CFD analysis of jet flows ejected from
different nozzles
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Abstract

Nozzles are widely used to control the rate of flow, speed, direction, mass, shape and pressure of the stream
in connection with many different engineering applications. This paper presents the performance predicted
by a computational fluid dynamic (CFD) model, which are 3D models that utilize parametric analysis,
realizable k-epsilon turbulence models and experimental measurement for a jet. Jet flows are ejected from
three different slot nozzles: round-shaped nozzle, rectangular-shaped nozzle and 2D-contoured nozzle. In
this numerical study, velocities of free jets have been predicted for different axial distances from the nozzle
exit in the range of 0.2 < z/B < 12 when center velocity at the nozzle exit. CFD simulation results are
compared to experimental results from literature. These results are consistent with the existing experiments.
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1. INTRODUCTION

Nozzles are widely used in connection with many different engi-
neering applications, mainly to generate jets and sprays. The
nozzle exit flow serves as the initial condition for the down-
stream flow. Experiments have been conducted with variations of
nozzle exit Reynolds number by Yang et al. [1]. They measured
developing structures of free jets by hot-wire anemometer to
understand the characteristics of heat transfer in conjunction with
measured jet flows. In that study, different flow characteristics
have been observed depending on different nozzle shapes as in
the experimental study implemented.

In most instances, flow non-uniformity and turbulence orig-
inate within the nozzle, but the nozzle contraction is generally
designed to attenuate and minimize these effects [2].

The jet type flows occur in a variety of applications, especially
in the industrial sector. For over a century, the theory of turbulent
jets and their practical applications have attracted the specialist’s
attention in many research fields [3, 4].

The capability for Navier-Stokes analysis of exhaust nozzle
flow fields has progressed to the point that, for simple nozzle
geometries, computational fluid dynamic (CFD) accuracy for
performance quantities is comparable to experimental accuracy.
The CFD simulation has the advantage that a discrete point
approximation to the entire flow field is available [5-8]. This
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makes it possible to consider using the CFD solution to investigate
a number of important nozzle performance effects that would be
extremely difficult to investigate experimentally.

There are relatively few experimental data sets on nozzle thrust
performance that are documented in the open literature in suffi-
cient detail to be suitable for purposes of CFD verification. In this
paper, the results of an investigation into utilization of scarfed,
truncated perfect nozzle for thrust vector adjustment in tactical
strap-on boosters are presented.

There is less published literature involving the numerical sim-
ulation of flow in nozzles. Yu et al. [2] have performed Reynolds-
averaged Navier-Stokes simulations to investigate the effect of
nozzle geometry on the turbulence characteristics of incompress-
ible fluid flow through nozzles at Reynolds number of approxi-
mately 50 000. Four nozzles have been considered: a baseline noz-
zle and three modified nozzles (extended, grooved and ringed).
The flow in these nozzles has been simulated using different
turbulence closure models, including Spalart-Allmaras, variants
of k-¢ and k- and the Reynolds stress model. Payri et al. [9]
and Macian et al. [10] numerically investigated the effect of diesel
nozzle geometry on the inception and development of cavitation.
Sushma et al. [11] presented the results of an investigation into
utilization of scarfed, truncated perfect nozzle for thrust vector
adjustment in tactical strap-on boosters. The purpose of Qiang
et al’s [12] study is the development and validation of an internal
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three-phase flow model of the abrasive water jet with the capa-
bility to predict the acceleration of solid particles and the wear of
nozzle wall.

Giannadakis et al. [13] developed a CFD cavitation model
for diesel injector nozzles based on the Eulerian-Lagrangian
approach. They demonstrated that their model can identify many
of the cavitation structures present in internal nozzle flows and
showed that these structures are dependent on nozzle design and
flow conditions.

Nozzles are widely used in many different applications of engi-
neering, especially to generate jets. While designing the nozzles, it
was aimed to achieve a low turbulence density at the nozzle outlet.
Therefore, this situation has been emphasized in experimental
and numerical studies especially on jets. The nozzle exit flow
serves as the initial condition for the downstream flow. In most
instances, flow non-uniformity and turbulence originate within
the nozzle, but the nozzle contraction is generally designed to
attenuate and minimize these effects. The objective of this numer-
ical study is to explain jet flow structure ejected from different
shaped slot nozzles and to validate with experimental results.

In this sudsy, it is used of model-free simulations to broaden
our understanding of some of underlying mechanisms involved in
the near field of jet flows originating from different nozzles. Our
primary objective is to assess the influence of the nozzle shape on
the subsequent evolution of the jet flows and their mixing char-
acteristics. This facilitated by analyzing the processes involved in
entrainment. Three nozzles are considered: round-shaped nozzle,
rectangular-shaped nozzle and 2D-contoured nozzle.

2. GEOMETRY AND GRID STRUCTURE

Three different geometries were created for rectangular-shaped
nozzle, round-shaped nozzle and 2D-contoured nozzle. General
structural for the computational geometries is shown as in
Figure 1. Inlet zone was created at a distance of 200 mm before
the end point of nozzle exit and dimensions of 60mm x 130mm.
B is the jet width.

In the experimental study carried out by Yang et al. [1], mea-
surements were taken up to 100 mm from the nozzle exit. There-
fore, the data we received in the simulations had to be taken up
to 100 mm accurately. In order to obtain these data, a volume
of 100 x 30 x 130 mm, shown in the Figure 1, was applied to
the body of influence. The body of influence influences the mesh
density of the body that it is scoped to, but it is not be a part of the
model geometry nor will it be meshed.

Meshes of the same characteristics were created for three dif-
ferent geometries. Figure 2 shows the specific locations of mesh
zones. These locations are Inlet (A), outlet (B) and nozzle walls
(C) and the body-of-influence volume (D).

Table 1 shows qualities of the inflation zone and the body of
influence zone. Inflation was applied to named selection that
shown as C (nozzle wall) in Figure 2. Inflation qualities are maxi-
mum layers 6, growth rate: 1.1. For the body of influence, growth
rate and element size are given as 1.1 and 1 mm, respectively.
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Figure 2. Specific locations of zones.

Table 2 shows the mesh properties for each type of nozzles.
Curvature and proximity qualities were applied for each mesh. In
this study, grid independence tests were implemented to deter-
mine the optimal number of grids for each nozzle shape. Nozzles
are divided into different grid numbers. 5 652 688, 6 102 688
and 5 595 724 elements were used for rectangular-shaped nozzle,
round-shaped nozzle and 2D-contoured nozzle, respectively. For
proximity qualities, numerical cells across gap were taken to be 6.
Other mesh qualities are element size 5 mm, growth rate 1.1 and
target skewness 0.8.

Grid structure is given in Figure 3 for different nozzles. When
the mesh structure is examined, dense mesh was formed in the
area created by body of influence. Inflation layers were formed
along the nozzle walls.

2.1. Boundary conditions

Velocity inlet was defined by zone shown as A in Figure 2. The
values of the velocity inlet were set as parameters. Table 3 shows
input parameters and results. In order to compare the experi-
mental results, the velocity-inlet parameter was changed and the
results were approximated to the values used in the experimental
results. The temperature value is given as 300 K.
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Table 1. Inflation and body sizing.

Object name Inflation Object name Body sizing
Boundary Nozzle wall Geometry 1 body

Inflation option Smooth transition Type Body of influence
Transition ratio 0.272 Bodies of influence 1 body
Maximum layers 6 Element size 1 mm

Growth rate 1.1 Growth rate 1.1

Inflation algorithm Pre

Table 2. Comparison of mesh for different nozzle types.

Type Rectangular-shaped nozzle Round-shaped nozzle 2D-contoured nozzle
Nodes 7753126 8 461 305 7 696 092
Elements 5652 688 6102 688 5595724
Element size 5. mm 5. mm 5. mm
Growth rate 1,1 1,1 1,1

Max size 5. mm 5. mm 5 mm

Mesh defeaturing Yes Yes Yes
Defeature size 2.5e-002 mm 2.5e-002 mm 2.5e-002 mm
Capture curvature Yes Yes Yes
Curvature min size 5.e-002 mm 5.e-002 mm 5.e-002 mm
Curvature normal angle 18° 18° 18°

Capture proximity Yes Yes Yes
Proximity min size 5.e-002 mm 5.e-002 mm 5.e-002 mm
Num cells across gap 6 6 6

Target skewness 0.8 0.8 0.8
Smoothing High High High

Table 3. Velocity input-output parameters.

Nozzle type Inlet velocity Maximum value of velocity
(parametric) on line
m/s
Y =0.001 m Y =0.005m
(z/B=0.2) m/s (z/B=1)m/s
Rectangular-shaped 2.715 40.345 39.615
nozzle
Round-shaped nozzle 3.270 40.351 40.368
2D-contoured nozzle 3.200 40.061 40.078
2D-contoured nozzle 3.270 40.927 40.945

Figure 3. Grid structure for each shape of nozzles.

3. COMPUTATIONAL METHODS

The commercial CFD software, Fluent 19.2 [14], is utilized to
compute the unsteady 3D incompressible flow. In the general
setting of the CFD simulation, solver type and time are selected
as pressure based and steady, respectively. In addition, the gravita-
tional acceleration in the Y direction was magnitude 0f9.81 ms~2
for simulation.

In the model setting, firstly energy equations have been acti-
vated. Then the k-epsilon model has been selected from the
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viscous settings and, as a wall function, realizable and standard
wall functions are used in k-epsilon models.

In solution methods setting, coupled scheme is applied for pres-
sure-velocity coupling. Coupled algorithm solves the momentum
and pressure-based continuity equations together; also this algo-
rithm improves solution convergence rate. Spatial discretization
settings, least-squares-cell based and second-order are imple-
mented for gradient and pressure-interpolation-schemes, respec-
tively. Second-order upwind schemes are selected for momentum,
turbulent kinetic energy and turbulent dissipation rate. Hybrid
initialization is applied and 1000 iterations are defined, solved
and converged for each simulation. Each model is converged. The
convergence criteria are 10~ and 10~* for the flow field and energy
equations, respectively.
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Air is used as material and its properties are default. Even if
the properties of the air define as ideal gas models or real gas
models, the simulations results did not change greatly. For this
reason, properties of material were used by default. Properties of
air that used for simulation are the following: density, p=1.225
kgm™; heat capacity, cp = 1006.43 Jkg™* K™*; thermal conductivity,
k=0.0242 Wm™' K'; viscosity, p = 1.7894 x 10~° kgm ™" s7".

3.1. Governing equations

In the current study, the CFD code was used for 3D numerical
simulations of fluid flow. The developed model simultaneously
solves the mass, momentum and energy conservation equations.
Generally, for an incompressible flow, these equations are as fol-
lows [5, 8]:
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4. RESULTS AND DISCUSSION

CEFD results are shown by the variables and values used in the
experimental study by Yang et al. [1]. In the experimental study,
Uj is the exit velocity of the nozzle. B is the width of the nozzle
and B =5 mm.

Figure 4 illustrates coordinates where CFD and experimental
results are received. The term z/B defines the distance from the
nozzle, while the term y/B defines the locations of the data line.
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Figure 5. Widthwise variations of mean velocity as experimentally and numeri-
cally for different nozzle shapes at Uj = 40 m/s: (a) round-shaped nozzle and (b)
rectangular-shaped nozzle.

In Figure 5, the velocity distributions for round-shaped nozzle
and rectangular-shaped nozzle at Uj = 40 ms™" are experimentally
and numerically shown. As can be seen in Figure 5, it is clearly
stated that experimental results presented by Yang et al. [1] and
numerical results are similar. In the experimental study, the exit
speed of the nozzle was taken as 40 ms™". In the CFD simulation,
parametric analysis was performed for 40 ms™ convergence of
nozzle output speed. As a result of the parametric analysis, the
appropriate inlet velocity was determined. The inlet velocity value
for the rectangular-shaped nozzle shown in Table 3 was deter-
mined as 2.715 ms™". As a result of this input speed, the maximum
velocity formed on the line Y = 0.001 m (z/B=0.2) is 40.345 ms™".
The inlet velocity value for the round-shaped nozzle is 3.27 ms™
and the maximum velocity taken over the line Y = 0.001 m
(z/B=0.2)is40.351 ms™". The Table 3 also shows the results of the
2D-contoured nozzle. Table 3 shows that the velocity-inlet value
differs for each nozzle.

For the round-shaped nozzle, there are uniformly distributed
velocities along the y/B (width), whereas for the rectangular-
shaped nozzle it does not seem to be distributed so uniformly.
This is clearly seen in the CFD simulation. For the round-shaped
nozzle, the speed reduction at y/B = 0 (center line) is less than for
the rectangular-shaped nozzle.
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Figure 6. Widthwise variations of velocity fluctuations as experimentally and
numerically for different nozzle shapes at Uj = 40 m/s: (a) round-shaped nozzle
and (b) rectangular-shaped nozzle.
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Figure 7. Axial variations of jet flow structure for different nozzle shapes for
Uj =40 m/s.

In Figure 6, normalized velocity fluctuations, i.e. turbulence
intensities, in the widthwise direction for round-shaped nozzle
and rectangular-shaped nozzle at Uj = 40 ms™' are experimentally
and numerically shown.

As shown in Figure 7, the numerical results are similar to the
experimental results for all nozzle shapes, particularly at some
values of z/B. The maximum turbulence intensity in the cen-
terline for a rectangular shaped is observed experimentally and
numerically at z/B = 12. Turbulence intensities at this point are
about 9% and 10.5% experimentally and numerically, respectively.
The maximum turbulence intensity in the centerline for a round
shaped are 8% for numerically and 10% for experimentally.

The lowest turbulence intensity in the centerline for a rectangu-
lar shaped is observed at z/B = 0.2. Turbulence intensities obtained
at this point experimentally and numerically are about 2% and 4%,
respectively.

Figure 7 shows the axial variations of jet flows along the center-
line for three different nozzles with the increase of axial distance
from nozzle exit in the range of at 0 < z/B < 20 at Uj = 40 ms—las
experimentally and numerically.
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For round-rectangular nozzle, the experimental and numerical
results were very close for all z/B values. For round-shaped nozzle
and 2D-contoured nozzle, the experimental and numerical results
were very close to each otherat0 < z/B < 5and 14 < z/B < 20.
However, at other z/B ranges, deviations have occurred.

5. CONCLUSION

Despite some differences, experimental results and numeri-
cal results gave appropriate results. These differences can be
explained as follows:

In the experimental study, air passes through the blower, valve
and settling chamber and the flow is made uniform and emerges
from the nozzle. The equipment used in the experimental study
was adjusted according to the nozzle types so that the nozzle
output speed (Uj) could be 40 ms™". The flow rate of the uniform
flow was varied for different nozzle types. In the CFD study, the
flow is defined as uniform in the inlet region.

In addition, in the experimental study, measurements were
made by taking time averages in a certain region of the exper-
imental setup. In numerical analysis, the correct use of these
measured values is not suitable for CFD algorithm. In any region,
parametric analysis should be performed in accordance with the
CFD algorithm to obtain the results measured by time averaging.
The results found in the experimental study should be convergent
in CFD.

Numerical investigations are carried out by comparing experi-
mental results by Yang et al. [1] for three different nozzles. These
simulations indicate that these studies can be performed easily
with CFD. Numerical values are generally consistent with the
experimental results. However, some deviations are observed.
Also, as a result of these simulations, it has been seen that certain
changes in nozzle geometry can result in major changes to the
operating conditions of the nozzle, and this can have significant
impact on flow characteristics.
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