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Abstract

Jet flow is a fundamental fluid-dynamics phenomenon that has been extensively studied. This phenomenon
plays a crucial role in various industrial applications, including surface cleaning, flow control, and cooling of
electronic components. Offset jets offer advantages in flow pattern control by expanding the impingement area
and regulating surface pressure distribution. However, the aerodynamic behavior associated with a single offset
jet at low offset ratios has not been explored in depth. Therefore, this study aims to investigate the effect of varying
offset jet ratios on the aerodynamic characteristics of a single offset jet, focusing on impingement zone formation,
pressure distribution, and surface shear behavior. This study uses Computational Fluid Dynamics (CFD) to
investigate the effects of variations in jet offset ratio on the flow’s aerodynamic characteristics. This study used a
standard k-¢ turbulence model with a structured mesh and a Reynolds number of 10,000. The mesh element used
was a fine mesh with 200,000 elements and an error percentage of 0.09436%. The results showed that an OR 3
produced the highest C; value of 0.0047, a stable Cp distribution of 0.218, and the best impingement zone area.
Keywords: Computational fluid dynamic, Impinging zone, Offset jet, Offset ratio, Pressure.

pattern that is directly deflected towards the
surface [8].

The promising potential of the offset
jet configuration has attracted the attention
of many researchers to study the
characteristics of the flow structure in
various applicable fields. A study
comprehensively examines the behavior of
offset jets in a dual-jet configuration using
the particle image velocimetry (PIV)
approach [9]. The study describes the
visualization of the jet flow field at an offset

1. Introduction

(Jet flow is a crucial phenomenon in
fluid dynamics that is widely applied in
various engineering systems, including
surface cleaning, flow control, and precision
cooling processes, such as cooling
electronic  components [1-4]. One
commonly used configuration is the
impinging jet, where the fluid flow is
directed perpendicular to the target surface,
creating an impingement zone that is
typically used to maximize momentum and

heat transfer [5]. However, this model has
limitations; the increase in surface pressure
is too high and centralized, which has the
potential to damage the target surface [6]. To
overcome these limitations, the offset jet
configuration offers several advantages,
including reduced local pressure on the
surface and an expanded impingement zone
[7]. The jet flow works by adjusting the flow
direction through the offset height parallel to
the target surface, thus producing a flow
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ratio (d/w) = 1 and Reynolds number (Re) =
10000. The visualization results reveal a
large-scale, periodic Karman-like vortex
shedding phenomenon resulting from the
interaction between the two jets. This
phenomenon affects both the free shear layer
of the offset jet and the wall boundary layer
of the wall jet. However, the study focused
on one offset configuration without
considering operational parameters.

Furthermore, another study
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investigates several operational parameters
that quantitatively affect the flow field in a
dual jet configuration [10]. An increase in
the velocity ratio (r) can shift the merge
point upstream by up to 41.5% at an offset
ratio H = 15. In addition, further studies
were conducted by adding ejection angle
parameters that specifically reduced the
axial position of the upper vortex center
(UVC) by up t0 53.9% [11]. In addition, two
other studies focused on examining the flow
field characteristics in single and dual offset
jet configurations [12,13]. The research
results showed that the addition of a wall jet
in a single offset jet (SOJ) configuration
weakened the recirculation zone, as
evidenced by a higher minimum static
pressure value and lower backflow velocity.
Meanwhile, exploration of the dual offset jet
(DOJ) configuration revealed fundamental
structural  differences, including the
formation of two recirculation zones.

Although offset jet flow has been
extensively investigated and has shown
continuous development, existing studies
are predominantly focused on
configurations with relatively high offset
ratios. As a result, the fundamental flow
structures and aerodynamic characteristics

Pre-Impingement

of single-offset jets at low offset ratios
remain underexplored. This limitation is
critical, as the offset ratio plays a key role in
governing fluid—surface interaction,
impingement  zone  formation,  and
momentum  redistribution, which are
essential for effective flow control in
precision engineering applications.
Therefore, this study aims to systematically
investigate the influence of variations in the
low offset ratio on the aerodynamic
characteristics of a single offset jet at a
Reynolds number of 10,000. The variations
OR range from OR 1 to 5, with an interval
of 0.5. The results of this study are expected
to lay the foundation for future research on
single offset jets with low ratios and to
address the knowledge gap regarding the
aerodynamic behavior in offset jet flows.

2. Methodology
2.1 Offset Jet Configuration

This study was conducted to analyze
the offset jet flow phenomenon in a two-
dimensional configuration. The operational
factors studied indicate that the intensity of
the influence of 3-dimensional (3D) flow is
minimal, allowing the influence of the 3D
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Figure 1. Offset jet region

mode perspective to be ignored [7].
Additionally, the two-dimensional approach
substantially enhances the efficiency of
computational calculations without
significantly compromising the accuracy of
the results. The geometry configuration of
the offset jet is shown in Figure 1. The offset

jet flow is divided into three main zones,
namely: 1) pre-impingement zone, 2)
impingement zone, and 3) wall jet region.

2.2 Governing equations.
This research uses OpenFOAM, an
open-source software, to solve CFD cases.

570

TURBO p-ISSN: 2301-6663, e-1SSN: 2447-250X Vol. 14, No. 02, 2025



The Reynolds-averaged Navier-Stokes
(RANS) equation is essential to CFD. It has
two main components: the continuity and
momentum equations. These have been
adjusted to solve fluid dynamics problems in
CFD applications. Formally, the RANS
expression is written as an equation (1) and

(2) [14]
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A turbulence model is necessary to
complete the calculation more accurately
and predict complex turbulent fluid flows.
This study uses the model standard k-, it
includes the turbulent kinetic energy (K) in
Equation (3) and dissipation rate (g) in
Equation (4) [15]. The standard k-& model is
most commonly used because it is accurate
in predicting the offset jet flow field
phenomenon [13,16].

2.3 Mesh and Boundary Conditon

Mesh creation is crucial for ensuring
accuracy in numerical calculations. As
shown in Figure 2 (a), a quadrilateral
structured mesh was implemented to ensure
accurate computational results, particularly
for fluid interactions with solid surfaces.
The fluid enters the domain with a calm
environment, set at U=1 and V=0 and the
Reynolds number as 10,000 described in
Equation (5).
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Figure 2. Detail of mesh and boundary condition ()
Mesh and (b) Boundary Condition
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Furthermore, the exit is configured
as a zero-pressure outlet. Additionally, the
boundary conditions for the walls are set to
no-slip. More detail about the boundary
condition and the domain of computational
can be seen in Figure 2 (b). This
computational domain has nozzles of size D.
The total area of the computational domain
is 70D x 50D. This study analyzes the
effect of OR on the offset jet. The offset ratio
variation used is offset ratio (OR) 1to 5. The
variations in this research are shown in
Table 1 in detail. The convergence criteria
for each variable, as determined in this
study, are 10°°.

Re =

Table 1. Parameter geometry and the offset ratio

Parameters Value
Diameter (D) 10 mm
Bottom wall 700 mm
Side wall 450 mm
Offset ratio (OR)  1; 1.5; 2; 2.5; 3; 3.5; 4, 4.5;
5
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2.4 Friction Coefficient

The friction coefficient (Cy) is
defined as a non-dimensional number of
parameters that occurred between the fluid
and the surface of a solid object [17]. This
phenomenon is observed when the friction
effect appears due to the interaction of the
fluid with the solid surface, representing the
viscosity zone. In the case of jet flow, this
phenomenon is essential to confirm that the
fluid is not inviscid. Furthermore, the
representation  of this  phenomenon
constructs a boundary layer that
continuously grows, leading to a significant
transformation of the velocity gradient in the
fluid flow. Mathematically, Cs is formulated
in Equation (6).

C =t ©)
2

L
2.5 Mesh Independence test

This analysis employs a structured
mesh consisting of quadrilateral elements.
The mesh variation is determined by the
element count, which includes fine,
medium, and coarse meshes. The mesh
elements count is 200,000, 100,000, and
50,000, respectively. The test is conducted
using the method proposed by Roache [18].
This method is designed to quantify the
uncertainties and errors introduced by the
spatial  discretization process. Before
performing the mesh independence test,
specific variable samples must be obtained
for each mesh type. For this study, the fluid
velocity is set at coordinates X = 0.3 and Y
= 0.025 for comparison data. There are
several main steps in this test. First step is to
determine the amount of mesh variation
ratio using Equation (8). After that, the mesh
convergence order calculation is carried out
with the Equation (9). The third step
involves determining the deviation for each
mesh variation by calculating the grid
convergence index (GCI) using Equations
(10) and (11). The GClsine determines the
amount of error found in the fine and
medium meshes [19]. Meanwhile, GClcoarse
is used to measure the deviation between the
medium and coarse meshes. The GCI

calculation results are then used to ensure
the three mesh variations are in the
convergent area. After completing all
calculation stages, the lowest error value is
obtained with the fine mesh at 0.09436%, as
shown in Figure 2. Based on these results,
the fine mesh is determined to be the optimal
resolution for numerical simulations,
providing more accurate and convergent
results.
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Tabel 2. Grid test results

Mesh Fine Medium Coarse
Velocity  5.441548 5.437274  5.429448
P 0.87295897
r 2
GClfine 0.118%
GClcoarse 0.2164%
GCICO&TSQ 1
GClripe 1P

Error 0.09436% 0.71282% 0.31650%

3. Result and Discussion
3.1 Validation

This  research  employed a
computational approach to more efficiently
model offset jet flow than an experimental
approach. However, numerical calculations
are limited in their ability to represent actual
field conditions due to model assumptions
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and simplifications. Therefore, validating
the numerical results is essential to
achieving accurate simulations. Validation
was performed by comparing the results of
numerical calculations with experimental
data [20] and the previous study with jet
offset configurations having an offset ratio
(OR) of 2.5.

The average error of the current
study's Udecay relative to experimental data is
approximately 4%. The u-decay trend graph
in Figure 3 shows good agreement with
experimental results, although there are
minor differences in the pre-impingement
and downstream regions. A comparison
with previous studies using a similar
turbulence model reveals that the current
simulation yields a trend closer to the
experimental  results.  Overall, these
validation results suggest that the numerical
simulation accurately represents the primary
characteristics of the offset jet flow within
acceptable limits, making it suitable for
further analysis of the effects of low OR
variations on the offset jet flow behavior.
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Figure 3. Ugecay Comparison between numerical
and experimental study

3.2 Analysis.

This investigation examines how
variations in the jet offset ratio affect the
impingement zone in a flow with Re 10,000.

Figure 4 presents the variation of the
maximum velocity decay (Udecay) along the
streamwise direction for different offset
ratios. Upon exiting the nozzle, the jet
initially maintains its maximum velocity

within a potential core region, consistent
with classical free jet theory [21]. Beyond
this region, velocity decay occurs due to
momentum diffusion and entrainment of the
surrounding fluid. At low offset ratios,
Umax decays more rapidly in the upstream
region. This behavior is attributed to the
proximity between the nozzle and the
bottom wall, which promotes early jet-wall
interaction and accelerates the breakdown of
the potential core. In contrast, higher offset
ratios provide sufficient vertical clearance
for the jet to develop a more stable potential
core before interacting with the wall, leading
to slower upstream velocity decay.
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Figure 1. Ugecay Variations at each offset ratio

However, in the downstream region,
higher offset ratios exhibit a more
pronounced velocity reduction compared to
lower OR cases. This phenomenon is caused
by the enlargement of the recirculation zone
beneath the jet, which dissipates jet
momentum through vortex-induced mixing
before reattachment occurs. Consequently,
although higher OR configurations preserve
the jet velocity upstream, they experience
greater momentum loss downstream due to
increased recirculation.

The variation in the offset ratio was
shown to affect the velocity drop in the jet
stream significantly. The greater the velocity
drop, the more intense the momentum
transfer process is before finally hitting the
bottom wall (reattachment point), forming
an impingement zone. Figure 5 shows the
location and characteristics of the
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reattachment point with respect to the X
position.
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Figure 5. X, location at each offset ratio

The graph shows that the positions of
the reattachment points increase with the
offset ratio. The Xy is one of the critical
locations in the jet flow phenomenon where
the fluid hits the wall before finally flowing
along the wall surface. The offset ratio plays
a significant role in determining the location
and characteristics of the Xp. At lower offset
ratios, the jet stream will reattach more
quickly than at higher ones. The formation
of a larger recirculation zone just below the
nozzle is the reason for this [22].

In jet studies, variations of the
Coefficient of Friction (Cr) and Coefficient
of Pressure (Cp) are shown to investigate the
jet flow field’s characteristics interacting
with the bottom wall. The skin friction
coefficient is used to characterize wall shear
stress and to identify reattachment behavior.
Cs is an important parameter, especially
when determining the position of the
reattachment point or the local location of
impingement zone formation. Figure 6
shows that Cr approaches zero near the
reattachment point, which is a well-known
indicator of flow reversal and the location of
reattachment point [16].

An increase in OR indicates a shift in the X,
towards downstream. Therefore, this finding
is directly proportional to the size of the
recirculation zone formed. In addition, the
Cs value increases due to the formation of

the impingement zone. Computational
results indicate that the jet interaction of the
jet stream with the surface is most dominant
at OR 3. Among all configurations, OR 3
exhibits the highest peak Cs value of 0.0047,
indicating the strongest wall shear stress and
momentum transfer. This result suggests
that OR 3 provides an optimal balance
between jet momentum and recirculation
size, allowing the jet to impinge effectively
without excessive energy dissipation. Both
lower and higher OR wvalues result in
reduced Cs peaks, either due to premature
jet-wall interaction (low OR) or excessive
momentum loss within the recirculation
zone (high OR).
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Figure 6. Cs variations at various offset ratio

Moreover, Figure 7 illustrates the
coefficient of pressure (Cp) to provide a
more comprehensive depiction of the flow
field interactions at the bottom wall. The C,
curve exhibits two main features: a
recirculation zone and a stagnation pressure
at the reattachment site. A negative-pressure
field characterizes the recirculation zone
resulting from flow separation from the
bottom wall. On the other hand, the peak
value in Cp indicates the reattachment
location of the jet stream. Increasing the
offset ratio significantly increases the peak
Cp value at the bottom wall. OR 5
significantly dominates the pressure field at
the bottom wall with a value of 0.2426. This
is due to the high offset ratio that allows the
fluid velocity vector to deflect in the
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negative y direction. Therefore, the jet
stream collision can occur over a larger
frontal area.
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Figure 7 C, variations at various offset ratio

OR1 OR1.5 OR2

Table 3 quantitatively confirms that
increasing OR shifts X, downstream while
simultaneously increasing Cpmax and
reducing the magnitude of Cpmin. This trend
indicates that higher offset ratios weaken
flow separation intensity but enhance
pressure recovery at the impingement
location[16].

Table 3. Characteristic of Xy

OR er Cp,min Cp,max
1 0.0178 -0.2807 0.1466
15 0.0341 -0.2089 0.1776
2 0.0482 -0.1834 0.194
25 0.0613 -0.1675 0.2176
3 0.08 -0.1569 0.218
3.5 0.0827 -0.1463 0.2277
4 0.0923 -0.1398 0.2346
4.5 0.1019 -0.1354 0.2394
5 0.1103 -0.1321 0.2426
OR 2.5 OR3

OR 4.5 OR5

Figure 8. Streamline contour

X Component Velocity -4-3 2-101234567289 1011121314

Figure 9. Velocity contour
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Figure 10. Pressure contour

The shifted X, indicates that the jet
stream has a longer path before interacting
with the bottom wall due to the dominance
of the recirculation zone. For the pressure
coefficient, Cpmax 1S 0.2426 at an offset ratio
of 5, while Cpmin is 0.1466 at an offset ratio
of 1. The most significant increase in value
occurs at OR 1.5 compared with OR 1, with
a difference of 0.031. Meanwhile, the lowest
Cpmin Vvalue is -0.2807 at OR 1, and the
highest Cpmin value is at OR 5 with a value
of -0.1321.

Figure 8 illustrates the streamline
patterns for each offset ratio, showing that
the jet deflects toward the bottom wall and
attaches to the surface due to the Coanda
effect [22]. This attachment results from
entrainment-induced pressure differences
that cause the jet to follow the nearby wall,
forming a wall-jet structure with a
recirculation zone beneath the jet. As the
offset ratio increases, the recirculation zone
becomes larger. At OR 1 and OR 1.5, the
limited nozzle-to-wall distance suppresses
vortex development, and no secondary
vortex is observed at the corner between the
vertical wall and the bottom wall. In
contrast, Figure 9 shows that for OR > 2, a
secondary vortex begins to form due to
enhanced shear-layer development and
increased flow separation. The enlargement
of the recirculation region shifts the

reattachment point further downstream,
delaying jet—wall interaction.

This flow behavior is consistent with
the surface pressure distribution shown in
Figure 10. From the perspective of
Bernoulli’s principle, the deceleration and
redirection of the jet during reattachment
convert Kinetic energy into static pressure
[16]. Higher offset ratios allow the jet to
reattach more  frontally, enhancing
momentum transfer to the wall and
increasing surface pressure. These results
confirm that the offset ratio strongly governs
vortex formation, reattachment location, and
surface pressure characteristics in single
offset jet flows, making it a key parameter
for controlling impingement behavior in
precision flow applications.

4. Conclusion

This study analyzes the impact of jet
OR variations on the characteristics of the
impingement zone at a Reynolds number of
10,000 within the OR range of 1 to 5, with
an interval of 0.5. Simulation results indicate
that the OR has a significant impact on
pressure distribution, impingement zone,
recirculation zone, and reattachment
distance. The study has limitations: 2D, the
standard k-¢ turbulence model, and the
assumption of incompressible flow. It
focuses on the aerodynamic characteristics
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of jet flow without involving thermal
parameter analysis.

Due to its proximity to the wall, the
highest Umax drop gradient occurs at an
offset ratio 1. As the offset ratio increases,
the Umax drop can be reduced as a flow
phenomenon that maintains momentum.
However, due to increasing the jet height,
the wvelocity drop is more significant
compared to the Ilow offset ratio.
Furthermore, the reattachment point
distance on OR 5 increased tenfold from the
reattachment distance on OR 1, with
respective values of X, 0.1103 and 0.0178.
It can be concluded that X, the distance
increases as the offset ratio rises.
Furthermore, the maximum Cs value is
obtained at OR 3, which is 0.0047. The
variation in OR 3 is considered the most
effective offset ratio parameter in forming
the impingement zone, as indicated by the
peak Crvalue. On the other hand, an increase
in the offset ratio significantly affects the
peak C, value on the lower surface. OR 5
significantly dominates the pressure field on
the surface with a value of 0.2426, and the
Cp value decreases as the OR value
decreases.

The results of this study indicate that
the OR 3 configuration has the best
impingement zone, as seen from the high
interaction between the fluid and the
surface. This configuration yields a stable
surface pressure compared to other OR
configurations. The results of this study
have the potential to be applied to precision
systems, such as electronic component
cooling, surface drying processes, and
precision cleaning in the manufacturing
industry. In the future, this research can be
expanded to include thermal parameter
analysis, such as temperature distribution
and Nusselt number, to obtain a
comprehensive  understanding of heat
transfer performance. This study will not
only enrich the scientific understanding of
offset jet characteristics but also provide a
stronger foundation for design optimization
in various industrial applications that require
efficient momentum and heat transfer.
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