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Optimization With Steady RANS Simulations
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Abstract— To address the growing energy use of data centers,
waste heat recuperation offers a solution to better integrate
these facilities into the broader energy system, thus facilitating
a transition to the decarbonization of the energy system. The
use of liquid coolants for full immersion cooling or local heat
extraction from high power density components is considered for
this purpose. However, heat can also be extracted by novel air
cooling approaches, perhaps in combination with localized liquid
cooling. To optimize heat extraction from air-cooled systems and
maximize the heat grade, synthetic jets (SJs) can be used for
targeted adaptive cooling in conjunction with air ducting to
facilitate maximum heat recuperation potential in rack or server-
mounted air-to-liquid heat exchangers. Internal server layouts
can be optimized numerically, e.g., using a multiple objective
genetic algorithm approach based on minimization of entropy
generation rates. However, since SJs are inherently transient
flow phenomena, this would require transient flow simulations,
which forms a bottleneck in a numerical optimization loop. This
research aims to develop a simplified steady-state representation
of a synthetic jet actuator (SJA) with slot orifice using a localized
body force to generate a similar time-averaged flow field to a
real SJA, suitable for steady Reynolds-averaged Navier–Stokes
simulations within a numerical optimization loop. Both flow fields
are compared in terms of the mean flow field, jet spreading rate,
and turbulence intensity distributions.

Index Terms— Computational fluid dynamics (CFD), data
center, energy system integration, self-similarity, server cooling,
synthetic jet (SJ), unsteady flow, waste heat recuperation.

NOMENCLATURE

A Synthetic jet actuator area, m2.
b Jet half-width, m.
dS Width of source term volume, m.
D Synthetic jet characteristic length, m.
f Actuator oscillation frequency, Hz.
F0 Synthetic jet reaction force, N.
L0 Stroke length, m.
L S Streamwise length of source term volume, m.
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Re Reynolds number.
S Momentum equation source term, Nm−3.
T Actuator oscillation period, s.
TI Turbulence intensity.
TKE Turbulent kinetic energy, m2s−2.
U , V Streamwise and cross-stream velocity, m s−1.
VS Source term volume, m3.
x , y Streamwise and cross-stream coordinates, m.

Greek Symbols

� Actuator diaphragm displacement, m.
ν Fluid kinematic viscosity, m2/s.
ξ Fluid density, kg/m3.

Abbreviations and Subscripts

CJ Continuous jet.
DCJ Dual cooling jet actuator.
SJ Synthetic jet.
SJA Synthetic jet actuator.

I. INTRODUCTION

A. Background

IN RECENT years, the rising demand for data storage and
computing resources has led to the rapid growth of more

dense and powerful data centers, making them significant
energy consumers worldwide. Global data center electricity
demand reached around 200 TWh in 2019, accounting for
about 1% of global final electricity demand [1]. In addition,
the COVID-19 crisis in 2020–2021 has led to a dramatic
surge in Internet traffic due to social networking, remote
working, and so on so that a 60% increase in service demand
is estimated by 2022 [2]. To maintain a sustainable trend,
the strong growth in demand for data center services needs
to be counteracted by efficiency improvements for data center
infrastructures.

In a traditional data center, only 50%–60% of the total
energy is used by the IT equipment itself, while thermal
management and cooling systems account for about 1/3 of the
total electricity consumption. New chip fabrication technolo-
gies have improved the efficiency of processors in terms of
FLOPS/W, and the market share of hyperscale data centers,
which operate at lower power usage effectiveness (PUE)
values, has gradually increased [3]. Nevertheless, even for low
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PUE hyperscale facilities, since most of the power supplied
to the IT equipment is converted into heat, novel cooling
technologies that enable higher grade waste heat recovery can
improve the facility- and grid-level efficiency.

In the recent past, there has been an increasing thermal
density of integrated circuits as package-level miniaturiza-
tion proceeds. This trend necessitates innovative thermal dis-
sipation solutions to meet these cooling requirements [4].
Bar-Cohen [5] detailed the paradigm shift from early Com-
puter Room HVAC-like cooling techniques (1950–1975) and
remote cooling with engineered thermal paths transferring heat
away from the chip to the ambient air or fluid (since 1970).
Bar-Cohen et al. [4] and Bar-Cohen [6] advised that the next
generation of thermal management, “Gen3,” should embed
aggressive thermal management in the “chip, substrate, and/or
package and directly cool the heat generation sites.”

At the server level, the typical cooling system relies on
forced convection from server fans that often require a sig-
nificant amount of power, up to 5% of data center energy
consumption. Fan convective cooling can be optimized by
proper control of the fan speed depending on the actual server
workload [7]–[9]. Additional strategies for server cooling
could nonetheless lead to a considerable improvement in the
overall efficiency of the data center.

An energy-efficient solution for data centers is hybrid
cooling. Hybrid cooling implements concentrated hot spot
cooling (liquid) for high heat-generating components (micro-
processors and DIMM memory modules) and air cooling for
low-power components (power supplies, storage disk drives,
and printed circuit boards) [10]–[12]. Hybrid cooling systems
have demonstrated energy savings of up to 30% [10]. However,
while the use of liquid cooling is expected to increase, air
cooling remains the most widespread solution [13], with
further optimization potential. The waste heat produced by
air cooling is underutilized due to its typical low quality. SJs
are an attractive solution to increase the thermal quality of the
cooling air through targeted adaptive cooling, increasing the
potential for waste heat extraction. This could facilitate higher
heat recuperation potential using a rack or server-mounted air-
to-liquid heat exchangers [14].

B. Synthetic Jets

An SJA is a device that creates a zero net-mass-flux flow
that imparts momentum to the surrounding fluid by alternating
ingestion and expulsion of fluid through an orifice. Suction and
ejection are due to variations of pressure in the actuator cavity
generated by an oscillating diaphragm. During the ejection
phase, a vortex pair or ring (depending on the shape of the
orifice) sheds away from the actuator. During the ingestion
phase, the vortex pair has advanced sufficiently so that it is not
ingested back into the device. Hence, an SJ is formed by the
harmonic formation and interaction of a train of vortices [15].

In recent years, SJ actuators have emerged as a promising
solution to enhance heat transfer in electronic systems. Previ-
ous investigations into SJs impinging on heated surfaces have
shown their effectiveness in disrupting the thermal boundary
layer and enhancing heat transfer by increasing turbulence and

mixing [16]. SJs are particularly attractive due to their simple
and lightweight structure, absence of rotating parts (unlike
fans), and complex piping and fluidic packaging (unlike
CJs) [17].

Heat transfer enhancement from SJs has been extensively
explored in the literature. Most of the studies focus on
characterizing heat transfer enhancement associated with SJ
impingement on heated surfaces. The cooling performance of
an impinging SJ strongly depends on different parameters.
For a given actuator cavity and orifice geometry, the flow
field of a free, unconfined SJ is characterized by the jet
Reynolds number and dimensionless stroke length [15]. The
influence of these quantities has been widely investigated in
the literature [18]–[22]. In general, it has been shown that
for a given Reynolds and stroke length, optimal heat transfer
regimes can be achieved by acting on the spacing between
the actuator orifice and the heated surface. A broad review of
several studies can be found in [17].

In most of the studies found in the literature, a simple
geometry is considered, with an SJ in a quiescent environ-
ment impinging on a heated plate normal to the jet. Fewer
studies have investigated the use of SJs for actual cooling
applications. For example, de Bock et al. [23] and Marron and
Persoons [24] explored the performance of SJs for heat sink
cooling. These studies showed that SJs can provide significant
cooling enhancement over natural convection and that under
certain conditions, they outperform traditional fans, especially
for equivalent power requirement.

The application of SJs for internal server airflow optimiza-
tion has been investigated by Battaglioli et al. [14]. They
explored the potential of using SJs associated with specifically
designed baffles for enhancing the cooling efficiency in a
hybrid air-/water-cooled server while improving the potential
for waste heat recovery.

A computational fluid dynamics (CFD) model for the server
and SJ was employed to study fluid flow and heat transfer in
the server. Since SJs are inherently transient flow phenomena,
transient flow simulations were required. Due to the compu-
tational cost of the process, the authors investigated only four
different layouts for the SJ in the server, obtaining promising
results in terms of energy savings. The airflow management in
the server was improved so that the required inlet velocity from
frontal fans was reduced by 50%. Also, heat recovery potential
was improved, as the average outlet temperature was increased
by 7 ◦C. Nonetheless, to perform a thorough optimization
study, algorithms, such as multiple objective genetic algorithm
(MOGA), need to be applied [10], [25], [26]. These kinds
of optimization strategies compare the results of dozens or
hundreds of simulations, gradually tuning different parameters
to achieve the best solution based on the selected objectives.
Hence, each simulation must have a limited computational
cost to retain a reasonable computational time for the whole
optimization study.

In the literature, different CFD models for SJs are found,
which retains the SJ transient characteristics. Full transient
period simulations of SJs are required to solve the fluid flow
inside the cavity of the actuator as well as in the outer flow
region. Furthermore, as the actuator membrane oscillations
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generate the flow, it must also be modeled. This is done
by modeling the SJA membrane as a moving boundary and
introducing a deforming mesh region in its proximity [14],
[27]–[29]. Because of fine grid requirements in the cavity and
the small time discretization requirements due to the actuator
vibration frequencies (up to kHz), the computational cost of
these methods is extremely high.

In other studies, to partially reduce the computational cost
and simplify the CFD model, the flow within the SJ cavity
is not calculated, and the presence of the SJ actuator is
simulated by a boundary condition that imposes a periodically
oscillating velocity profile at the actuator orifice [30], [31].
One disadvantage of these methods is that the interaction
between the actuator and the outer flow is not captured.
The external fluid is virtually injected in the domain at an
imposed velocity, and the zero net-mass-flux condition of the
SJA is not retained. Furthermore, the transient nature of these
methods makes their computational cost still too high for
intense calculations, such as the MOGA optimization problem.

A possible solution to further reduce computational costs
would be to move from a transient CFD model to a simplified
steady-state model. Previous studies [15], [32] demonstrated
that, while SJs are dominated in the near field by periodic
vortex formations, in the far field, the instant velocities of a
free SJ become equal to the time-averaged ones. Hence, unless
a CFD study in the near field is specifically required, it is
reasonable to represent an SJ as a continuous (steady) jet. The
steady-state simplified model is suitable for use in a steady
Reynolds-averaged Navier–Stokes (RANS) simulations within
an optimization loop to make the first selection of optimal
solutions. The limited number of cases selected could then
be further investigated using the more advanced transient SJ
models for a more physically accurate evaluation.

This article aims to present a CFD steady-state model that
is able to mimic the time-averaged flow and turbulence field of
a free SJ. A body force is applied at the SJ region to impart
the same flow momentum as the one produced by the SJA.
Parallel to the steady-state simplified model, a transient SJ
CFD model is presented and is used to produce baseline results
for comparison purposes.

II. METHODOLOGY

In this section, the methodology is delineated. First, the
main characteristics of the SJA under consideration are
described, and the characteristic parameters of free SJs are
defined. Then, two CFD models for the SJA are presented.
The first model (Section II-B) is a 2-D dynamic model that
can reproduce the transient SJ flow field. The second model
(Section II-C) is the novel steady-state model ideated by the
authors to approximate the time-averaged SJ flow field in
intensive computations. The first model is used to produce
a baseline set of results to evaluate the second model’s
performance.

A. SJ Characteristics

For a given actuator geometry, a free SJ can be characterized
by two dimensionless parameters [17]: the dimensionless
stroke length and the jet Reynolds number. The dimensionless

Fig. 1. Schematic of General Electric/Aavid Thermalloy DCJ [35].

stroke length is defined as L = L0/D, where D is the
characteristic length of the SJA orifice and L0 is the stroke
length

L0 = U0

f
(1)

where the characteristic velocity U0 at the exit of the orifice
is defined as follows:

U0 = 1

A

1

T

∫ ∫ T/2

0
u0dtd A (2)

where A is the area of the orifice, T is the oscillation
period, and u0 is the streamwise velocity at the orifice plane.
Several definitions of the SJ Reynolds number can be found
in the literature [17], [33], [34], depending on the chosen
characteristic velocity. Since the objective of the present study
is to develop a steady-state CFD model that is able to impart
to the fluid the same momentum as the one produced by the
SJA, the Reynolds number is defined as

Rem = Um D

ν
(3)

where the chosen reference velocity Um is the jet momentum
velocity, which is defined as

Um =
√

1

TA

∫ ∫ T

0
u2

0dtd A. (4)

B. SJ Dynamic Model

The SJ actuator considered in this study is modeled on the
General Electric/Aavid Thermalloy DCJ [35], shown in Fig. 1.
The actuator is made of two square metal plates connected
on three sides by a U-shaped silicone membrane. The fourth
side is open, creating a slot orifice. The metal plates are
40 mm × 40 mm, and at rest, the slot orifice is 1 mm wide.
The SJ is generated by the vibration of the two metal plates
actuated via two piezo actuators. In this design, the jet flow
is enhanced by the varying orifice’s area during the operation
cycle, i.e., the orifice expands during ingestion and contracts
during expulsion [35].

The first model developed by the authors is a 2-D transient
CFD representation of the DCJ. To model the vibration of
the DCJ plates, the authors developed a user-defined func-
tion (UDF) that exploits the dynamic meshing model in
ANSYS Fluent. The UDF allows for the walls representing the
plates to move during the simulations, while the mesh around
them is automatically updated. The deformation of each plate
of the DCJ is modeled according to the vibration of a thin
square plate with three pinned edges and one free edge in
correspondence to the SJ orifice slot [36]. This assumption is
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Fig. 2. Maximum DCJ metal plate deformation, comparison of (a) experimental measurement by de Bock et al. [35] and (b) calculated according to thin
plate theory. 2-D representation of the DCJ used in the CFD model: (c) moving walls represent the vibrating plates and (d) variation of the orifice width d
during one vibration cycle due to the walls’ movement.

an improvement with respect to previous numerical models for
the same DCJ [29], which assumed a parabolic deformation
of the walls, not capturing the variation of the orifice aperture
during ingestion and expulsion.

Fig. 2(a) and (b) shows a comparison of the calculated
maximum displacement of the plate during a cycle with exper-
imental measurements done using a scanning laser vibrometer
by de Bock et al. [35].

Since the CFD model used in this study is 2-D, the DCJ is
represented by its midline section [dotted line in Fig. 2(b)];
the metal plates are represented by two 40-mm moving walls,
and these are connected at one side by a 1-mm-long stationary
wall representing the silicone membrane and open on the
opposite side to represent the orifice. Fig. 2(c) shows the 2-D
representation of the DCJ during one vibration cycle. Due to
the vibration of the walls, the orifice width d(t) varies with
time, as shown in Fig. 2(d). The time-averaged width of the
orifice is D = 1 mm. This value is taken as characteristic
length of the orifice.

Fig. 3 shows the computational domain used in the simula-
tions. Open boundaries (pressure inlet/outlet) and a quiescent
environment are assumed. The SJ actuator is parallel to the
x-axis, thus producing an SJ with vortices propagating in
the positive x-direction. The dimensions of the domain are
150 mm × 70 mm.

A transient, implicit model is used to solve fluid flow
in the domain. A second-order upwind scheme is applied
to discretize the momentum equations using the coupled
algorithm for the pressure–velocity coupling. The convergence
criteria for velocities and continuity are set to 10−6. The k–ω
SST turbulence model is used, with the near-wall mesh being
sufficiently dense to have a first cell layer normalized thickness
of y+ ≤ 1.

In the simulations, the domain is discretized using an
orthogonal mesh with 1.8 × 105 cells. These values were
chosen following a domain sensitivity study and a grid inde-
pendence study [37]. Specifically, in the dynamic mesh region,
i.e., inside and in close proximity of the DCJ, an orthogonal
mesh with a sizing of 5 × 10−5 m is used. Given the oscillation

Fig. 3. Schematic of SJ dynamic model computational domain.

frequency f = 175 Hz, a time step �t = 5.714 × 10−5 s, i.e.,
100 steps per cycle, is assumed. These parameters allow to
capture the unsteady flow and give time accurate results. Fur-
thermore, negative cell volume during the dynamic meshing
is avoided. For each simulation, 600 cycles are considered in
order to reach a stable condition in the domain.

C. CJ Model

The main objective of this article is to develop a steady
CFD model that would allow obtaining a flow field similar
to the time-averaged one produced by the DCJ. Hence,
the periodic SJ would be modeled as a CJ. The use of
a steady-state model instead of the dynamic mesh model
presented in Section II-B would allow for a considerable
reduction of computational time.

SJ actuators are inherently zero-net-mass-flux devices, and
SJs are generated imparting momentum to the surrounding
fluid. Based on these considerations, the method proposed by
the authors is to reproduce the time-averaged effect of the
actuator by introducing a body force in the domain, able to
impart the same momentum to the surrounding fluid while
maintaining the zero-mass-flux condition. This is done by
adding a source term S to the RANS equations governing
the flow. A similar concept is used, for example, to reduce
the computational cost of CFD simulations involving vortex
generators [38], [39]. In these models, vortex generators are
substituted by source terms that impart to the fluid the same
drag and lift. Similarly, the source term S introduced here must
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Fig. 4. Schematic of the CJ model computational domain.

impart to the fluid the same reaction force as the one produced
by the SJA.

The average reaction force (F0) in the streamwise direction
of an SJA can be calculated as follows [40], [41]:

F0 = ξ
1

T

∫ ∫ T

0
u2

0dtd A = ξAU2
m (5)

where F0 is the total force that the source term S, active in
the volume VS, must impart to the fluid in order to mimic the
effect of the SJ actuator. Therefore, the source term, expressed
as force per unit volume, is defined as

S = F0

VS
(6)

since we are considering a 2-D model, we can rewrite the SJ
source term per unit depth as

S = ξDU2
m

dS L S
(7)

where D is the time average width of the orifice and dS and
L S are the width and length of the region where the source
term is active, respectively (see Fig. 4). The value of dS and
L S must be defined through simulations in order to achieve the
best agreement with the time-averaged results of the dynamic
model.

Fig. 4 shows a schematic of the computational domain
used in the simulations. In this case, the DCJ is treated
as a solid body in the domain, which is completely closed
on all four sides, unlike in the SJ model, where fluid flow
inside the actuator must be solved, requiring an extremely
fine mesh. The region where the source term is active is
highlighted in front of the DCJ orifice. According to this
layout of the domain, the streamwise direction of the SJ is
along the x-axis; therefore, the source term is added to the
x momentum equation in ANSYS Fluent. In this case, a
computational grid with 8.9 × 104 elements is sufficient to
achieve grid independence. A steady-state implicit model is
used to solve fluid flow, with the same solver set up described
in Section II-B.

III. RESULTS AND DISCUSSION

In this section, the results of the SJ model (Section II-B)
and the CJ model (Section II-C) are presented. In general, the
steady-state model requires ∼2% of the computational time
of the dynamic mesh model resulting in significant time and
resource-saving. This is the central motivation of this research:
in order to integrate SJ numerical modeling into larger, more
complex systems, such as that of a data center server, rack, or

TABLE I

SJ DYNAMIC MODEL SIMULATION RESULTS

TABLE II

CJ STEADY-STATE MODEL INPUT PARAMETERS

room, it is essential to minimize the computation expense of
the process.

Three cases are investigated for the SJ (dynamic mesh
model), corresponding to three different values of the max-
imum deformation � of the metal plates. Table I reports the
stroke length L0 [see (1)], the characteristic SJ velocity U0

[see (2)], the momentum velocity Um [see (4)], and Reynolds
number [see (3)] for the three cases.

Velocities U0 and Um are calculated by numerical inte-
gration of the 2-D simulation results. For example, (2) is
approximated as

U0 = 1

D

1

T

NT/2∑
j=1

Nd (t j )∑
i=1

u0(yi , t j )�yi(t j )�t (8)

where NT/2 is the total number of timesteps in the half period
of vibration. The total number of cells along the orifice Nd

and the width of the cells �yi are time-dependent because
of the variation of the orifice width in time due to the walls’
vibration. An analogous formula is used to calculate Um .

A parametric investigation is carried out for the CJ model
(steady state) in order to evaluate its performance compared
to the time-averaged SJ model results. Table II reports the
input parameters used in the CJ simulations. Three values of
momentum velocities, corresponding to the ones obtained for
the three SJ cases (Table I), are considered. Furthermore, for
each value of Um , the width of the source region dS is varied
between 1 and 3 mm, while the length L S is varied between
1 and 2 mm (total of six cases for each value of Um). The value
of the source term for each case is then calculated according
to (8). Hence, cases CJ1, CJ2, and CJ3 correspond to cases
SJ1, SJ2, and SJ3, respectively.

For each case, jet velocity and turbulence fields are ana-
lyzed, and time-averaged results from the SJ model are com-
pared with the ones from the CJ model. Results at x > 30D
are considered in the comparison since the assumption of the
CJ is valid strictly in the far field.

Fig. 5 shows the time-averaged centerline velocity UC for
the three SJ cases. Fig. 5(a) shows the actual velocity of the
jet, while Fig. 5(b) shows the velocity normalized against the
SJ momentum velocity Um for each case. The normalized
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Fig. 5. SJ model time-averaged results: (a) centerline velocity and (b) normalized centerline velocity.

Fig. 6. Jet half-width: (a) time-averaged SJ model results and (b) CJ model results for ds = 2 mm and Ls = 1 mm.

centerline velocity data collapse onto each other, confirming
the expected jet self-similarity. The average centerline velocity
decay for the SJ cases scales as x−0.538, i.e., rUc = −0.538.
These results are in close agreement to previous studies on
planar SJs, where values between rUc = −0.58 [21] and
rUc = −0.5 [33], [43] were observed.

Fig. 6 shows the jet half-width b for the SJ [Fig. 6(a)] and CJ
[Fig. 6(b)] at different streamwise locations. The half-width b
is conventionally calculated as the distance between the center
of the jet and the location where the time-averaged streamline
velocity U = UC/2. As for the normalized centerline velocity,
the time-averaged SJ data for half-width [Fig. 6(a)] is observed
to collapse to a single line for the three cases due to the
jet self-similarity. The SJ average half-width increase scales
as x1.05(rb = 1.05). This value agrees with values between
rb = 0.88 and rb = 1 reported in the literature for planar
SJs [15], [32], [42].

As for the SJ model, CJ model results display self-similarity
both in the centerline velocity decay and in the jet half-width
increase. Fig. 6(b) shows an example of the half-width profile
obtained with the CJ model when dS = 2 mm and L S =
1 mm (note that here and in the following figures and tables,
the compact notation dsA × LsB is used to identify a source
region ds = A mm wide ×Ls = B mm long). Self-similarity
is observed for each value of the source term region width dS

and length L S , with slightly different rates rUC and rb, reported
in Table III. Overall, the results are in close agreement with
rates of rUC = 1 and rb = −0.5 for planar CJs reported in the
literature [43].

TABLE III

COMPARISON OF VARIATION RATES OF CENTERLINE VELOCITY, JET
HALF-WIDTH, AND MAXIMUM TURBULENCE INTENSITY IN THE

STREAMWISE DIRECTION FOR x/D ≥ 30

Fig. 7(a) shows a comparison of the averaged normalized
centerline velocity profile between the SJ model and the CJ
model. For each case, the average between cases SJ1, SJ2, and
SJ3 and CJ1, CJ2, and CJ3 is displayed. The best agreement
in terms of velocity field between the SJ model and CJ model
results is found when dS = 2 mm and L S = 1 mm. Fig. 7(b)
shows the comparison between the SJ and CJ results for the
streamwise velocity at different locations x/D, from 40 to
100 in steps of 20. SJ2 and CJ2 are reported as an example.
At x/D = 30, the CJ model slightly underestimates the peak
velocity by a 7% error; however, for higher values of x/D,
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Fig. 7. SJ versus CJ results: (a) normalized centerline velocity and (b) streamwise velocity at downstream locations x/D = 40, 60, 80, and 100.

Fig. 8. Centerline turbulence intensity: (a) time-averaged SJ1 versus CJ1, (b) time-averaged SJ2 versus CJ2, and (c) time-averaged SJ3 versus CJ3.

Fig. 9. Turbulent kinetic energy profiles at locations x/D = 40, 60, 80, and 100: (a) time-averaged SJ1 versus CJ1 results and (b) time-averaged SJ3 versus
CJ3 results.

the SJ and CJ results show a good agreement along the whole
jet width, with a peak velocity error <3% for x/D ≥ 40,
and <1% for x/D ≥50. Similar results are registered for
SJ1 versus CJ1 and SJ3 versus CJ3, with maximum errors
at x/D = 30 of 8% and 12%, respectively.

Fig. 8 shows the turbulence intensity at the center of the
jet predicted by the SJ model compared to the one predicted
by the CJ model. The turbulence intensity for each case
is calculated as TI = u�/Um , where the turbulent velocity
fluctuations are given by u� = (2/3 TKE)1/2. Fig. 8(a)–(c)
shows the results for cases SJ1 versus CJ1, SJ2 versus CJ2, and
SJ3 versus CJ3, respectively. Unlike for centerline velocity and
jet half-width, SJ turbulence intensity results do not collapse
onto a single curve. In fact, higher values of turbulence
intensity are observed for higher Um , i.e., at higher Reynolds

Rem . Also, the rate of decay varies between the three cases,
from x−0.59 to x−0.7, as reported in Table III. On the contrary,
for each combination of dS×L S , CJ turbulence intensity results
show self-similarity across the three values of Um . While TI
values are different for each dS × L S , the rate of decay is
almost unchanged for all the simulations, varying between
x−0.42 and x−0.49. Because of the different behavior of the SJ
and CJ models in predicting the turbulence intensity, TI in case
SJ1 is closely matched by the one predicted by CJ1 models
for x/D ≥ 30; however, CJ2 and CJ3 underestimate the TI of
cases SJ2 for x/D < 50 and SJ3 for x/D < 80, respectively.

Turbulent kinetic energy profiles at different locations x/D
from 40 to 100 in steps of 20 are shown in Fig. 9. In agreement
with what observed for the turbulence intensity, the CJ model
is able to reproduce the SJ results quite accurately in the
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first case [SJ1 versus CJ1, Fig. 9(a)], with a 10.5% error at
the centerline for x/D < 40, decreasing to a 2.5% error for
x/D ≥ 50. On the contrary, for SJ2 and SJ3, the turbulence
levels are underestimated at low x/D [see Fig. 9(b)], with over
50% error at the centerline for x/D < 40, decaying to a 15%
error for x/D > 60.

IV. CONCLUSION

The aim of this article was to develop a simplified steady-
state CFD model that is able to mimic the time-averaged flow
field produced by an SJA in the far field, i.e., for x/D ≥ 30.
The model is meant to be used in intensive calculations, such
as the ones required when performing optimization studies
involving a high number of design points, provided that a
detailed analysis in the close field is not of interest.

In the simplified model proposed by the authors, described
in Section II-C, the transient SJ is replaced by a steady, CJ is
produced by a localized body force that imparts to the fluid
the same momentum as the one produced by the SJA over
a vibration period. To validate the CJ model, results were
compared with the ones produced using a transient SJ model,
described in Section II-B.

Results were compared for three different values of the
momentum velocity Um (∝Rem) of the SJ, corresponding to
three different values of the body force applied in the CJ
model. In addition, for the CJ model, a parametric investiga-
tion for each value of the velocity was performed to determine
the dimensions of the source term region.

The CJ approach has been shown to provide an initial quasi-
approximation of its dynamic mesh model (SJ) counterpart
for far-field shape, centerline velocity, and half-width over
the investigated range of Rem . The best agreement in the
velocity field was found when the source term region was
ds = 2 mm wide ×Ls = 1 mm long, with 12% maximum
error in the centerline velocity at positions closer to the SJA
orifice (x/D∼30), decaying to <1% errors for x/D > 50.

Comparison of the turbulence field showed a good agree-
ment at lower Rem , i.e., for case SJ1 and its counterpart CJ1.
However, the agreement has been shown to deteriorate at
higher Rem . In particular, the turbulence intensity and kinetic
energy from SJ2 and SJ3 were significantly underestimated
by the CJ model for x/D < 50 and x/D < 80, respectively.
A possible solution for this shortcoming would be to introduce,
in further development of the CJ model, a turbulence source
term acting alongside the body force source term, which would
be proportional to the SJ Reynolds number. Other future work
includes the improvement of the source term model by further
optimizing the choice of the volume VS , perhaps linking its
value to the stroke length L0. Also, in the proposed model, S
was constant in the volume VS , while an optimized distribution
might offer a better representation of the SJ.
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