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Abstract

Aerodynamic and thermal experimental investigations were carried out on a row of circular
low Reynolds jets emerging from a perforated pipe. Particle Image Velocimetry and Infrared
Thermography were performed to determine flow velocity fields and local Nusselt number
variations along the impinged plate. Jet Reynolds number (1500 < Re; < 5000), upstream
crossflow in the pipe (1.5 < VR < 9.7), injection-to-plate distance (3 < H/d < 7) as well as
center-to-center jet spacing (2.25 < p/d < 5.8) were all taken into account. Measurements
were compared to those of a fully developed circular jet issuing from a long tube under the
same conditions (3000 < Re; < 5000 and 3 < H/d < 7). Experimental results showed that
jets tend to emerge with an effective cross-sectional area reduced to a crescent shape unlike
that of axisymmetric fully developed jets; their specific structure was attributed to flow
deflection from the pipe to the holes and resulted in heat transfer specificities differing from
those of a fully developed jet. Heat transfer rates were found to be primarily dependent on
injection Reynolds number, injection-to-plate distance and center-to-center spacing, and they

were found to be relatively low compared to a fully developed jet.

Keywords: Jet impingement cooling; Row of jets; Single jet; Crossflow; Heat transfer

coefficient; Infrared thermography; PIV

Highlights
e Jet impingement from a row of holes perforated in a pipe is studied at low Reynolds.
* Local heat transfer is determined with Infrared Thermography technique.
* Flow structure is determined with Particle Imaging Velocimetry (PIV) technique.

» Effect of Reynolds, crossflow, nozzle-to-plate and pitch distances are investigated.

1

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S001793102101173X

* A perforated pipe configuration is compared to a fully developed jet.

Nomenclature

Aj Cross-sectional area of the injection hole
[m?]

C4 Discharge coefficient [-]
D Inner pipe diameter [m]

d Injection diameter [m]

H Injection-to-impinged plate distance [m]
h Convective heat transfer on the impinged
side of the plate [W/m?%K]

Ly, Ly, L, Test section dimension [m]

M; Single jet mass flow rate = M; ;,¢/n [kg/s]
M; ;,+ Total impinging mass flow rate [kg/s]
M,y Pipe mass flow rate at the entrance of
the test section [kg/s]

n Number of injection holes [-]

Nulx,y] Nusselt number = hd /A4, [-]
Nu[y] Line averaged Nusselt number [-]

Nug, Surface averaged Nusselt number [-]

Nu, Nusselt number at stagnation point [-]

p Center-to-center jet distance [m]
Re;j Reynolds number = pV;d/u [-]
T; Jet temperature [K]

T,, T; Test section temperature [K]

Tomp Ambient temperature [K]

T,¢s Reference temperature [K]

T,, Wall temperature [K]

u, v, w Mean Cartesian velocity
components [m/s]

Urms»> Vrms> Wrms ROOt mean square
Cartesian velocity components [m/s]

Vj Injection mean flow rate velocity [m/s]

Vyipe Pipe mean flow rate velocity at the
entrance of the test section [m/s]
VR Velocity Ratio = V;/Vype [-]
X, y, z Cartesian coordinates [m]

r Radial coordinate [m]

Greek symbols
Aqir Air thermal conductivity [W/m/K]

Ap Plate thermal conductivity [W/m/K]

u Air dynamic viscosity [Pa-s]

p Air density [kg/m?]

&p Impinged plate emissivity [-]

@ cona Conductive heat flux on the rear
side [W/mZ2]

@conv,r Convective heat flux on the rear
side [W/m?]

®cony Convective heat flux on the
impinged side [W/m?]

@Qeiec Electrical flux dissipated by Joule
effect [W/m?2]

®raa,r Radiative heat flux on the impinged
side [W/mZ2]

¢¥raaqr Radiative heat flux on the rear side
[W/m?]

Qrosses Total heat flux losses [W/m?]




1. Introduction

Jet impingement effectively enhances convective heat transfer and is consequently
widely used in various applications necessitating high heat transfer rates such as the cooling
of electronics components and food product drying. Impinging jets are also widely used either
to cool or to heat modern aero-engine components such as in turbine blade cooling, outer wall
of turbine casing cooling, and anti-icing systems for wings.

Although widely studied, impinging jets remain a complicated phenomenon
involving complex thermal interactions between fluid and wall as well as highly specific jet
flow mechanisms. Several experimental and numerical overviews have been conducted ([1-
4]). More specifically, the most widely studied configuration is a single jet issuing from a
long tube or a contraction nozzle; impingement of this type of jet on a flat surface serves as a
reference configuration.

The jet region in the vicinity of the injection nozzle, called free jet, has been defined
as a potential core surrounded by a shear layer (Gauntner et al. [5]). The potential core is a
low-lying turbulent region in which mean velocity remains constant. Previous studies on
turbulent jets ([6,7]) have shown that turbulent intensity is generally inferior to 8%. Potential
core length is commonly defined as the distance from the nozzle exit to the area where axial
velocity has decreased to 95% of the initial axial velocity. In the review by Gauntner et al.
[5], length of the potential core can be expressed in terms of injection diameter d, and has
been found experimentally to range from approximately 4.7d to 7.7d depending on the
nozzle configuration; the authors recommend using 6.1d for unknown value of the potential
core. Contrarily to the potential core region, the shear layer is a high-lying turbulent region,
where turbulent intensity approximates 20% ([6,7]). Studies have unequivocally shown that
overall heat transfer depends strongly on the injection Reynolds number Re; based on the
injection diameter d and the impingement height H/d as well as a number of other
parameters: nozzle shape, jet temperature, upstream air supply ([8—11]). The heat transfer
coefficient has been shown to peak at the stagnation point, with the magnitude depending on
depends on H/d. The optimal heat transfer coefficient has been reached for H/d = 6, which
corresponds to the potential core length of the jet ([12,13]). For low injection-to-plate
distances H/d < 4, radial distribution of the heat transfer coefficient presents a secondary
peak (Baughn and Shimizu [14]). Its location ranges from r/d = 1.2 to r/d = 2.1, and

intensity depends on both the Reynolds number and nozzle-to-plate distance. Maximum level



is commonly attributed to the interaction of shear layer vortexes with the impinged wall and
to the formation of secondary vortexes ([15,16]).

Most of the quoted studies deal with heat transfer characteristics due to jet
impingement for relatively high Reynolds numbers. McNaughton and Sinclair [17] defined
such a jet - Re; > 3000 - as fully turbulent. Complementary studies ([8,18-20]) have been
devoted to jet impingement cooling for fully turbulent jets with low Reynolds numbers
(3600 < Re; < 6400), and the authors found no major heat transfer differences compared
to jets with much higher Reynolds numbers. McNaughton and Sinclair [17] also classified the
flow structure of free jets with lower Reynolds numbers (1000 < Re; < 3000), which are
known as semi-turbulent jets; up to a certain distance from a jet exit, there is no apparent
entrainment of the surrounding fluid. Kuang et al. [21] presented a comprehensive
investigation of round impinging jets for semi-turbulent flow (1800 < Re; < 2800). As
pointed out by McNaughton and Sinclair [17], Kuang et al. [21] showed that the free jet
region of semi-turbulent jets is essentially an undisturbed flow region consisting of laminar
length and followed by the potential turbulent core. When the impinged plate is located inside
the undisturbed region, overall heat transfer remains almost unchanged, whereas when the
plate is located outside this region, optimal heat transfer is achieved at the end of the potential
core. Katti et al. [9] compared transitional effects on heat transfer for Reynolds numbers
ranging from 500 to 12000 and jet-to-plate spacing from 0.5d to 8d. With low jet-to-plate
spacing, while they observed a classical secondary peak for Re; = 12000, for lower
Reynolds number values they found only an inflection point, and a continuously decreasing
curve of Nusselt number distribution below Re; = 3000. A study performed by Rohlfs et al.
[22] offers further explanations regarding the cause of second peaks in the radial distribution
of Nusselt number at low injection Reynolds. Lastly, McNaughton and Sinclair [17] classified
free jet flow structure with 300 < Re; < 1000 as fully laminar jets; in their model, there is
no obvious perturbation from the surrounding fluid through the whole jet field. From here on,
our literature review will focus mainly on low Reynolds numbers.

Previously described circular single injection serves as a reference configuration.
However, single jet impingement produces non-uniform heat transfer, which is not at all
conducive to surface cooling. Consequently, multi-jet impingement is extensively used in
industrial cooling. Rows of impinging jets bring into play a number of additional parameters
such as distance between injection holes and jet interactions before and after injection.

Viskanta [1] provided a general overview of the key experimental studies devoted to multi-jet



impingement. Carcasci [23] applied a smoke visualization technique to study the flow of a
row of air jets, and found an interaction area midway between the stagnation zone boundaries;
that is where the vortexes and adverse vortexes are visible at the meeting points of the jets.
This phenomenon, which results from the wall jet interactions, is known as the fountain
effect.

Wright et al. [24] focused on heat transfer and reviewed correlation for a row and an
array of circular jets impinging over a flat surface. Several other teams [25-27] carried out
experiments aimed at determining the heat transfer characteristics due to a single inline row of
jets. Geometric parameters such as nozzle exit-to-flat surface spacing, spacing between two
adjacent nozzles and jet Reynolds number were investigated. Fénot et al. [26] showed that in
high jet center-to-center spacing (from p/d > 4), local Nusselt number distributions near the
stagnation point are approximately identical to those of a single jet. As for smaller jet center-
to-center spacing (p/d < 4), the influence of adjacent jets seems to be limited in the region
where the jets meet. Maximum heat exchange midway between jets has been demonstrated by
many authors [12,26-28], especially for small injection-to-plate spacing and jet-to-jet spacing,
and is commonly attributed to the fountain effect.

Studies on the configuration of inline rows have been complemented by other
interesting and relevant works [1,29,30]. For example, Viskanta [1] showed that a significant
difference with single circular jet is the optimum injection-to-plate distance leading to
maximum heat transfer. While the latter was achieved in a single impinging jet at the end of
the potential core (about 6 diameters downstream), the researchers [1] observed that
maximum heat transfer from arrays of jets occurs about 1-2 diameters downstream with
p/d > 0.5. Huber and Viskanta [29] and Hollworth and Berry [30] found that adjacent jet
interference before impingement becomes limited when p/d is higher than 8, in which case
Nusselt numbers for an array of jets and a single jet become similar.

A large number of studies have dealt with the influence of injection nozzle shape,
with jets issuing from a long tube, a convergent nozzle or an orifice. In these different works,
air supply before the injection runs in the same axis nozzle direction. On the other hand, jets
emerging from an air supply orthogonal to the injection nozzle axis have been sparsely
studied and are far from being completely understood. Impinging jets issuing from such
configurations are yet widely used, particularly in aero-engine components such as anti-icing

systems for wings by means of piccolo tube (Pachpute and Premachandran [31]) or cooling of



casing for the outer wall of the turbine by means of active clearance tube (Da Soghe et al.
[32]).

Impinged plate

72 30 BN BN B B B

= ISR -

Vpipe

Fig. 1: Perforated pipe configuration

For such a configuration (Fig. 1) and unlike classical rows of jets, the mass flow rate
split across the tube is not homogeneous. It bears mentioning that accurate evaluation of the
impinging jet mass flow rate and the associated heat transfer coefficient is fundamental. With
this in mind, some researchers (Da Soghe et al. [32] and Hay and Lampard [33]) have
attempted to characterize the discharge coefficient C; across the injection holes, which is
defined as the ratio of the actual mass flow rate through a hole and the isentropic flow rate. A
C4 correlation was established by Da Soghe et al. [32], who also showed that the mass flow

rate split across the tube can be highly variable. The same experimenters [34] pointed out that

the mass velocity ratio between the jet and the flow in the pipe, (p 7)], / (p 7)pipe is a key

parameter. They observed that geometries for which this ratio is greater than 5 lead to
constant impingement jet mass flow rate distribution, whereas pronounced differences in jet
mass flow rate distribution have been observed for geometries characterized by a low mass
velocity ratio.

Focusing on the thermal aspect, some authors have attempted to characterize heat
transfer ([31,35,36]) and demonstrated that compared to jets issuing from a long tube (or
convergent nozzle), local heat transfer rates are lower. However, the respective influences of
common heat transfer parameters such as jet-to-plate distance, center jet pitch and the
upstream flow in the tube have yet to be conclusively determined. Regarding the flow
structure of jets, the main works ([31,36,37]) have been limited to a numerical RANS
approach. Pachpute and Premachandran [31] observed dissimilarities between injection exit
velocity distributions along the rows of jets. On the one hand, the first jets are strongly
influenced by upstream air supply; they emerge from the injection holes with a deflection
angle, resulting in non-perpendicular flow to the impinged plate. On the other hand, the last
jets impinge normally to the impinged surface and are only minimally deflected. These
numerical studies show that heat transfer and flow structure in jets with this type of

configuration are very different from jets issuing from a single circular injection, as was



experimentally confirmed by Fénot and Dorignac [38], who studied a jet issuing from a
rectangular pipe. They showed that the due to upstream flow influence, injection flow is not
axisymmetric, and that the flow in the injection zone has a crescent shape. Regarding heat
transfer, they observed lower Nusselt numbers than in single circular jets. The influence of
five different parameters (Reynolds number, upstream and downstream crossflow, injection-
to-plate distance, thickness of the injection hole) was likewise taken into account, and they
reported that the most important parameters are the injection Reynolds number and injection-

to-plate spacing.

Article Configuration Reynolds and geometric parameters Measurements
. . . 500 < Re; < 8000
Katti et al. [9] Single jet Nusselt
05<H/d<8
. . . . 100 < Re; < 28000 o
McNaughton and Sinclair [17] Single jet . Flow visualization
Free jet
Kuang et al. [21] Single jet 1800 < Re; < 15000 Flow visualization
3<H/d <33 Nusselt
Review of
. . 2000 < Rej < 124000
Wright [24] Row of jets Nusselt
1<H/d<58;2<p/d <30 )
correlations
. . 2000 < Rej < 124000
Goldstein and Seol [25] Row of jets Nusselt
2<H/d<8;4<p/d<8
, . Re; = 23000
Fénot et al. [26] Row of jets Nusselt
2<H/d<5;4<p/d<8
Single jet with 5000 < Re; < 23000 Nusselt
Fénot and Dorignac [38] tnele jet wi J gsse
upstream crossflow 2<H/d <10 Velocity fields
ingle jet with 16500 < Re; < 19500
Soleimani Nia et al. [39] Single jet wi e{ Velocity fields
upstream crossflow Free jet
j i 1.05< P ine/Pour < 1.15
Da Soghe et al. [34] Row of jets with intet,pipe/ Pout Nusselt
upstream crossflow H/d=7;15<p/d <12 Pressure drop
j i 5000 < Re; < 20000
Pachpute and Premachandran [31] Row of jets with & Nusselt

upstream crossflow 2<H/d<12;14<p/d <29

Table 1: Impingement cooling studies for single and row of jets

Based on these different articles (summarized in Table 1), it appears that only a few
studies have been carried out on upstream crossflow configurations (Fig. 1), mainly with
relatively high injection Reynolds numbers (Re; > 5000). To our knowledge, velocity
measurement and experimental flow structure characterization on impinging jets have yet to
be achieved. To fill the gap, we performed both aerodynamic and thermal experimental
investigations on a single line of seven jets emerging from a pipe and impinging on a plate at
a low Reynolds number. The influencing tested parameters are the injection Reynolds number

Re;, the upstream crossflow quantified through a velocity ratio VR between the jet and the



flow entering the pipe, the injection hole to plate spacing H/d and the center-to-center
injection hole spacing p/d. The jet flow structure and resulting heat transfer of such
configurations were also compared to a fully developed jet issuing from a circular injection

for the same ranges of Re; and H /d.

2. Facilities and methods
2.1. Experimental Setup
As presented in Fig. 2, the apparatus has been designed with the aim of
independently varying each geometric and aerodynamic influencing the parameters. It
consists of an air supply system, a long tube that ensures a fully developed inlet flow and a
test section where jets emerging from the perforated pipe impinge a plate. Pipe and test

section exits allow mass flow rate regulation through both the pipe and the injection holes.
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Fig. 2: Schematic view of the experimental setup

Continuous airflow entering the pipe is supplied by the laboratory pressure-air
circuit. As laboratory supply pressure can vary slightly, two regulators installed in series
providing a two-stage pressure drop are used to adjust the upstream pressure with high
sensitivity. A Coriolis flowmeter (Emerson CMFSO015) measures the mass flow rate with
0.25% uncertainty and 0.20% repeatability, as well as the temperature with 1°C uncertainty

and 0.2°C repeatability. For velocity measurements, an oil generator combined with a



regulator is placed in front of the long pipe to generate tracer particles in the airflow. The oil
generator system is turned off for heat measurements, and airflow goes through a bypass. A
long pipe is then connected to the air supply with a junction located 15D from the extremity
of the testing section to ensure that the flow is fully developed when it nears the injection
holes. At the end of the pipe, the junction is placed 4D from the extremity of the testing
section to avoid any perturbation due to a connector in the vicinity of the injection holes. At
the extremity of the pipe, a valve controls mass flow rate through the pipe. In order to
separately control the mass flow rate in the pipe and through the injection holes, the
impingement is confined to a test section. The impinging jet flow then exits the test section
from the bottom side through a converging section, and a valve is placed downstream to
control the total mass flow rate impinging the plate. A venturimeter is positioned downstream
the converging section to measure the mass flow rate leaving the test section M;;,.. The
venturimeter and associated pressure converters have previously been calibrated between
0.2g/s and 2.1g/s to cover the mass flow rate range used in the experiment (less than 2 %
uncertainty on M;;,.). Flow distribution through the seven injection holes is considered
uniform; this assumption will be discussed in section 3.1. The mass outflow rate of one
hole, M;, is obtained by dividing the total mass flow rate leaving the test section, M; 1o , by
the number of holes. The injection Reynolds number, Re;, is hence defined in terms of the
average mass flow rate per hole:

M‘t td
Rej =L
nAa;u

(1
with M; o, the total mass flow rate leaving the test section, Aj;, the cross-sectional area of a
circular hole, n, the number of holes. The jet and pipe mean flow rate velocities, V., and

Vyipe, are deduced from injection mass flow rate, M;, and inlet mass flow rate My;,.. The

velocity ratio, VR = E/Vpipe, is then controlled by independently varying the mass flow
rate through the pipe and the injection holes.

One thermocouple, T, is located in the entry of the pipe and indicates the
temperature of the jet. Two thermocouples, T, and T3, in the test section specify the ambient
temperature inside. Two thermocouples in the room give the ambient temperature.

Temperatures are measured with type K thermocouples (0.7K relative accuracy).



2.2. Geometric and aerodynamic conditions

For all measurements, perforated pipes present a line of seven holes. The hole
diameter d is fixed, the outer pipe diameter was set at D = 10d and pipe thickness at e =
0.9d. Tested aerodynamic parameters are the injection Reynolds number Re;, the upstream
crossflow VR, tested geometric parameters are the injection hole to plate spacing H/d and the

center-to-center injection hole spacing p/d (Table 2).”

Values [-]
Parameters Perforated pipe Fully developed
configuration jet
Re; 1500 | 3000 | 5000 | 3000 5000
VR 1502 4|97 /
H/d 3 5 7 3 5 7
p/d 225 | 35 5.8 /

Table 2: Aerodynamic and geometric tested conditions

The test section measures Ly = 75d long by Ly, = 40d wide and L, = 28d high for the
smallest injection-to-plate distance (Fig. 2). It was designed so as to be large enough to limit
confinement and reduce edge effects; minimum distance between the holes and the edge of
the test section is 20d. The spanwise direction along the injection hole is defined by X-axis,
the streamwise direction by Y-axis, and the axial axis of the central hole by Z-axis. Two
windows in glass are installed (Fig. 2): Window 1 is located on the lateral side and allows
direct visual access to the impinging jets in the plan (XZ). Window 2 includes a circular
aperture with a diameter equal to the outer diameter of the pipe. This window allow direct
visual access to the impinging jets in the plan (YZ). The impinged plate is located at a
distance H/d from the injection hole and positioned orthogonally to the jet axis. Injection-to-
plate distance is adjustable by means of spacers of various thickness. Two impinged plate are
used as target surface: a glass plate for velocity measurements and a heating plate for heat
transfer measurements.

Experiments carried out for jets emerging from a perforated pipe configuration were
also compared to a fully developed jet issuing from a long tube (28d length). Aerodynamic

and geometric tested parameters are reported in Table 2.
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2.3. Velocity measurement
Flow dynamics is characterized by planar Particle Image Velocimetry (PIV)
technique, which is based on the measurement of instantaneous 2D-velocity fields. To
characterize the potential 3D effects of the flow, the PIV measurement is carried out for six
different planes (Fig. 3):
* Three (XZ) planes for y/d = —0.25, 0 and 0.25
* Three (YZ) planes for x/d = —0.25, 0 and 0.25

y/d=0 |
y/d = —0.25 y/d =0.25 1
[}

1

1 x/d=0.25 |

[ \ !
x/d=0

\ / |
B x/d=—0.251

|

1

[}

|

___________________

(a) (b)

Fig. 3: PIV setup (a) 3D view, (b) location of six measurement planes

The flow is seeded by means of a Laskin Nozzle generating small oil particles in
front of the tube, with average particle diameter at approximately Zpm. The particles are then
illuminated by a thin laser light sheet passing through the impinged glass plate. The ratio of
the hole injection diameter d over the laser plane thickness is between 8 and 10, thereby
avoiding potential 3D effect error due to the averaging of the jet’s speed components over the
width of the laser light sheet. The light intensity scattered by the tracer particles is recorded
with a 25Hz frame rate camera (2560 X 2160 px?) over a 15s time span. The delay between
two laser pulses is between 9us and 120us depending on aerodynamic conditions. 375
images are recorded to obtain time averaged velocity components (u, v, w). The root mean
square velocity components (Uyms, Vrmss Wrms) are equal to the standard deviation and refers
to fluctuating velocity components.

Velocities were estimated using LaVision's DaVis 8.4 software. To enhance particle
contrast intensity and reduce background noise, a black background is placed behind the laser
light sheet and background image subtraction takes place. Cross-correlation is applied: from
an initial pass 64 X 64 to 32 x 32 with 50% overlap. Spatial resolution is equal to
0.039d x 0.039d for (XZ) planes and 0.082d X 0.082d for (YZ) planes.
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The uncertainties of PIV measurements are relatively hard to calculate accurately
due to the numerous biases to be taken into account and because some of them cannot easily
be quantified: out-of-plane-motion, scale calibration, seeding density, etc. Recently, PIV
uncertainty quantification has been a focus of study (Neal et al. [40] and Sciacchitano et al.
[41]). Wieneke [42] attempted to calculate an uncertainty value for individual instantaneous
velocity vectors. Sciacchitano and Wieneke [43] also studied uncertainties for derived
quantities such as vorticity and Reynolds stress. Uncertainty of the time-averaged quantities

was found to be accurate within 5%, whereas that of RMS quantities is accurate within 10%.

2.4. Heat transfer measurement

The local heat transfer coefficient on the impinged plate is calculated using infrared
thermography and the heated foil technique. The target surface is a 0.8mm thick epoxy plate
covered with a thin foil of copper (17.5um thick) engraved to form a circuit linked to a DC
supply and to allow heating of the plate by Joule effect. The plate is painted in black in both
sides to obtain high uniform emissivity (¢ = 0.95 £ 0.02) for precise radiative heat flux
calculation and thermographic measurements. Thermographic measurement on the back side
of the plate is achieved using an infrared camera (FLIR X6580sc) with 17mK thermal
sensitivity at 300K. The 0.8mm thin impinged plate ensures that the Biot number is low
enough (inferior or close to 0.1) to assume that wall temperature on both faces of the
impinged plate is the same when thermal equilibrium is reached. The heating circuit is
engraved solely in the center of the impinged plate to reduce the heating zone (rectangle 15d
wide by 20d long in Fig. 4). Consequently, the maximal difference between plate and jet
temperature is inferior to 60°C and the Richardson number value is low enough to neglect

natural convection effect.

Infrared
camera

Fig. 4: Infrared camera setup (a) 3D view (b) schematic view of the test section
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The method has been described in previous papers [44,45]. The principle is based on

the definition of the heat transfer coefficient characterized by Newton's law:
Ty = 2+ Trpp )

with @.ony, convective heat flux density on the impinged side, T,,, the temperature
of the wall on the same side and T,.f, the reference temperature of the fluid. For a given
aerothermal configuration, at a specific position on the wall, the method consists of imposing
four different convective heat flux densities @y, (i = 1,+++,4) and recording the backside
temperature T,. Considering equation (2) and assuming that the heat transfer coefficient h
and the reference temperature T, are independent of flux density and wall temperature at a
specific position on the wall, a linear trend line is drawn locally through the four couples
(@lonws T). As seen in equation (2) and 5, the linear regression slope corresponds to 1/h,

while the extrapolated ¢, = 0 abscissa indicates the reference temperature Ty.qz.

320
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Fig. 5: Linear regression method

In practice, the impinged plate is heated by imposing electrical intensity in the
copper circuit. The electrical flux density dissipated by Joule effect, @,;..(x,y), is then
calculated locally taking into account the variation of electrical resistivity with temperature.
After impinged plate thermal equilibrium is achieved, the temperature is recorded on the back
side of the plate using an infrared camera. Temperature cartography, T,,(x,y), is the average
of 375 thermographic images registered over 15s and 25Hz frame rate so as to reduce
measurement noises. A local heat balance for each grid point, defined as one pixel of the
cartography temperature, is then achieved in order to determine the convective heat flux

density exchange between the impinged plate and the jet @ ony, (X, ¥):
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Pconv = Petec — Plosses

{(Dlosses = (prad,r + (prad,f + (pconv,r + Pcond (3)

Radiative losses on front side, @44 ¢ and on rear side, @44, are calculated through
Stefan Boltzman's law. The convective losses on the rear side, @conyr(X,y) are then
calculated from a heat transfer coefficient on rear side equal to 6W/m?/K. To determine this
value, an experiment is conducted by heating the front side of the plate without any impinging
jets and by recording the backside temperature, and insulation is placed tight against the front
side surface of the impinged plate. It results in Qg0 = @josses 1N Equation 3, the heat transfer
coefficient on the rear side is hence obtained by resolving the heat balance. The conductive
heat flux density exchanged sideways between adjacent grid points, @.onq(x,y), is also
considered through Fourier's law. The number of grid points is high enough to capture heat
conduction (minimum spatial resolution of 7.3px/d). Typical values of the total heat flux
losses, @505, Tepresents about 15% of the electrical flux dissipated by Joule effect, @qqc-
By repeating this procedure four times with different electrical flux densities @, the
cartographies of local convective heat transfer coefficient h and fluid reference temperature
T,es are deduced. Hence, for each pixel of the front side of the plate, the Nusselt number is
defined as:

Nulx,y] = hd/2qir
where A,;, is the air thermal conductivity.

As presented in Fig. 5, determining the uncertainty of the heat transfer coefficient h
requires first to estimate the uncertainties of both convective heat flux ¢L,,, and wall
temperature T,,. The uncertainty of the infrared camera is noted above while the uncertainty
of @lony is obtained with a statistical approach using error propagation in Equation 3. The
uncertainty values have been reported at a 95% confidence level. The uncertainty of the heat
transfer coefficient h is then determined using a Monte Carlo approach [46]. It consists of
repeating random sampling for ¢l,n, and T} to calculate h for these specific parameter
values. Sample parameters of ¢L,,, and T, have been chosen from a Gaussian distribution.
Overall uncertainty values for the Nusselt number are then deduced and are estimated
between 6% and 12%. The region of maximum error is found in the center line zone,
between stagnation points. Relative uncertainty values between the measurements are

estimated to be under 5%.
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2.5. Validation study

The measurement method regarding the Infrared Thermography technique has been
validated in previous works conducted by the authors [47]: local Nusselt distributions
resulting from a fully developed axisymmetric jet emerging from a long tube are compared
with results from prior published papers (Baughn and Shimizu [14], and Lee et al.[48]).
Comparison at Re; = 23000 and H/d = 2 shows good agreement (less than 12 %).

Keeping in mind that the present work focuses on jet impingement at low Reynolds
numbers, the validation study was completed with additional experiments performed within
our study range (3000 < Re; < 5000). Due to lack of published literature at low Reynolds
number, radial Nusselt distributions obtained in published studies are reported for several
injection-to-plate distances in Fig. 6 (a) and (b). These results are consistent with experiments

performed in this present study.
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Fig. 6: Present study and literature comparison: (a) Re; = 5000, (b) Re; = 3000
3. Results

3.1. Jet flow structure

In this section, the overview flow structure of jets emerging from a perforated pipe
(Fig. 1) is described and then compared to a reference configuration corresponding to a single
fully developed jet issuing from a long tube at the same injection Reynolds and injection-to-

plate distance. As global jet flow structure for a perforated pipe geometry remains similar for
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all tested cases, results are presented for a specific configuration (Re; = 5000, VR = 2,
H/d =7 and p/d = 3.5). The described conditions illustrate the complete development of
jets (H/d = 7) and highlight the effect of upstream crossflow within the pipe (VR = 2).
Specific features visible for other tested cases will be reported below, particularly in regards
to the influence of injection Reynolds number, upstream crossflow and injection-to-plate
distance.

Fig. 7 (a) and (b) present a close-up look of velocity profiles near the injection holes
of the perforated pipe in the plane y/d = 0. Mean and RMS velocity profiles of the three
central jets are reported along z/d = 0.1. As seen in Fig. 7 (a), a region of high normalized
velocity values is located between x/d = 0.1 and x/d = 0.5: in this region, normalized mean
velocity is constant and equal to a maximum value, W/E = 1.5. In the upstream half
(between x/d = —0.5 to x/d = —0.1), mean velocity values are equal or inferior to zero. It
shows that jets issuing from the holes of the perforated pipe are not axisymmetric and tend to
emerge only from the downstream half of the holes. These trends are also observed for the
previous and the subsequent injection holes of which the centers are located at x/d = —3.5
and x/d = 3.5. It can be deduced that jets emerge from a cross-sectional area of reduced size
in comparison to the total hole area. More precisely, as the flow across the perforated holes is
fed perpendicularly, it results in a sudden 90° flow deflection from the pipe to the holes. Flow
separation is likely to occur slightly after the upstream edge of the hole and leads to a cross-
sectional area limited to the second half of the injection holes and to pronounced asymmetry.

Mean velocity of a fully developed jet is also reported for the same Re; and H/d in Fig 7 (a).

Mean velocity profile along the line z/d = 0.1 is parabolic with a maximum value, W/E =
1.2, at r/d = 0. By contrast, a fully developed jet issuing from a long tube is axisymmetric
and emerges from the total area of the hole, resulting in a lower value of maximum mean
velocity. Studies carried out at much higher injection Reynolds numbers tend to confirm the
same mean velocity distribution for jets issuing from a long tube: Fénot and Dorignac [38]
reported maximum normalized mean velocity equal to 1.2 for turbulent injection Reynolds

number Rej = 23000.
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Fig. 7: Comparison of mean and RMS velocity distributions for perforated pipe configuration (Re; = 5000 - H/d =7 -VR =
2-p/d = 3.5) and long tube configuration (Re; = 5000 - H/d = 7). (a), (b): Velocity profiles along z/d = 0.1 - (c), (d):
Perforated pipe: velocity field in y/d = 0 plane - (e), (f): Long tube: velocity field

Fig. 7 (b) presents RMS velocity along the line z/d = 0.1 for the three central jets:
the region of maximum mean velocity described above is associated with low turbulence

intensity, Wy s /m < 5%. The zone is identified as the potential core and is surrounded by
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high RMS velocity caused by the formation of vortex structures in the shear layer. Two
dissymmetrical peaks of RMS velocity at x/d = —0.05 and x/d = 0.5 are visible with RMS
velocity up to 40% and 23%. The shear layer in the downstream half (x/d = 0.5) is triggered
by the lip of the hole. In contrast, near the upstream edge of the potential core, shear layer
development is not initiated by the lip of the perforated hole since peak RMS velocity is
located at x/d = —0.05 rather than x/d = —0.5. Gradient velocity between the jet (region
with maximum mean velocity value, 1.5%) and surrounding air sucked into the injection
hole (region with negative mean velocity value) is particularly high and may trigger shear
layer development. This gradient is larger than gradient velocity between the jet (1.5%) and
the ambient air (zero velocity values) at the downstream edge of the hole. This is likely to
result in higher turbulence intensity and may explain the higher peak in the shear layer located

at the upstream edge of the potential core (Wy /m = 40%) compared to the downstream

edge (Wyms /m = 23%). A second explanation may be that the 3D aspect of the jet is much
more pronounced in the upstream than in the downstream side of the jet. RMS velocity of a
fully developed jet is also reported for the same Re; and H /d in Fig 7 (b). Symmetrical peaks
of RMS velocity are visible at r/d = 0.5 and equal to 10%. Turbulent intensity in the shear
layer of a fully developed jet issuing from a long tube is lower than the turbulence intensity of
jets emerging from a perforated pipe. In regards to the jets emerging from perforated holes,
their deflection from the main flow in the pipe and a higher velocity gradient between the jet
and ambient air presumably generate more turbulence than the fully developed turbulent jet.
To conclude the discussion on the exit injection velocity profiles of a perforated
pipe, more details about the dissymmetrical cross-sectional shape can be deduced from Fig. 8,
which displays mean velocity field for three different planes in the streamwise direction. Only
half planes are presented since velocity fields are symmetrical about plane y/d = 0. Close to
the central exit hole (from z/d = 0 to z/d = 1.5), maximum mean velocity, w /m = 1.5, is
observed in the plane x/d = 0.25. The same maximum mean velocity appears in the plane
x/d = 0, but only at the edge of the hole. In contrast, close to the hole exit mean velocity is
low or even negative in the middle of the hole and in the plane x/d = —0.25. One may
deduce that the jet emerges only from the edge and in the second half of the hole. The
effective cross-sectional area is then reduced to a crescent shape with larger width along Y-
axis than X-axis. Considering the velocity profiles obtained along z/d = 0.1 for the six

planes detailed in Fig. 3, the effective cross-sectional area is estimated to be between 60%
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and 70% of the total hole area. Research by Fénot and Dorignac [38] on a single jet issuing
from a rectangular pipe at Re; = 23000 confirms that injection flow tends to emerge from the
injection hole with a prominent crescent shape, which persists until z/d = 3. This is
particularly visible in the two planes x/d = —0.25 and x/d = 0 (Fig. 8 (a) and (b)), where
the region of higher normalized mean velocity is not located close to the injection but far from

the exit hole at approximately z/d = 3.

Zd [

(a) (b) (c)
Fig. 8: Mean velocity fields in streamwise direction of the central jet: Re; = 5000-H/d =7 -VR =2 - p/d = 3.5. (a)
Plane x/d = —0.25, (b) Plane x/d = 0, (c) Plane x/d = 0.25

Fig. 7 (c¢) and (d) presents the mean and RMS velocity fields of jets emerging from a
perforated pipe in the plane y/d=0. The potential core, based on the distance from the hole exit
to the location where mean velocity remains over 95% of the initial velocity, has been
estimated at 1.4d for the central hole (Fig. 7 (c)). This is also noticeable in Fig. 7 (d): shear
layers merge at approximately z/d = 2.5, slightly after the end of the potential core. By
contrast, mean and RMS velocity fields of a fully developed jet are reported in Fig.7 (e) and
(f): the maximum mean velocity is maintained at 6d downstream of the injection, and shear
layers surrounding the potential core are still distinct at z/d = 6. The potential core of jets
emerging from a perforated pipe is clearly smaller than the core corresponding to a fully
turbulent jet issuing from a long tube. The difference in length of the potential core can be
explained by various factors. First, jets issuing from a perforated pipe emerge only from the
second downstream half of the holes, leading to a potential core at least half as thick as a core

issuing from a long tube. Second, the crescent shape results in a higher perimeter-to-surface
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ratio; shear layer development covers more space, leading to more rapid decrease of the mean
velocity in the potential core. Finally, the reduced length of the potential core is also due to
quicker growth of the shear layer than in a fully developed jet, as described further below.

Fig. 9 (a) illustrates a marked decrease of the mean velocity in the jet when it moves
toward the plate: maximum normalized mean velocity is equal to w/ m =13 atz/d=2
and falls to 0.9 at z/d = 5, while maximum mean velocity for the long tube configuration
(Fig. 9 (c)) does not change between the hole exit and z/d =5 (W/E = 1.2). The
significant drop in mean velocity, visible only for the perforated pipe configuration, can be
first explained looking at the surrounding shear layer development. This growth is
dyssimetrical with a strong 3D aspect (Fig. 9 (b)). On one side, downstream RMS peak
intensity increases from 23% at z/d = 0.1 up to 30% at z/d = 2 and becomes larger due to
the development of vortices in the shear layer. The nature of this enlargement is to some
extent comparable to the growth of the shear layer of a fully developed jet (Fig. 9 (c)). On the
other side, however, upstream shear layer growth is quite different; turbulent intensity
decreases from 40% at z/d = 0.1 to 29% at z/d = 2 (Fig. 9 (b)); the decrease is probably
due to the reduction of the 3D aspect of the jet as it grows away from the injection. The
position of the peaks also tends to shift towards positive x value: from x/d = —0.05 at z/d =
0.1 to x/d = 0.1 at z/d = 2. This is most likely explained by emergence of the jets in the
direction of the initial flow in the pipe. Downstream and upstream shear layers for the
perforated pipe configuration grow by approximately 80% between z/d = 0.1 and z/d = 1
whereas there is no noticeable change for the long tube configuration. Consequently, for jets
emerging from a perforated pipe, higher turbulence intensity and the distinctive nature of the
shear layer in each side of the jets might contribute to a quicker growth of the shear layer over
the potential core and a drop in mean velocity. A significant dissymmetry in the free jet region
resulting in the jet spreading in the perpendicular direction can also contribute to that velocity

decrease.
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Fig. 9: Velocity profiles from the hole to the plate for a perforated pipe configuration (Re; = 5000-H/d =7 -VR = 2 -
p/d = 3.5) and a long tube configuration (Re; = 5000 - H/d = 7). (a), (b) Mean and RMS velocities for a perforated pipe:

y/d = 0 plane, (c) Mean and RMS velocities for a long tube

Once the shear layers merge (at approximately z/d = 2.5), mean and RMS velocity
profiles homogenize, which leads to more symmetrical jets as they get closer to the impinged
plate (Fig. 9 (a)). Finally, close to the impinged plate, a region of negative mean velocity
between the stagnation points of each jet (Fig. 7 (c) and Fig. 9 (a) at z/d = 5) and high value
of rms velocities (Fig. 7 (d)) are noticeable. The two zones are located at x/d = —1.4 and
x/d = 2.2 and extend approximately 2d far from the impinged plate. This positioning
corresponds to the fountain effect resulting from the interaction of the central jet with the
previous and subsequent jets. By contrast, for a fully developed jet, the jet flow in the
impinging zone is turned radially along the plate and is not limited by jet interactions. High
RMS velocity values are visible close to the plate around |r/d| = 2.5 (Fig. 7 (f)), this is due
to the interaction of vortices in the shear layer with the impinged plate.

Fig. 10 shows the Nusselt number distribution for the five central holes. Nusselt
number peaks are located at the stagnation point of each jet. The central jet peak of Nusselt
number is equal to Nuy = 43.6 and is located at x/d = 0.1, which coincides with the
stagnation point observed in velocity fields reported above. Away from the stagnation point,
along Y-axis, Nusselt number distribution presents a monotonic decrease trend. Along X-axis,
minimum values, Nu = 30.0 at x/d = —1.5 and Nu = 27.3 at x/d = 2.3, appear on both
sides of the central peak, which corresponds to the positioning of the fountain effect midway

between jets.
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Fig. 10: Nusselt distribution: Re; = 5000 - H/d =7 -VR = 2 -p/d = 3.5. (a) Nusselt cartography, (b) Nusselt profiles

along X-axis and Y-axis

Unlike the results of previous studies on rows of jets without upstream crossflow
([26-28]), there is no visible maximum heat exchange midway between the jets. Associated
with the fountain effect, this maximum level is more visible for small injection-to-plate and
jet center-to-center distances; in our experiment, these distances are probably overly large.
Moreover, previous discussions have shown that compared to more academic and
axisymmetric jets, mean and RMS velocity profiles in perforated pipe configuration tend to
homogenize significantly after the fusion of shear layers, which may result in smoother
interactions midway between the jets and lessened influence of the fountain effect on heat
transfer.

Distinct Nusselt number distribution along the streamwise and spanwise directions
results in ellipsoidal iso-Nusselt contours at the stagnation points. As seen above, jets
emerging from the perforated holes are larger in Y-axis than in X-axis; this may result in a
higher heat transfer rate along Y-axis and, consequently, in an ellipsoidal iso-Nusselt contour
at the stagnation point.

The Nusselt number at the stagnation point for each jet is not exactly the same as in
Fig. 10 (b). The discrepancy can be explained by a slight mass flow rate disparity over the
holes or by a jet’s disrupting those that follow. To quantify this disparity, the average Nusselt
number for each hole (from minimum to minimum Nusselt along X-axis and over |y/d|= 6
along Y-axis) have been calculated and compared to the mean Nusselt number along the
perforated pipe. Maximum disparity was found for the hole n°3 (approximately 6%) and
minimum for the central hole (approximately —0.5%). Jet’s outlet mass flow rate was then

estimated based on the result that mean Nusselt number varies with a power law dependency
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Nu = aRe%® (section 3.4.). Maximum mass flow rate disparity are estimated to be 10-11%
(hole n°3) compared to a perfect uniform distribution while the central jet’s flow rate disparity
is estimated to be less than 1%. This may induce velocity differences between jets. It appears
that velocity distributions near the injection (z/d = 0.1) are relatively similar for the three
central jets as shown in Fig. 7 (a) and (b): normalized maximum mean and rms velocities are
1.5 and 0.4 respectively for the three jets. However, when jets progress from the injection to
the impinged plate, velocity distribution between jets becomes less similar (Fig 7. (c)). Jet
velocity and Nusselt number discussions are presented for the central jet since mass flow rate
disparity (less than 3.5%) and Nusselt number disparities (less than 6%) were minimum for
this jet.

Local Nusselt number distribution of a long tube configuration is presented in Fig.
10 (b). At the stagnation point, the Nusselt number is equal to Nuy, = 66.9 and corresponds to
an 49% increase compared to the perforated pipe configuration. In the long tube
configuration, the impinged plate is located before the end of the potential core, which leads
to high mean velocity near the region of the stagnation point (w/m =0.28 at z/d = 6.9,
Fig. 7 (e)); while in the perforated pipe configuration, jets have already homogenized when
they reach the plate (w /m = 0.1 at z/d = 6.9, Fig. 7 (c)). Away from the stagnation point,
the Nusselt number along r/d tends to get closer to the local Y-axis distribution of a
perforated pipe configuration; 4d from the stagnation point, it increases by only 18%. By
contrast, the Nusselt number resulting from a fully developed jet decreases steeply away from
the stagnation point. In regards to the radial velocity profiles, closed to the impinged plate,
along z/d = 6.9 (not reported here), mean velocity distributions along r/d and y/d become
similar 3d away from the stagnation point in both configurations. This last point may explain
the reason why Nusselt number distributions for the two configurations get closer away from
the stagnation point.

Studies conducted in the literature [26] for a row of fully developed jets have been
performed for several center-to-center jet values (p/d > 4). The influence of multiple
interactions between jets has been investigated without upstream crossflow. The authors
showed that the interaction is limited to a region midway between jets. They also showed that
local Nusselt number distributions are approximately the same compared to those of a single
fully developed jet. Consequently, it is likely that heat transfer differences between a
perforated pipe and a fully developed jet are due to the upstream crossflow rather than the

jets’ interactions.
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To conclude the discussion about the jet flow structure of perforated pipe and long
tube configurations, it is interesting to compare present results to a jet emerging from a
perforated plate. The reason being that this latter configuration is between the two tested
configurations. For a perforated pipe, some authors (Mi et al. [49]) have shown that the mean
velocity profile at the injection hole is flat, by contrast of a parabolic velocity profile observed
for a fully developed jet. It is, to some extent, quite similar to the injection mean velocity
profile in the effective cross-sectional area of a perforated pipe (section 3.1). The flat mean
velocity distribution close to the injection of the jet has a direct effect on the Nusselt number
distribution. In particular, Roux et al. [S0] have carried out experiments to study the influence
of a flat and a parabolic velocity profiles on the Nusselt number distribution. For Re; =
28000, authors have shown that the stagnation Nusselt number decreases by approximately
18% at H/d = 3 for a flat velocity profile compared to a parabolic velocity profile. This
result is consistent with the discussion above since Nusselt number at stagnation point were
are also lower for a perforated pipe compared to a long tube (by approximately 49%). As
discussed above, the more pronounced decrease might be explain by the upstream crossflow

which shortens drastically the potential core.

3.2. Injection-to plate distance parameter effect (H/d)

In this section, the influence of injection-to-plate distance is investigated for H/d =
3; 5 and 7. Effects of this distance on the flow structure have been observed in a fixed
configuration (Re; = 5000, VR = 9.7 and p/d = 3.5), particular features of other injection
Reynolds numbers or upstream crossflow will be indicated.

Mean velocity distribution at injection does not depend on the injection-to-plate
distance and is identical when the injection Reynolds number and tested VR are set (Fig. 11
(a) and (b)). Consequently, the position of the plate does not affect the mean velocity injection
profiles. However, in regards to RMS velocity profile along z/d = 0.1 (Fig. 11 (c)),
turbulence intensity in the region x/d < —0.5 is much higher for H/d = 3 (8 %) than for
H/d =5 and 7 (4 %). For the smallest injection-to-plate distance, the fountain effect
occurring between two consecutive jets is close to the injection holes (Fig. 11 (b)); as a result,
it interacts directly with the jet at the hole exit. As seen before, the upstream part of the hole is
a region where ambient air is sucked into the injection, and which tends to merge with the
fountain effect at the lowest injection-to-plate distance H/d = 3, resulting in a recirculation

zone which extends over 3d length along the Z-axis. This zone is presumably coupled with
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strong 3D effects and higher turbulence intensity. By contrast, for higher injection-to-plate
distances the fountain effect zone does not reach the injection hole exit, and the recirculation
zone is no longer visible on the upstream side of the hole (Fig. 11 (a)). It can be deduced that
from H/d > 5, plate position no longer affects RMS velocity injection profiles. The flow
structure described here for configuration Re; = 5000 and VR = 9.7 is also visible for lower
injection Reynolds numbers Re; = 3000 and 1500, as well as for lower upstream crossflow

intensity VR = 2 and 4.
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Fig. 11: Effect of H /d on velocity distribution in the plane y/d = 0: Re; = 5000-VR = 9.7 -p/d = 3.5. (a) H/d =7, (b)
H/d = 3, (c) Profiles along z/d=0.1

In comparison, the influence of H/d on a jet issuing from a long tube is far less
complex. As discussed in section 3.1 (Fig. 7 (e) and (f)) for a fully developed jet, the

impinged plate is located at the end of the potential core when H/d = 7. Consequently, mean
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velocity in the center jet region when jet reaches the plate is similar for the three injection-to-
plate distance configurations (3 < H/d < 7). In regards to turbulence intensity, section 3.1
shows that shear layer tends to grow over the potential core (Fig. 7 (f)). Turbulence intensity
values in the shear layer when jet reaches the plate are higher when injection-to-plate distance

increases from H/d =3to H/d = 7.

Fig. 12 (a) shows local Nusselt distribution along the streamwise direction. The
highest heat transfer rate at stagnation point is obtained for low injection-to-plate distance;
when this distance increases, Nusselt number tends to decrease. At the central hole stagnation
point and Re; = 5000, Nusselt number goes down from Nuy, = 55.6 for H/d = 3 to Nu, =
39.1 for H/d = 7 (30 % decrease). Decreased heat transfer rate at the stagnation point for
longer injection-to-plate distances is commonly observed for lower injection Reynolds
numbers Re; = 3000 and 1500 (not reported here), and for all VR values tested. In the
perforated pipe configuration, even for the smallest distance H/d = 3, jets impinge the plate
after the end of the potential core; for all injection-to-plate distances, shear layers have
already merged and velocity started to decrease when jets reach the plate. In contrast, in the
long tube configuration (Fig. 12 (b)), Nusselt number at the stagnation points increases when
H/d get larger (Nuy = 61.5 for H/d = 3 versus Nuy = 66.9 for H/d = 7); the jet impinges
the plate before the end of the potential core. Mean velocity is then very similar close to the
impinged plate for the three injection-to-plate distances, whereas increased turbulence
intensity occurs when the jet develops, resulting in a higher heat transfer rate at the stagnation
point when H/d increases. For H/d = 3, a second maximum is visible at r/d = 0.3 and is
usually attributed to the interaction of shear layer vortexes with the impinged wall. It
disappears progressively for H/d = 5 and then completely for H/d = 7. For semi-turbulent
jet Re; = 3000, Nusselt at the stagnation point is identical for the three injection-to-plate
distances (Nuy, = 51.1). As seen above in Kuang et al. [21]'s study, overall heat transfer
remains almost unchanged, the reason being that the impinged plate is located inside the

undisturbed region of the jet.
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Fig. 12: Effect of H/d on Nusselt distribution for perforated pipe (VR = 9.7 - p/d = 3.5) and long tube configurations. (a)
Perforated pipe (central hole): local Y-axis profile, (b) Long tube: radial profile

Nusselt number distribution in the streamwise direction decreases more sharply for
lower injection-to-plate distances (Fig. 12 (a)), and the local Nusselt number far from the
stagnation point consequently becomes greater for large injection-to-plate distances. For
Re; = 5000, local Nusselt number is equal to 18.3 at y/d = 4 for H/d = 3 versus Nu =
18.6 for H/d = 7. In addition, mean velocity profiles along Y-axis measured 0.1d away from
the impinged plate for H/d = 3 and 7 (not reported here) show that mean velocity decreases
more sharply for H/d = 3: this is possibly due strong 3D effects caused by the prominent
recirculation zone, which may induce a different flow distribution close to the impinging plate
than in a classical wall jet region. The decreased Nusselt profile along Y-axis is even more
pronounced when the injection Reynolds number is low.

Considering mean heat transfer rate, Nusselt number distribution was averaged
along X-axis over the five central holes and along Y-axis over y/d = %6, results showed an
optimum heat transfer rate at the injection-to-plate distance H/d = 5 for both configurations
Re; = 3000 and 1500. It corresponds to the lowest injection-to-plate distance at which the
rise of Nusselt number at the stagnation point no longer compensates for the decrease of heat
transfer along the streamwise direction. In contrast to long tube configurations (Gardon and
Akfirat [12]), the position of this optimum is not related to the length of the potential core but
rather, in all likelihood, to the interaction between jets, in which case the position also

depends on jet-to-jet spacing (section 3.5).
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3.3. Upstream crossflow parameter effect (VR)

The effect of the velocity ratio VR = m /% has been investigated from 2 to 9.7
for a fixed perforated pipe configuration: Re; = 5000, H/d =7 and p/d =3.5. VR
parameter characterizes the intensity of upstream crossflow within the pipe, which is strong
for low VR, while VR = 9.7 when all mass flow rate fed within the pipe exits through the
injection holes (the valve at the pipe exit is closed).

Fig. 13 (a) shows the effect of VR on mean velocity profiles near the injection hole
along z/d = 0.1 and in the plane y/d = 0. With high upstream crossflow VR = 2, as seen in
section 3.1, jets tend to emerge only from the downstream part of the injection hole (from
x/d = 0.1 to x/d = 0.4) When the crossflow in the pipe decreases (higher VR value), the
effective cross-sectional area increases; the plate region with maximum mean velocity is
enlarged between x/d = —0.1 and x/d = 0.4 for VR = 9.7, which results in a decrease of
the maximum mean velocity to w/ m = 1.3. And for low upstream crossflow, centrifugal
force is lower when the main flow in the pipe curves. As a result, separation between the flow
within the pipe and the jet through the injection hole is located close to the upstream lip of the
hole. This is further confirmed by the reduction of the region of ambient air sucked into the
hole; negative mean velocity is noticeable from x/d = —0.5 to x/d = —0.3 for VR = 2 and
is reduced in the region between x/d = —0.5 and x/d = —0.4 for VR = 9.7. When the
crossflow in the pipe decreases, the mean velocity profile at injection tends to resemble jet
issuing from a long tube, which indicates that the influence of the crossflow supply has
become limited. In regards to the velocity profiles along z/d = 0.1 for the six planes detailed
in Fig. 3, the effective cross-sectional area is estimated at between 60% and 70% of the total
hole area for VR = 2 with a prominent crescent shape, and between 75% and 80% of the

total hole area for VR = 9.7, with a scarcely visible crescent shape.
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The increase of the cross-section area when VR decreases tends to enlarge the
potential core and then to shift the shear layer position. As seen in Fig. 13 (b), the upstream
peak located at x/d = —0.05 for VR = 2 moves to x/d = —0.25. At this point, shear layer
moves towards the upstream lip of the hole since the region of ambient air sucked in the hole
is reduced for lower upstream crossflow. Moreover, the turbulent intensity generated in the
shear layer decreases from 42% for VR = 2 down to 34% for VR = 9.7; as mentioned,
centrifugal force is lower when the main flow in the pipe curves, which may result in lower
turbulence intensity in the shear layer. In contrast, peak RMS velocity in the downstream lip
of the hole does not change (x/d = 0.45) for all VR values and maintains about the same
intensity (24%). In this zone, the shear layer is triggered by the downstream lip of the hole
rather than the crossflow, resulting in limited effect of VR parameters on turbulence intensity.
In this range of VR values, turbulence intensity in the shear layer of perforated pipe
configuration is much higher than in a long tube configuration. This may indicate that the
maximum VR tested, VR = 9.7, does not suffice to characterize cases where the influence of
upstream crossflow is negligible.

For high upstream crossflow (VR = 2), Fig 14 shows that the jet emerges from the
downstream half of the hole and is then deviated from higher to lower x value when it grows.
For VR = 9.7 (lower upstream crossflow), the deviation is not as pronounced (Fig 14 (b)). It
results that the central jet stagnation point moves from x/d = 0.5 for VR = 9.7 to x/d = 0.1

for VR = 2. Location of the fountain effect shifts similarly.
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Fig. 15 shows local Nusselt number in the streamwise and the spanwise directions for
VR = 2 and VR = 9.7. The Nusselt number is locally higher for high upstream crossflow. In
the central jet, Nu at stagnation point is reduced from 43.5 at x/d = 0 for VR = 2 to 38.8 at

x/d = 0.5 for VR = 9.7. The mean Nusselt number, Nugg, averaged along X-axis over the

central hole and along Y-axis over y/d = +6, is reduced by 9.4% from VR = 2to VR = 9.7.

The reduction of Nug, is equal to 3.8% for H/d = 5 and to 0.6% for H/d = 3. The effect of
VR on the Nusselt number intensity is small, this can be explained by the fact that the
impinged plate is located far from the shear layer fusion. As seen previously, the mean and
RMS velocity profiles tend to homogenize once shear layers merge. The influence of the
upstream crossflow condition becomes then limited, which results in low dependency of heat
transfer rate on VR, which is shown here for injection-to-plate distance equal to H/d = 7,
and it is also visible at lower distances H/d = 5 and H/d = 3. Furthermore, the position of
the maximum Nusselt number observed at x/d = 0.1 for VR = 2 and x/d = 0.5 for VR =
9.7 corresponds to the location of the stagnation point of the central jet measured using the
PIV method (Fig. 4). In point of fact, the shift of the maximum Nusselt number toward
negative x value results from the deviation of the jets in this direction, when they approach

the impinged plate.
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3.4. Injection Reynolds parameter effect (Re;)

In this section, the influence of the injection Reynolds number is investigated for
three injection Reynolds numbers, Re; = 1500; 3000 and 5000, corresponding to a laminar,
a semi-turbulent and a fully turbulent flow respectively, in Mcnaughton and Sinclair [17]'s
classification. As above, effects of the injection Reynolds on the flow structure are observed
for a fixed configuration (H/d =5, VR = 9.7 and p/d = 3.5), and the particular features of
other injection-to-plate distances or upstream crossflow are specified, if necessary.

Jet flow structures issuing from perforated pipes are quite similar, whatever
injection the Reynolds numbers tested; that is why they are not reported here. The conclusions
drawn in the previous section for Re; = 5000 (reduced cross-sectional area, highly
asymmetrical and 3D aspect of jets, homogenization of velocity profiles close to the impinged
plate...) also apply to injection Reynolds numbers equal to 3000 and 1500. A slight increase
of the normalized maximum mean velocity remains noticeable for lower injection Reynolds
numbers at the exit holes z/d = 0.1; W/% increases from 1.3 for Re; = 5000 (Fig. 16 (a))
up to 1.4 for Re = 3000. This trend is also visible in the long tube configuration (Fig. 16 (b)):
W/mincreases from 1.2 for Re; = 5000 up to 1.3 for Re; = 3000. This is consistent with
the result that the ratio of maximum to average velocity profile is parabolic for laminar or

semi-turbulent flow and more flattened for turbulent flow.
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In regards to RMS velocity (Fig. 16 (a)), normalized RMS velocities are predictably
lower for lower Reynolds number. As seen previously, the shear layer is most likely generated
due to the sudden deviation of the crossflow within the pipe for the upstream region of the
hole and to the lip of the hole in the downstream region; these two effects have a smaller role
for lower injection Reynolds numbers, and probably lead to lower turbulent intensity in the
shear layer. Since crossflow within the pipe remains identical (VR = 9.7), the positions of the
two peaks of RMS velocity (x/d = —0.25 and x/d = 0.45) are identical for all the Reynolds
numbers tested.

The influence of injection Reynolds number on heat transfer was also studied

between Re; = 1500 and 5000 and for VR = 9.7. Nusselt number was shown to vary with

power law dependency Nu Rej". More specifically, trend dependency was investigated for

the average Nusselt Nugg: n = 0.59 for H/d = 7. The n value then tends to increase for

lower injection-to-plate distances: n = 0.64 for H/d = 5 and n = 0.76 for H/d = 3.

3.5. Pitch parameter effect (p/d)

The influence of jet-to-jet spacing on a perforated pipe configuration is investigated
from p/d = 2.25 to p/d = 5.8 for different injection-to-plate distances at Re; = 5000 and
VR =9.7.

Fig. 17 presents the effect of p/d on local Nusselt distribution along the streamwise
and the spanwise directions. Whatever the H/d, the Nusselt value at the stagnation point for

the three jet-to-jet center distances is quite similar. Along X-axis (Fig. 17 (a)), Nusselt number
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distribution is nearly the same for the three p/d values in the vicinity of the stagnation point
(]x|/d < 1). By contrast, Nusselt number distribution differs in the jet encounter regions
(around |x|/d =1 for p/d = 2.25 and |x|/d = 1.6 for p/d = 3.5). The influence of
adjacent jets seems limited to a region located midway between jets, a hypothesis
corroborated in Fig. 17 (b); the Nusselt profiles along Y-axis are identical, a finding

indicating low dependency of p/d along Y-axis.
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Fig. 17: Effect of p/d on Nusselt distribution: Re; = 5000 - VR = 9.7 - H/d = 3. (a) Along X-axis, (b) Along Y-axis, (c)

Averaged Nusselt distribution

To complement the local analysis, Nusselt number distribution along X direction
was integrated at a fixed y/d. The line averaged Nusselt number distribution, Nu(y/d), is
presented in Fig. 17 (c). For a fixed injection Reynolds and injection-to-plate distance, the
averaged Nusselt number is higher for low jet-to-jet spacing. In point of fact, the coolant flow
per unit area of impinged surface is larger for p/d = 2.25 compared to p/d = 3.5 and p/d =
5.8, the reason being that the jets are closer to each other. As seen above, reduction of center-
to-center jet spacing not only increases the local Nusselt number midway between the jets, but
also induces a significant increase of the mass flow rate. Hence, the influence of jet-to-jet
spacing has been investigated for a fixed coolant flow per unit area rather than a fixed
injection Reynolds number. The average Nusselt number Nug, calculated over y/d = +6d
(not presented here) is demonstrably higher for a larger jet-to-jet distance at a fixed coolant
flow per unit area.

Results are reported here for fixed VR = 9.7 and Re; = 5000, and trends remain
identical for lower VR and Re;. More specifically, heat transfer rates for all p/d values varies
only slightly when VR decreases (as seen for the p/d = 3.5 configuration in section 3.3). The

conclusions drawn in the previous sections for p/d = 3.5 on the influence of injection
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Reynolds (Nugy « Re]-") and on the effects of H/d (pronounced decrease of heat transfer rate

near the stagnation point when H/d increases and low dependency for larger y/d) also apply

to other p/d values.

Conclusion
An experimental investigation was carried out to determine the flow and heat transfer
characteristics of a row of jets issuing from the holes of a perforated pipe. The influence of

H/d, Re;, VR, p/d were studied and resulted on the following conclusions:

* Jets emerging from perforated pipe tend to emerge with an effective cross-sectional
area reduced to a crescent shape. The dissymmetry of the jet persists until
approximately z/d = 3 and disappears progressively once shear layers merge.

e Heat transfer resulting from a perforated pipe configuration shows ellipsoidal iso-
Nusselt contours at the stagnation points with relatively low values compared to a
fully developed jet.

* The highest Nusselt number at stagnation point is obtained for low injection-to-plate
distance H/d = 3. However, an optimum mean Nusselt number can be seen for higher
H/d depending on Re; and p/d.

* Mean Nusselt numbers were shown to vary with a power law dependency Nugy

Re]-" (0.6 <n < 0.7), similarly to a fully developed jet.

* The influence of VR becomes very limited once the shear layers merge close to the
impinged plate, resulting in a relatively low influence of VR on heat transfer.

* For a fixed Re;, the mean Nusselt number is higher for small p/d. However, it was
shown that setting the coolant flow per unit area rather than Re; leads to a higher
mean heat transfer rate for more elevated p/d values.
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