 

he Reynolds number to be doubled. 

Figure 17 (a) shows the time averaged mean velocity at a dis- 

ance of one diameter away from the target wall i.e. y/D = 1. The 

elocity is normalized with the bulk velocity at pipe inlet. As can 

e seen here the inclusion of an insert would cause an increase in 

elocity of the jet and twin jets are formed. Figure 17 (b) shows 

he effective flow area as insert is reduced compared with no in- 

ert case. 

The radial distribution of Nusselt number normalised by Re 2/3 

s plotted in Fig. 18 as suggested by Martin [46] . The Nusselt num-

er is normalised by the Reynolds number of the flow in the main 

ipe. The Reynolds number based on the hydraulic diameter and 

he maximum velocity is defined as Re hd = U max D h / ν = 12,696, is

sed for normalization. It is found that as the effective flow area is 

educed, this Reynolds number is smaller than the Reynolds num- 

er of the flow in the main pipe. The finding that inserts could af- 

ect the heat transfer at the target wall has been confirmed by ex- 

eriments [9] . The current LES simulation results thus support this 

nding. However, as a word of caution, the authors suggest that 
14 
ore experiments are needed to identify optimum insert shapes 

nd flow regimes for heat transfer improvement. 

. Conclusions 

The passive excitation of an impinging jet through a cylindri- 

al insert is investigated through LES. The jet is excited passively 

sing a cylindrical insert that is placed just before the jet’s outlet. 

he vortex shedding from the cylinder is changing the flow-filed 

f the jet. The Reynolds number of the delivery pipe was 23,0 0 0 

nd based on the hydraulic diameter at the insert location and 

he maximum velocity it is Re hd = U max D h / ν = 12,696. The jet’s 

utlet-to-target wall distance is two pipe diameters. Following con- 

lusions 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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