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Numerical simulations of the impingement of a swirling jet against a heated solid wall at a prescribed
temperature are presented in order to propose correlations of the heat transfer coefficients along the
heated wall as a function of the jet Reynolds number Re, jet swirl intensity Si, jet average turbulent inten-
sity Iavg, and jet to wall spacing H. The swirling jet used as boundary condition of the numerical simula-
tions is the one described by Ortega-Casanova et al. [1]. It is created by a experimental nozzle (whose exit
diameter is D) and with the swirl given to the jet by moving swirl blades: different blade orientations give
jets with different swirl intensities. In Ortega-Casanova et al. [1], the jet velocity components (measured
by means of a LDA system) just at the nozzle exit and their mathematical models are also presented for
seven Reynolds numbers and each nozzle configuration. The LDA measurements show the jet is axisym-
metric and highly turbulent. For those reasons, axisymmetric flow and turbulent models are used in the
simulations. The same seven Reynolds numbers and three nozzle-to-wall distances are simulated numer-
ically in this work. Taking into account the blade orientations, the Reynolds numbers and the nozzle-to-
wall distances, a total of 63 different simulations have been carried out. From them, correlations of the
area-weighted average Nusselt number Nuavg and the stagnation point Nusselt number Nu0 as a function
of the dimensionless parameter Re (ranging from around 7000 to 20 000), Si (ranging from around 0.015
to 0.45), Iavg (ranging from around 10 to 40%), and H/D (=5, 10 and 30), are proposed. The results pre-
sented in Ortega-Casanova [2], where the heat transfer when other blade orientation is studied, have
been also taken into account to obtain some of the proposed correlations.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

This work is part of the numerical simulations carried out of the
impingement of swirling jets against a heated solid wall in order to
study the heat transferred from the wall to the jet. The swirling
jets, created by a nozzle with adjustable swirl blades giving five
possible nozzle configurations, have been previously measured,
by means of a LDA system, and mathematically modeled [1], where
the same jets were used as a mechanism for seabed excavation.
The heat transfer results of the impinging swirling jets generated
by the nozzle with the swirl blades rotated the maximum possible
angle were presented in [2], so the results with other blade orien-
tations (actually, three of them) will be discussed here. However,
to get some of the final correlations, the results given in [2] will
be now included.

The impingement of swirling jets against heated surfaces is
frequently used as a tool to increase the heat transfer from the sur-
face just on the stagnation region under the jet and especially on
ll rights reserved.
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the stagnation point, having the heat transfer a rapid decay in
the wall jet region developed along the impinged wall due to the
boundary layer development. The extended use of this heat trans-
fer mechanism is due to its possible application in many engineer-
ing applications, such as, the heat transfer in gas turbine systems
[3]; cooling of electronic devices [4]; heat transfer on vehicle
windscreens [5]; cooling of grinding processes [6], among others.

However, not always that a heat transfer-related engineering
application must be known, it has to be experimentally mounted
and tested, because a preliminary prediction of the heat transfer
results could be obtained using mathematical correlations, nor-
mally, in terms of the problem governing parameters. In the case
of the study presented in this work about the heat transfer from
a heated solid wall to an impinging jet, there are many correlations
trying to estimate the Nusselt number coefficients along the
heated wall as function of, especially, the jet Reynolds number
and the nozzle-to-wall distance. Regarding these correlations,
Zuckerman and Lior [7] have compiled a large number of them,
previously presented by other authors. Specifically, some of them,
that will be cited later and whose correlations will be compared
with those presented in this paper, are Chan et al. [8] San and Lai
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Fig. 1. Part of the nozzle and a sketch of the computation domain (the different
boundary conditions used are also included).
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[9], Lytle and Webb [10] Mohanty and Tawfek [11], Behnia et al.
[12] Merci and Dick [13], Martin [14] Wen and Jang [15], Yan
[16],and Tawfek [17]. Most of the correlations derived by previ-
ously mentioned authors are for axial (non-swirling) jets created
by means of different mechanism, while none has been found by
the author of this work for impinging swirling jets, and then with
the jet swirl intensity appearing as a dependent parameter in the
correlation. Because of those reasons, the Nusselt number now-
proposed correlations are completely new: they include the depen-
dence on the jet swirl intensity defined in a non-dimensional way
by Si (see below).

Before presenting the Nusselt number correlations derived from
the numerical simulations of the impingement of swirling jets
against a heated solid wall, the kind of swirling jets and how they
are generated, together with some details of the swirl generator
nozzle, are described in Section 2. Some information given in this
Section has been extracted from [1], but it is included now for the
reader to have a general idea of the jet. After the swirling jet has
been presented, a summary of the numerical simulation details
related with the solved equations, the turbulent models used, the
grid convergence study carried out, the type of boundary condi-
tions, etc., are presented in Section 3. Next, Section 4 is dedicated
to describe the different results obtained after the numerical simu-
lations have been carried out. Throughout its three first subsections,
the effect of the Reynolds number, the nozzle-to-wall distance and
the jet swirl intensity on the Nusselt number along the heated wall
will be described. Finally, in the last subsection, different Nusselt
number correlations will be proposed in term of the dimensionless
parameters governing the problem, included the swirl one. A list of
the conclusions of this work will be presented in Section 5.
2. The swirling jet

The swirling jet is created by a nozzle where the azimuthal mo-
tion is given to the flow by means of swirl blades with adjustable
angles located at the bottom of the nozzle. A detailed description,
as well as a 2D view, of the nozzle used to create the swirling jet
can be consulted in [1]. Nevertheless, the main part of it, together
with the computational domain, is shown if Fig. 1. Once the fluid
enters the nozzle, it goes down, moves through the blades and fi-
nally exits the nozzle as a swirling jet. The blades can be mounted
with five different angles so swirling jets with five different swirl
intensities (or swirl parameters, defined below) can be generated
for the same flow rate (or Reynolds number, defined below)
through the nozzle. When the blades are mounted radially, no
swirl is imparted to the jet and the swirl parameter will be practi-
cally zero. This blade configuration will be referred in what follows
as Case R. However, with the blades rotated the maximum possible
angle, the jet will have highest levels of swirl (and then the highest
swirl parameters). This configuration will be referred as Case S2.
Between Cases R and S2 there are other 3 possible blade orienta-
tions, but only the two ones previous to Case S2, namely Cases
S0 and S1, will be considered, so that the heat transfer from a
heated solid wall due to the impingement of the swirling jets cre-
ated by the nozzle configurations R, S0 and S1 will be analyzed
numerically in this work (Case S2 was studied in [2] and some
information given there will be used now). The remaining blade
orientation between Cases R and S0 has no interest since the swirl
intensity of the generating jets are practically the same as Case R,
so it has not been analyzed. Fig. 2 shows a 2-D view of the swirl
blades with the 4 most interesting blade orientations.

Once the swirling jet, for a given flow rate Q, is generated, it can
be measured by, for instance, a LDA system and then, the average
velocity components ~v ¼ ðU;V ;WÞ and its fluctuations ~v 0 ¼
ðu0;v 0;w0Þ, both in polar (r,h,z) coordinates, can be obtained.
Because of the shape of the nozzle exit tube, both the radial average
velocity and its fluctuations have been considered negligible and
they have not been taken into account to model the swirling jet.
The radial variation of the axial an azimuthal velocity components
for all Reynolds numbers and blade orientations under study are
shown in [1], where the mathematical models used to conveniently
fit those experimental profiles are also shown.

Therefore, when a blade orientation is selected, that is, when
Case R, S0 or S1 is chosen, the swirling jet will only depend on
the flow rate or Reynolds number Re, defined as

Re ¼ qWcD
l

; ð1Þ

with Wc = 4Q/(pD2) the mean velocity, q and l the density and
viscosity of the fluid, respectively, and D the nozzle exit diameter.
Thus, jets with different Reynolds numbers will have different swirl
intensities. An extended way of quantifying the swirl intensity of a
swirling jet is through the integral swirl parameter Si defined as (see
[18])

Si ¼
R1

0 r2WV dr

ðD=2Þ
R1

0 r W2 � 1
2 V2

� �
dr
: ð2Þ

In Fig. 3 is plotted its value as function of the Reynolds number and
all Cases: the swirl parameter Si is practically independent of the
Reynolds number (Si � constant) for Cases R, S0 and S1, the ones un-
der study in this work, while for Case S2, Si depends strongly on the
Reynolds number [2].

Regarding the jet turbulence, its modeling is carried out
through the relations between the velocity fluctuations ~v 0 and
the turbulent intensity I and its fitting to a Gaussian model [2].

With the corresponding velocity and turbulence mathematical
models implicitly presented, the swirling jet can be now used as
boundary condition in the numerical simulations.



Fig. 2. 2D view of the nozzle blades with four different orientations: (a) Case R, (b) Case S0, (c) Case S1 and (d) Case S2. Configuration (d) was studied in [2].
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3. Numerical approach

All characteristics related to the configuration of the numerical
simulations are the same than those described in [2]. However, a
summary of them will be listed below:

� the commercial code Fluent (version 6.2.16) was used to carry
out the numerical simulations;
� the computational geometry, since the velocity profiles at the

nozzle exit are axisymmetric, will be axisymmetric, too. It is
shown in Fig. 1, where the different boundary conditions used
are also shown:
– the nozzle is located at a distance H above the solid heated

wall and its swirling jet is implemented by a ‘‘veloc ty-inlet’’
boundary condition through the velocity component and
turbulent intensity models above presented using a Fluent
UDF (User Defined Function);

– the bottom of the geometry represents the heated wall
where the fluid will impinge and it is considered as a no-slip
surface with radius R at a prescribed temperature and
numerically modeled as a ‘‘wall’’ boundary condition (simi-
lar results can be obtained when the boundary condition
on the solid plate is either a prescribed temperature or heat
flux [19]);

– after the fluid impinges against the wall, it exits the compu-
tational domain through either the side or top surfaces, both
considered as ‘‘pressure-outlet’’ boundary condition, at the
same prescribed constant pressure; and
– finally, the left line, from the nozzle exit to the wall at the
bottom, is considered as an ‘‘axis’’ boundary condition, since
it represents the axis of symmetry of the problem.

� the flow under study is considered, not only turbulent and
axisymmetric, but also steady with the working fluid (water)
incompressible, as in [2];
� the steady Reynolds Averaged Navier–Stokes (RANS) equations

are solved numerically to obtain the whole field of any fluid
magnitude. They can be written in Cartesian tensor notation as:
the continuity equation:
@Vi

@xi
¼ 0; ð3Þ

the momentum equations:

@ðViVjÞ
@xj

¼ � 1
q
@p
@xi
þ m

@

@xj

@Vi

@xj
þ @Vj

@xi
� 2

3
dij
@Vl

@xl

� �
þ
@ð�v 0iv 0jÞ

@xj
; ð4Þ

and the energy equation:

@

@xi
Viðqeþ pÞ½ � ¼ @

@xj
Keff

@T
@xj

� �
ð5Þ

with

e ¼ h� p
q
þ
~V � ~V

2
: ð6Þ

m is the kinematic viscosity, h is the enthalpy, K is the thermal
conductivity and Keff = K + Kt is the effective thermal conductivity



0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 104

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Fig. 3. Si versus Re for the Cases indicated in the legend.
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that takes into account the turbulent thermal conductivity Kt:
Kt = cplt/Prt. cp is the specific heat, lt is the turbulent dynamic
viscosity and Prt is the turbulent Prandtl number;
� regarding the turbulence model, as in [2], the Shear Stress Trans-

port (SST) k �x will be used. This selection is motivated by the
work presented in [19], where good agreement between numer-
ical and experimental heat transfer results are shown (with the
SST k �x as the model used), and because the Reynolds number
used in this work ranges between around 7000 and 20 000, close
to those employed also in [19]. Thus, one closure equation is
needed to know the turbulent kinetic energy k and another
one to know the specific turbulent dissipation rate x:
q
@

@xi
ðkViÞ ¼

@

@xj
Ck

@k
@xj

� �
þ Gk � Yk; ð7Þ

q
@

@xi
ðxViÞ ¼

@

@xj
Cx

@x
@xj

� �
þ Gx � Yx: ð8Þ

Ck and Cx are the effective diffusivity of k and x, respectively.
Gk and Gx are the generation of k and x, respectively, due to
mean velocity gradients. And Yk and Yx are the dissipation of k
and x, respectively. To know more about their definition and
implementation in Fluent, the reader can consult [20];
� the grid convergence study was carried out with five rectangu-

lar stretched meshes with the total nodes ranging from around
13 000 to 60 000. The mesh nodes density is higher near the
solid hot wall, the axis, the mixing layer and the nozzle exit;
� to solve efficiently the boundary layer along the solid wall and,

therefore, the heat transfer from it, the nearest grid point to
the solid hot wall must be as close to the surface as possible to
have an y+ of unity order. Thus, the maximum of y+ will help
us to know how good is the mesh under study. The number of
nodes of the five meshes, with the maximum value of y+ along
the solid hot wall indicated in parenthesis, were: 13 041 (8.0),
22 321 (4.0), 30 000 (0.4), 37 901 (0.4) and 60 551 (0.4). The y+
values previously indicated were obtained from the numerical
simulation of the most unfavorable case studied (see next sec-
tion): the one with the highest Reynolds number (Re ’ 19E3),
the highest swirl intensity (Case S2) and the shortest nozzle-
to-wall distance (H/D = 5);
� however, the minimum y+ obtained in the grid independence

process was 0.4, but in 3 different grids, so another magnitude
must be used to choose the optimum grid. In our case, the
area-weighted average Nusselt number on the solid hot wall
was selected.
On the one hand, the Nusselt number is defined as
NuðrÞ ¼ qðrÞD
KDT

; ð9Þ

where q(r) is the total heat flux from the solid hot wall to the
fluid and DT is the temperature difference between the wall
(Tw) and the swirling jet emerging from the nozzle (Tj).
On the other hand, the area-weighted average Nusselt number
on the impinged surface S is defined as

Nuavg ¼
1
S

Z
S

NuðrÞdS; ð10Þ

which is a measurement of the dimensionless mean heat trans-
ferred from the solid hot wall;
� with the finest grid (60 551 nodes), Nuavg on the solid hot wall

only changes �1% while the computational time increases by
78% with respect to the grid with ’38 000 nodes;
� then, the grid chosen as optimum for H/D = 5 had nr � nz =

37 901 nodes (nr and nz are the number of nodes along r and
z directions, respectively), with nr = 251 non uniform nodes
compressed around the axis (r = 0) and the mixing layer
(r ’ D/2), while nz = 151. However, this value was different
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depending on the dimensionless nozzle-to-wall distance (for H/
D = 10, nz = 201, and for H/D = 30, nz = 301), while the grid com-
pression levels were the same than those used in the optimum
grid;
� a typical simulation requires about 70E3 iterations to converge;
� around one fifth of the total iterations were done with first

order methods, while the remaining iterations were done with
the second order schemes PRESTO (PREssure STaggering
Option) and QUICK (Quadratic Upwind Interpolation for Con-
vective Kinematics);
� the Pressure–Velocity Coupling were carried out with the SIM-

PLE (Semi-Implicit Method for Pressure-Linked Equations)
scheme; and finally
� the gravity effects have been not taken into account since the

inertial forces are much bigger than the gravitational ones, so
that the Froude number is much bigger than one.

Although the grid convergence study was carried out to select
the optimum grid, as commented previously, to have an idea of
the computational uncertainty of the results shown in what fol-
lows, two grids, the ones with 30 000 and 37 901 (the optimum)
nodes, where used to estimate the discretization error for each
Reynolds number when H/D = 5 and Case S2 is studied (the cases
involving the highest velocities). The discretization error, �, can
be estimated using the Richardson extrapolation as

� ’ /e � /n ¼ K ha
; ð11Þ

where / is any arbitrary magnitude, the subindex e denotes the ex-
act solution of /, while n its numerical approximation, K is an un-
known constant, h is a typical cell size of the grid used and a is
the order of accuracy of the numerical methods used to obtain /n.
The numerical method used were second order accurate (see above)
so a � 2, so K and, hence, the error � can be estimated with the
above mentioned two grids, each of them with different values of
h. Once K is obtained, error bars can be associated to the numerical
values of /. Since the results are going to be discussed in terms of
Nuavg and the stagnation point Nusselt number, i.e. Nu(r = 0) � Nu0,
the discretization error of both magnitudes has been calculated and
they are plotted in Fig. 4 together with the values of Nuavg and Nu0.
It must be said that since the Nusselt number is calculated along the
solid wall, the value of h used in (11) was based on the highest cell
next to the wall. As can be seen from Fig. 4, the errors of Nuavg are
quite reasonable being all around 1%, while for Nu0 the errors are
higher, especially for high Reynolds numbers and of the order of
5%. Since the Case analyzed is the most unfavorable, we could con-
cluded that, in the worst case, the numerical solution obtained has a
computational uncertainty due to the discretization error of about
5%.
4. Results

The aim of this Section is to summarize the results obtained
when the heat transfer from a heated solid wall is calculated
numerically due to the impingement of a swirling jet generated
by a nozzle with moving swirl blades, measured experimentally
by LDA and mathematically modeled [1]. The results will be shown
in terms of both the area-weighted average Nusselt number, Nuavg,
and the stagnation point Nusselt number, Nu0, calculated along the
heated wall. The different subsections will show the effect on the
heat transfer of nozzle-to-wall distance, jet swirl intensity and
jet Reynolds number. To that end, different and preliminary corre-
lations will be presented.

The section will conclude by presenting new and more general
mathematical correlations with the aim of predicting the area-
weighted average and stagnation point Nusselt numbers in terms
of the different dimensionless parameters governing the problem:
Re, Si, H/D and Iavg (precisely defined below). To obtain some of the
correlations, the results presented in [2] will be also taken into
account, so it will be as general as possible.

4.1. Reynolds number effect

The results related with this effect are summarized in Figs. 5
and 6. They show that, independently of the swirl intensity of
the impinging jet, that is, independently of the Case considered,
and independently of the nozzle-to-wall distance H/D, almost al-
ways that the Reynolds number increases, both the area-weighted
average, Nuavg, and stagnation point, Nu0, Nusselt numbers in-
crease, too. An increase in the inertial force of the impinging jet
causes stronger radial wall jets once the impinging jet deviates
radially because of the presence of the wall, fact that increases
the friction and pressure along the wall and so the wall shear stress
and heat transfer coefficients.

In addition, it is remarkable that, once the distance H/D is fixed,
Nuavg and Nu0 almost collapse and increase linearly with Reynolds
number independently of the jet swirl intensity (or Case consid-
ered). For that reason, Figs. 5 and 6 also include a solid green line
representing the linear fitting of the Nusselt values as

Nu0

Nuavg

�
¼ aReþ b; ð12Þ

with 7000 [ Re [ 19 000. The slope a and the independent term b
of the linear fitting are shown in Table 1. From it, one can observe
how the slope of Nuavg decays rapidly with the nozzle-to-wall dis-
tance, with a prediction of a very low dependence of Nuavg with
Re for higher nozzle-to-wall distances. On the other hand, the slope
of Nu0 seems not to be so dependent of the nozzle-to-wall distance.

4.2. Nozzle-to-wall distance effect

As it has just been pointed out previously, the effect of increas-
ing the distance between the nozzle and the wall is a decrease in
the heat transferred from the wall. This applies to both Nu0 and
Nuavg, as can be seen in Fig. 5 and 6, respectively. From them,
one can observe how, for a given Reynolds number and Case, an in-
crease in the nozzle-to-wall distance gives as a result a decrease in
both Nu0 and Nuavg, being the value of Nu0 more dependent on the
jet swirl intensity, or Case considered (see next section). Neverthe-
less, one could go a step further if a and b values of (12) are corre-
lated with H/D to see the effect of both Re and H/D on Nusselt
number coefficients. In that case, using the data given in Table 1,
the relations obtained for Nu0 are

a � 103 ¼ 5:0923� ðH=DÞ�0:2088
;

b ¼ 72:0451� ðH=DÞ�0:412
;

ð13Þ

with an average deviation of around 3.2% for a and 7.7% for b and
5 6 H/D 6 30. Thus, the correlation of Nu0 as function only of Re
and H/D, and valid for Cases R, S0 and S1, that is, low jet swirl inten-
sity levels, can be written as

Nu0 ¼ 5:0923 � 10�3 � ðH=DÞ�0:2088 Reþ 72:0451� ðH=DÞ�0:412
;

ð14Þ

with 7000 [ Re [ 19 000 and 5 6 H/D 6 30.
Fig. 7 shows a comparison between the numerical values of Nu0

and those given by (14). In the same figure also appears other Nu0

values experimentally obtained by Bakirci et al. [21] and by Ianiro
and Cardone [22], where impinging swirling jets were used to
transfer heat from a heated wall, but only those values obtained
with the lowest swirl intensity jets have been considered. It must
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Fig. 5. Variation of Nu0 with Re for the nozzle-to-wall distances and Cases
indicated.

Fig. 6. As in Fig. 5, but for Nuavg.

Table 1
Slope a and independent term b of the linear least squares fitting shown in Figs. 5 and
6.

a � 103 Nu(0,Re) Nuavg(Re) b Nu(0,Re) Nuavg(Re)

H/D = 5 3.716 3.171 H/D = 5 38.40 15.99
H/D = 10 3.004 2.988 H/D = 10 25.13 15.29
H/D = 30 2.574 1.381 H/D = 30 19.43 7.21
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be noted that in [22] Re = 28 000 and it is out of the range of valid-
ity of the correlation. Furthermore, their non-swirling jet results
have been considered since their swirl parameter definition is dif-
ferent from the one used here, and it is not clear if their low swirl
intensity jets have also low Si values when (2) is used.

On the other hand, finding a similar correlation for a and b val-
ues of Nuavg has not been possible: more complex functions, which
depend not only on H/D and Re but also on other dimensionless
parameters, seem to be necessary.



Fig. 7. Confrontation of stagnation point Nusselt number Nu0 between numerical
values and correlation (14) for Cases R, S0 and S1 with low swirl intensity. Nu0

measured by Bakirci et al. [21] (Re = 20 000, H/D = 6, 8, 10, 14, SJI and 22.5o nozzle
configuration) and Ianiro and Cardone [22] (Re = 28 000, H/D = 6, 8, 10 and S = 0) are
also included.
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4.3. Swirl intensity effect

In order to have a better understanding of the dependence of
the heat transferred from the wall to the impinging swirling jet
on its swirl intensity, results presented in [2] will be included in
the figures mentioned below. Thus, a wider range of swirl intensi-
ties will be taken into account.

Figs. 8 and 9 show the variation of Nu0 and Nuavg, respectively,
with the jet swirl parameter Si for given Reynolds numbers and
nozzle-to-wall distances. On the one hand, Fig. 8 shows a small
dependence of Nu0 on Si when H/D = 5 if only Cases R, S0 and S1
Fig. 8. Nu0 vs. Si for the nozzle-to-wall distances and Cases indicat
are analyzed. However, the dependence disappears for the other
two nozzle-to-wall distances, that is, for H/D P 10, Nu0 seems
not to depend on Si. If higher jet swirl intensity levels are taken into
account (or Case S2 is considered), higher distances are needed in
order to have Nu0 independent of Si: for H/D = 30, Nu0 is almost
constant for any value of Si and a given Re number. On the other
hand, when the variation of Nuavg with Si is discussed using
Fig. 9, for small to medium nozzle-to-wall distances, that is, H/
D = 5, 10, Nuavg does not change with Si (or Case considered) when
Re is almost constant. However, for H/D = 30 and when the highest
Re is analyzed, a small increase in Nuavg occurs for Case S2 with
respect to Cases R, S0 and S1: an increase in the heat transfer oc-
curs when Re ’ 19 000 and Case S2 is used.

4.4. Correlations

In this Section, correlations for both Nu0 and Nuavg as function of
the relevant dimensionless parameters of the problem will be pre-
sented. They are: the jet Reynolds number Re, the jet swirl inten-
sity Si, the nozzle-to-wall distance H/D, and the jet area-weighted
average turbulent intensity Iavg. It is defined as

Iavg ¼
2p

pðD=2Þ2
Z D=2

0
IðrÞr dr; ð15Þ

where I(r) is radial turbulent intensity profile of the jet experimen-
tally measured by means of a LDA system just at the nozzle exit [1]
and used as boundary condition in the numerical simulations [2].

On the one hand, regarding the Nu0 correlation, two functions
are proposed: one for swirling jets with low Si values (<0.1), that
is, for Cases R, S0 and S1, and another one for high values of Si,
or Case S2:

(1) when 0.015 < Si 6 0.1:
ed. On e
Nu0 ¼ 0:772� Re0:5644 � S0:0246
i � H

D

� ��0:2770

� I�0:0230
avg ; ð16Þ
ach curve, Re � constant and it increases as indicated.



Fig. 9. As in Fig. 8 but for Nuavg.

Fig. 10
D and
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with 7000 [ Re [ 19 000, 5 6 H/D 6 30 and 9% [ Iavg [ 20%;

(2) when 0.1 < Si < 0.45:
Nu0 ¼ 0:3246� Re0:8598 � S�0:2414
i � H

D

� ��0:7079

� I�0:2844
avg ;

ð17Þ

with 7000 [ Re [ 19 000, 5 6 H/D 6 30 and 20% [ Iavg [ 40%.
. Confrontation of stagnation Nusselt numbers Nu0 between numerical values and
Iavg.
The average deviation between numerical values and correla-
tions (16) and (17) are of around 7.7% and 7.3%, respectively.
Fig. 10 shows how numerical Nu0 values compare with both corre-
lations (16) and (17). The exponents of Si and Iavg in (16) show that
the Nu0 dependence on the swirl and turbulent jet intensities is
very small (for Cases R, S0 and S1), facts that corroborate correla-
tion (14) as the simplest one.
correlation (16), subfigure (a), and (17), subfigure (b), for different values of Re, Si, H/



Fig. 11. Confrontation of area-weighted average Nusselt numbers Nuavg between
numerical values and correlation (18) for different Re, Si, H/D and Iavg.

5844 J. Ortega-Casanova / International Journal of Heat and Mass Transfer 55 (2012) 5836–5845
On the other hand, regarding the Nuavg correlation, all available
data of that magnitude numerically obtained through the numeri-
cal simulations carried out have been fitted to a single function (in-
cluded those presented in [2]):
Nuavg ¼ 0:1805� Re0:6313 � S�0:0407
i � H

D

� ��0:3780

� I0:1132
avg ; ð18Þ
with 7000 [ Re [ 19 000, 5 6 H/D 6 30, 0.015 < Si < 0.45 and
9% [ Iavg [ 40%.

After the fitting, the errors between the numerical values of
Nuavg and the ones given by the correlation have been calculated
and an average deviation of around 12% has been obtained. The
goodness of the correlation can be checked in Fig. 11, where the
confrontation between the values predicted by the correlation
and the numerical ones of Nuavg is shown. Again, if the different
exponents are checked, a small dependence of Nuavg on Si and Iavg

can be observed.
Previously proposed correlations by other authors for both Nu0

and Nuavg show that both coefficients are proportional to Re and
inverse proportional to H/D. A comparison between the exponents
here obtained and previous ones can be shown in Table 2. Since
previous data are for non-swirling jets, the comparison is carried
out with correlations (16) and (18), those with low swirl intensity
dependence. It is seen that the exponents of the here proposed
correlations are close to previously obtained values.

To conclude this section it must be said that all the coefficients
of the correlations have been obtained by non-linear regresion
with an interval of confidence of 95%.
Table 2
Value of the exponents in different Nu0 and Nuavg correlations.

Nu0 data set [8] [9] [10

Re exponent 0.54 0.4:0.6 0.5:

Nuavg data set [10] [12] [13]

Re exponent 0.68 0.5 0.62

Data set [10] [11]

H/D exponent �0.191:�0.288 �0.182:�0.38
5. Conclusion

New correlations to predict the heat transfer coefficients, both
the area-weighted average Nusselt number Nuavg and the stagna-
tion point Nusselt number Nu0, from a impinged heated wall by
turbulent swirling jets have been proposed as function of the
dimensionless parameters governing the problem: the jet Reynolds
number Re, the jet swirl intensity Si, the nozzle-to-wall distance H/
D, and the jet area-weighted average turbulent intensity Iavg. To
that end, a number of turbulent, steady and axisymmetric numer-
ical simulations of an incompressible fluid have been carried out by
means of the commercial code Fluent. The velocity profiles used as
boundary condition to model the swirling jet had been previously
measured and modeled in [1], where the velocity components of
the jet emerging from a swirl generator nozzle with swirl blades
were measured by a LDA system and fitted to mathematical mod-
els. Depending on the rotation of the swirl blades, jets with differ-
ent swirl intensities can be generated by the nozzle. The heat
transferred to the impinging swirling jet when the blades are
rotated the maximum angle (Case S2) was previously presented
in [2] and its Nuavg and Nu0 data have been taken into account in
this work to get some correlations. Those Nusselt values, together
with the ones obtained in this work for other nozzle configura-
tions, have allowed to present the different correlations above
mentioned. While for Nuavg one correlation has been proposed
for any combination of the governing parameters and nozzle con-
figuration, for Nu0 two are needed, depending on the nozzle config-
uration (or jet swirl intensity): one for Cases R, S0 and S1 (or jets
with low swirl intensity), and another one only for Case S2 (or jets
with medium swirl intensity). From the proposed correlations, one
can easily see that:

1. both Nu0 and Nuavg always increase when Re increase: 	Rem,
m > 0;

2. both Nu0 and Nuavg always decrease when H/D increase:
	 H

D

	 
m
;m < 0;

3. with regard to the jet swirl intensity:
(a) Nuavg slightly decreases when Si increases: 	 Sm

i ;m < 0;
(b) Nu0 slightly increases with Si, if Si < 0.1: 	 Sm

i ;m > 0; while
(c) Nu0 decreases when Si increases, if Si > 0.1: 	 Sm

i ;m < 0.
In addition to this, a simpler correlation for Nu0 has been proposed
depending only on Re and H/D, when Si < 0.1, where the above
mentioned dependence of Nu0 on Re and H/D is also confirmed;
and.
4. finally, with regard to the jet area-weighted average turbulent

intensity:
(a) Nuavg increases when Iavg increases: 	 Im

avg ;m > 0; and
(b) Nu0 decreases when Iavg increases: 	 Im

avg ;m < 0, being little
the dependence when Si < 0.1.

The proposed correlations are then ready to be used as a tool to
estimate the heat transfer coefficients from heated solid walls un-
der the impingement of swirling jets generated by nozzles with
] [11] Eq. (16)

0.53 0.67:0.701 0.5644

[14] [15] [16] Eq. (18)

0.574 0.696 0.55 0.6313

[15] [17] Eq. (16) Eq. (18)

�0.20 �0.22 �0.2770 �0.3780
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rotating swirl blades. They are also thought to be valid to have
an idea of how jet governing parameters will affect the heat
transfer in any engineering application where swirling jets are
involved.
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