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Abstract: The current study addresses the effect of different designs of the exhaust mixer and aft-deck
on the performance of a two-dimensional convergent nozzle represented by the internal and external
flows and heat transfer process. The effect of different exhaust mixer cone angles of 10◦, 15◦, and
20◦, and different aft-deck lengths of 140 mm, 280 mm, and 420 mm on the nozzle performance was
investigated. To address the effect of an aft-deck, the flow behavior of a nozzle with an aft-deck was
compared to that of a nozzle without an aft-deck. Then, the effect of different aft-deck lengths and
different aft-decks with rectangular and trapezoid shapes was investigated. The results demonstrated
that increasing the mixer cone angle resulted in decreasing the high-temperature core flow and
increasing the low-temperature bypass flow. Increasing the mixer cone angle resulted in reducing
the velocity inside the nozzle and at the exhausted jet, which can reduce the noise generated by
the engine. Furthermore, increasing the mixer cone angle decreased the internal temperature of the
nozzle and, along with the exhausted jet, decreased the infrared radiation. The results also illustrated
that the presence of the aft-deck resulted in decreasing the pressure, temperature, and velocity inside
the nozzle. The aft-deck also decreased the length and size of the potential core. The aft-deck length
had no clear effect on the internal flow. However, increasing the aft-deck length resulted in a decrease
in the exhaust gas temperature, which can decrease the infrared radiation. On another hand, using
trapezoid and triangle aft-deck can enhance the performance of the nozzle by decreasing the velocity
and temperature inside the nozzle and at the exhausted jet.

Keywords: aft-deck length; external jet; infrared radiation; two-dimensional nozzle

1. Introduction

An area of military application interest is stealth technology that needs to decrease
infrared radiation and jet noise. The infrared radiation is mainly emitted by the walls of
high-temperature including nozzle walls, the exit of the turbine, and the booster sleeve, in
addition to hot gases generated from the exhaust system. About 90% of infrared radiation
is provided by the exhaust nozzle and turbine section [1]. Therefore, the management and
suppression of the infrared radiation of the exhaust system are very important to enhance
the aircraft’s stealth performance [2,3]. There are various techniques that can be used to
minimize infrared radiation. The most vital methods that are used in almost all military
aircraft include using a jacket in cold water around the exhaust walls and using a material
with low emissivity for coating the nozzle’s inner surface. However, using a jacket of
cold-water results in extra weight problems on the aircraft, and using coating technology
has a limitation on the capability of material heat resistance [4]. Moreover, a nozzle with a
curved shape and rectangular or ellipse shape can be used to reduce both infrared radiation
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and jet noise. Serpentine nozzles are widely employed on different types of aircraft to
increase survivability for their performance to suppress the infrared radiation signature.
The curved shape of the serpentine nozzle can reduce the turbine exit’s high temperature.
The serpentine nozzle can be used to decrease infrared radiation by 70%. Consequently, a
serpentine nozzle has been used in a series of UAVs and stealth bombers to suppress the IR
radiation resulting from an engine exhaust system [1]. The two-dimensional rectangular
exit of the nozzle can intensify the mixing process between the hot jet and atmospheric
air, which can reduce the size and length of the high-temperature potential core. The
performance of the serpentine nozzle can be further improved by adding an aft-deck at the
nozzle exit [5].

In the open literature, there are few studies [1–23] that investigate the flow charac-
teristics of the serpentine nozzle. The double serpentine nozzle flow characteristics were
numerically investigated by Xiao et al. [1]. The influence of the length ratio that defined
the first S length to the second S length on the nozzle performance was studied. The Flow
characteristics, such as total and static pressures, wall shear stress, and streamlines of the
Mach number, were investigated. Compared to the axisymmetric nozzle, a double serpen-
tine nozzle has different static pressure distribution at the lower walls and upper walls.
The influence of the ratio of length to the diameter, aspect, and offset ratios on the infrared
radiation and flow characteristics of the serpentine nozzle was studied by Yong et al. [2].
The study indicated that both thrust coefficient and total pressure recovery were first im-
proved by increasing the offset ratio, and both parameters rapidly decreased. The friction
and viscous losses resulting from stream vortices dominated the aerodynamic performance
of the nozzle. The infrared radiation can be decreased by a higher 50% double S-shaped
nozzle compared to the circular nozzle. Increasing the aspect and offset ratios can suppress
the plume radiation. In another study by Xiao et al. [3], a numerical study was performed
to study the effect of specific design parameters at the first serpentine exit on the flow field.
Among the six different turbulent models used in this study, a shear-stress transport (SST)
k-ωmodel achieved more accurate results and was used to simulate a serpentine nozzle
flow. Increasing the width ratio W1/D increased the friction losses because of increasing
the wetted perimeter, while small values of the width ratio resulted in increasing secondary
flow losses. High flow velocity was induced in the first duct for a small area of the first ser-
pentine duct. High local losses resulted from the steep offset distance of the first serpentine
nozzle. These results demonstrated that the first serpentine duct width was recommended
to range from one to three, and its area should be as large as possible, while the offset
distance should be small. The serpentine nozzle friction losses were high because of the
steep passage slope and rapid turning. Wen et al. [4] investigated the influence of engine
swirl on the infrared radiation of the serpentine nozzle. The study results indicated the
ability of engine swirl to suppress the infrared signature. The hot streak can be produced
by the engine swirl, which can affect the infrared signature on the walls. The total infrared
radiation could be reduced by 31.21% in the vertical plane and by 13.84% in the horizontal
plane, compared to the engine without a swirl. An experimental study was conducted by
Rajkumar et al. [5] to study the influence of pressure ratio on the flow characteristics in a
single serpentine nozzle. The flow behavior was analyzed based on wall static pressure
measurements and exhausted jet flow visualization. The pressure coefficient variation was
symmetric, along with various pressure ratios. The flow of the core increased because the
geometric transition resulted in transferring to sonic and supersonic flow. The symmetry
of flow is reduced at the extension section exit with the constant area. The presence of an
aft-deck can prevent barrel shock formation. In the study by Hamada et al. [6], the effect of
different types of annular mixers on the performance of a two-dimensional nozzle was in-
vestigated. An annular mixer with different lengths of 140 and 280 mm, different diameters
of 320 and 340 mm, and different shapes were used. The results indicated that decreasing
the mixer diameter increased the cold bypass flow and improved the mixing between the
hot core flow and cold bypass flow, which resulted in decreasing the temperature inside
the nozzle and at the external jet. The mixer with a cone shape decreased the temperature
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inside the nozzle and increased it at the external jet. The results demonstrated that the
best nozzle performance could be obtained using a smaller cylindrical mixer with a shorter
length and a smaller diameter. Sun et al. [7] studied the effect of a serpentine nozzle on the
bypass ratio of the turbofan engine exhaust and compared it to that of an axisymmetric
nozzle. The results indicated that the bedded duct at the serpentine nozzle generated a
pressure gradient in the streamline’s directions that resulted in a change in the flow through
the bypass and core. Compared to the axisymmetric nozzle, the exhaust bypass ratio of
the serpentine nozzle was higher by 8.1%. The impact of the shield ratio on the infrared
radiation of the serpentine nozzle was studied by Wen et al. [8]. The infrared radiation of
the serpentine and circular nozzles was numerically studied at various shield ratios. The
results showed that, compared to the circular nozzle, the serpentine nozzle could reduce
infrared radiation by 28.9. The complete nozzle shielding had no apparent advantages on
the shielding ratio and infrared radiation, but it had a small influence on the serpentine
nozzle outlet gases. The area ratio of double and single serpentine nozzles should be lower
than 0.35 and 0.15, respectively, to achieve an effective reduction in the infrared radiation.
The influence of aspect ratio on the flow characteristics of the double serpentine nozzle
was studied by Sun et al. [9]. The aerodynamic performance based on internal flow and the
external jet was numerically investigated for six different models of a nozzle with different
aspect ratios of 3, 5, 7, 9, and 11. The variation in the lateral width leads to different pressure
gradients and vortex distribution in the lateral direction. The length of the potential core
was reduced by increasing the aspect ratio. The results demonstrated that an aspect ratio
of five could achieve the best aerodynamic characteristics. The double serpentine nozzle
flow characteristics for different inlet configurations were studied by Sun et al. [10]. The
influence of strut setting angles and inlet swirl angles on the performance and flow field
was also studied. The results indicated that the vortices found at the corner did not affect
the tail con, struts, and bypass. There were differences in high-vorticity regimes of the core
region due to the presence of a tail cone. Increasing strut setting angles and an inlet swirl
angle resulted in reducing the high static temperature region. As the angles of the strut
setting and inlet swirl increased, the serpentine nozzle decreased.

Most studies, including the above studies, focus on investigating the performance of
the serpentine nozzle without considering the exhaust system, which exists in real turbofan
engines. Furthermore, the utilization of the aft-deck can improve the nozzle performance
by decreasing the external jet length and shielding the high-temperature sections, which
can reduce IR radiation by 90% [16]. Therefore, this study investigates numerically the
serpentine nozzle performance and considers the engine exhaust system and aft-deck. This
study is an extension of a previous study [6] to achieve more understanding of the internal
flow and exhausted jet characteristics of the nozzle. The effect of different mixer cone angles
of 10◦,15◦, and 20◦ on the serpentine nozzle operation was studied. Then, the effect of an
aft-deck on the flow characteristics and heat transfer process was studied. First, the nozzle
performance of a nozzle with an aft-deck was compared to a nozzle without an aft-deck.
Second, the influence of different aft-deck lengths of 140 mm, 280 mm, and 420 mm on the
nozzle performance was studied. The simulation study was conducted using Commercial
STAR CCM+ software via a three-dimensional model of the serpentine nozzle.

2. The Exhaust System Geometry

The exhaust system of an aircraft represents the main source of IR radiation in a band
of 3–5 µm due to the large quantity of heat generated by the engine turbine, which increases
the temperature of turbine entry above 2000 K [4]. Therefore, infrared radiation treatment
requires more attention during the engine exhaust system design process. The exhaust
system of the aircraft has two sections: the exhaust mixer and the nozzle section. The mixer
part has double ducts called a bypass and core, as well as a mixer and tail cone. The exiting
hot gases flow through the core, while low-temperature fluids flow through the bypass. The
nozzle, as illustrated in Figure 1, has a curved shape with a circular inlet and an internal
diameter of 470 mm, which is converted to a rectangular exit with a major and minor axis of
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728 × 146 mm and hydraulic diameter (Dh) of 266 mm. The transformation from a circular
inlet shape into a rectangular exit provides a serpentine shape so that the serpentine nozzle
can shield the high-temperature parts. The serpentine nozzle was attached to a conical
mixer with a length of 140 mm and diameter (D2) of 320 mm, and different cone angles
(θ) of 10◦, 15◦, and 20◦. The mixer is coupled with a central cone with a length of 280 mm
and a diameter (D3) of 135 mm. The nozzle exit is attached to an aft-deck with a width of
728 mm with different lengths of 140 mm, 280 mm, and 420 mm, and different shapes.

Figure 1. The CAD model and schematic of the serpentine nozzle with conical mixer under study.

3. Numerical Method
3.1. Numerical Model Setup

The three-dimensional model of the serpentine nozzle used in the simulation study is
shown in Figure 2. A block with dimensions of 5 × 5 × 20 m was set as the computational
flow domain to simulate the flow from the nozzle and the exhaust jet. The grid system
shown in Figure 2 was used in the simulations, and the base size of the flow domain was
10 mm; for the nozzle wall, cone, and annular mixer, the mesh size was reduced to 0.5 mm.
Two prism layers were used as the boundary cells with a total length of 0.5 mm. The
bypass and core were considered pressure inlet boundary conditions with a uniform total
temperature, pressure, and turbulence intensity. The nozzle exit was treated as a pressure
outlet and subjected to atmospheric pressure and temperature. The walls of the nozzle
were considered adiabatic walls, where the insulating material is typically used, and no-slip
boundary conditions were considered. The SST (k-ω) turbulence model was used to model
the flow inside the nozzle. For wall treatment, the all-y+ wall treatment was selected and
provided the best results compared to other wall treatments provided by STAR CCM+
software. The all-y+ wall treatment is a hybrid treatment that uses a mixed wall function
that emulates the high y+ wall treatment for coarse mesh and the low-y+ wall treatment
for fine mesh. Consequently, the all-y+ wall treatment is relevant for a wide range of
near-wall grid conditions. Table 1 summarizes the pressure and temperature values at
different flow regions. The simulations were carried out using STAR CCM+ software, in
which the equations were discretized with a finite volume method for each control volume.
For spatial discretization, a second-order upwind scheme was used. The conservation
equations of continuity, momentum, and energy were solved by using a coupled implicit
flow solver in which the conservation equations are solved simultaneously as a vector of
equations. The velocity field is obtained from the momentum equation, and the density is
estimated from the equation of state. The flow inside the nozzle was treated as the ideal gas
generated by mixing the high-temperature gases from the core with low-temperature gases
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from the bypass at high pressure, which results in different complicated features inside the
nozzle. In this study, the flow-through core and bypass regions were considered air with
the properties given in Table 2.

Figure 2. Grid system used in the simulations [6].

Table 1. Boundary conditions at different regions used in the simulations.

Region Type Pressure (Bar) Temperature (K) Turbulent Intensity

Core Pressure inlet 0.45 800 0.01
Bypass Pressure inlet 0.48 330 0.01
Outlet Pressure outlet 1.013 288 0.01

Table 2. Properties of air used in the calculations.

Property Value Unit

Dynamic viscosity 1.85508 × 10−5 Pa·s
Molecular weight 28.9664 kg/kmol

Specific heat 1003.62 J/kg·K
Thermal conductivity 0.0260305 W/m·K

Prandtl Number 0.9 -

The flow characteristics inside the nozzle were determined at different locations in
the axial direction (X), which were non-dimensionalized with the length of the nozzle (L).
The axial locations of 0, 0.12, 0.26, 0.5, 0.78, and 1 were selected to evaluate the different
flow characteristics. The axial location X/L = 0 refers to the nozzle inlet, the axial location
X/L = 0.12 refers to the annular mixer end, the axial location X/L = 0.26 refers to the cone
outlet, and the axial location X/L = 1 refers to the nozzle exit [6]. The variation of the
nozzle frontal area along its length is shown in Figure 3. The frontal area is defined as the
area projected along the fluid flow path to a plane perpendicular to the direction of motion.
As illustrated by the figure, the frontal area gradually increased until it reached the axial
location of 0.26 and then gradually reduced until the axial location of 0.78 before the nozzle
area was almost the nozzle outlet.
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Figure 3. Variation of the frontal area along the nozzle length.

For the grid independence study, three grids were used in the simulations with a total
number of cells of one million and 200,150 cells, five million and 420,193 cells, and twelve
million and 360,253 cells for the course, medium, and fine grids, respectively. Figure 4
indicates the flow characteristics inside the nozzle at different sections along the nozzle
length for the different grids. As shown in the figure, both medium and fine grids have
almost the same results indicating that at a certain cell size, the results are not affected by
the cell size. To save the solution time, the medium grid is used in the simulations.

Figure 4. Flow characteristics inside the nozzle for different grids.
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3.2. Model Validation

The simulation results were validated using the experimental results. The experi-
mental procedure is mentioned in detail in the previous study [6]. The nozzle used in
the experiments, as shown in Figure 5, was manufactured from a polylactic acid material
using a technology of 3D printing and modeled using CATIA V5 software. The nozzle
had an around inlet and rectangular exit attached with a rectangular aft-deck. To measure
the wall static pressure, the nozzle thickness of 10 mm was used to attach the required
pressure taps. The upper and lower wall pressures were measured using ten pressure taps
connected to a microprocessor micro-manometer (FCO510) and LAB VIEW data acquisition
software. The experiments were carried out at a temperature of 295 K and at an inlet air
pressure of 0.25 bar. The experiments were repeated ten times, and the averaged values
were considered. Figure 6 shows the profile of static pressure for the lower and upper walls
of the nozzle. The figure indicates a good agreement between experimental and simulation
results with a deviation of 5%. The method by Kline and Mcclintock [24] was selected for
the uncertainty analysis.

Figure 5. Photo of serpentine nozzle used in the experiments [6].

Figure 6. Axial distribution of the pressure at the upper and lower nozzle walls for experiments and
simulations [6].
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4. Results and Discussion
4.1. Effect of the Mixer Cone Angle

The conical mixer has two flow areas: the core inlet, where the hot gases enter, and the
bypass flow inlet, where cold air enters. The flow through the bypass region depends on
the flow through the core region and the static pressure distribution at the conical mixer
end. The ratio between the core and bypass flow rates is an important parameter that
affects the operation of the nozzle. The values of the core and bypass flow rates at different
mixer cone angles are given in Table 3. Despite all used models being subjected to the
same inlet conditions, both the core and bypass flow rates varied with the variation in the
mixer cone angle. Increasing the mixer cone angle resulted in reducing core flow rates and
increasing bypass flow rates. The variation in the core and bypass flow rates is due to the
variation in the static pressure at the end of the conical mixer resulting from the core flow
with a high velocity. Decreasing the cone angle resulted in decreasing the area available
for core flow, and increasing the area available for bypass flow resulted in reducing core
flow rates and increasing bypass flow rates. The effect of the variation of core and bypass
flow rates with mixer angles will be explained based on internal flow and exhausted jet
characteristics in the following sections.

Table 3. The flow rates at core and bypass regions for different mixer cone angles.

Cone Angle Core Flowrate (kg/s) Bypass Flowrate (kg/s) Total Flowrate (kg/s)

10◦ 3.08 27 30.08
15◦ 2.16 28.35 30.46
20◦ 1.27 29.17 30.44

The variation in static pressure along the upper and lower nozzle walls at different
mixer cone angles is shown in Figure 7. As shown by the figure, the pressure gradually
decreased with the decreasing nozzle area. The pressure decreased with the increasing
mixer cone angle because increasing the cone angle led to a greater expansion of flow inside
the nozzle, which resulted in decreasing the pressure near the nozzle walls. The pressure
along the upper and lower walls was almost identical due to the symmetry of the nozzle.
Increasing the mixer cone angle reduced the pressure along the upper and lower walls.

Figure 7. Pressure distribution on the upper and lower nozzle walls for different mixer cone angles.

Figure 8 indicates the velocity contour and distribution at different locations inside the
nozzle at different mixer cone angles. The figure indicated that the velocity decreased from
the nozzle inlet until the end of the cone at X/L of 0.26, then the velocity gradually increased
up to the nozzle exit as the area of the nozzle decreased. The velocity contours show the
exiting of the core region at the center of the nozzle with the highest velocity. The size
and velocity of the core region decreased with the increasing mixer cone angle. Figure 8d
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shows the average velocity distribution at different locations along the nozzle length. The
figure demonstrates that increasing the mixer cone angle decreased the velocity inside
the nozzle. This may be due to the flow separation point moving upstream. Additionally,
as indicated by the velocity contour, the size of the core region with the highest velocity
decreased with the increasing mixer cone angle due to the reduction in the core flow rate,
as given in Table 3. This indicated that the velocity inside the nozzle strongly depended on
the core flow rates and hence the mixer cone angle despite the constant area of the nozzle.

Figure 8. Velocity contour and distribution at different locations along the nozzle length for different
mixer cone angles.

The turbulent kinetic energy (TKE) contours and distribution are shown in Figure 9.
TKE is the most important parameter in the fluid flow because it is a measure of turbulence
intensity and is directly related to momentum and heat. TKE can be used as an indication
of mixing intensity. TKE was the highest at the end of the mixer cone, where the mixing
between the lower-temperature bypass flow and higher-temperature core flow occurs.
Figure 9d indicates the average values of TKE at different locations along the nozzle
length. The figure indicates that the TKE was the highest at the largest mixer cone angle,
demonstrating that increasing the mixer cone angle increased the turbulence motion inside
the nozzle and hence improved the mixing process between the hot and cold streams,
which resulted in decreasing the temperature.

Figure 10 indicates the distribution of thrust force at different locations for different
cone angles. The thrust force proportion with the nozzle area increased gradually up to
the mixer end as the nozzle area increased, then gradually decreased and became nearly
constant near the nozzle exit, where the area was almost the same. The thrust force
accelerates the flow inside the nozzle by decreasing the pressure and increasing the velocity
so that the velocity gradually increases after the mixer ends up at the nozzle exit, as shown
in Figure 8. The figure shows that the thrust decreased with the increasing cone angle. As
the cone angle increased, the area available for flow decreased, resulting in a reduction in
the flow rate and hence decreasing the thrust.
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Figure 9. Turbulent kinetic energy contour and distribution at different locations along the nozzle
length for different mixer cone angles.

Figure 10. Thrust force distribution at different locations along the nozzle length for different mixer
cone angles.

The distribution and temperature contours at different sections along the length of
the nozzle for different cone angles of the mixer are illustrated in Figure 11. As shown by
the temperature contours, there was a core flow region with high temperature surrounded
and separated by a bypass flow with low temperature. As indicated by the figure, the
temperature of the core region at the center of the nozzle decreased with the increasing
mixer cone angle due to the reduction in the core flow rate. The average temperature of the
selected sections, as shown in Figure 11d, decreased gradually from the end of the tail cone
up to the nozzle exit because the nozzle geometry shields the temperature. The reduction in
the temperature results from increasing the mixer cone angle, which is due to the reduction
in a high-temperature core flow and increasing bypass cold flow, as indicated in Table 3.
Additionally, improving the mixing process due to increasing the turbulence motion, as
illustrated by TKE in Figure 9, was another reason.
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Figure 11. Temperature contour and distribution at different locations along the nozzle length for
different mixer cone angles.

The exhausted jet, which is indicated by velocity contour and radial velocity distri-
bution at different axial locations along the jet length at different mixer cone angles, is
shown in Figure 12. As indicated by the velocity contour, the external jet is characterized
by the highest velocity region at its centerline, which is called a potential core region. The
potential core is known as a region in the jet where the centerline velocity is uniform and
equal to the exit centerline velocity, as indicated by the velocity distribution. The jet’s initial
regime is known as the region of the establishment of flow and extends from the exit of the
nozzle until the potential core apex. The other region is known as the region of stabled flow,
which starts at the potential core end and is characterized by the gradual reduction in the
centerline velocity. The velocity distribution illustrated in Figure 13 shows that the velocity
increased at the nozzle exit, where the mixing between the ambient air and exhausting
hot gases was weak. With increasing the distance from the nozzle exit, the surrounding
air was entrained into the exhausted jet and resulting in an increase in the jet size in the
axial direction and a reduction in the centerline velocity. The figure also indicated that
the higher mixer cone angle had the lowest velocity at the nozzle exit at X/L = 1. This
demonstrated that increasing the mixer cone angle could decrease the noise generated by
the engine nozzle by decreasing the peak velocity at the nozzle exit.

Figure 14 indicates constrained streamlines at the vertical plane along with the com-
putational domain for different mixer cone angles. As indicated by the figure, large-scale
vortices are formed on the jet boundary so that vortices can entrain the surrounding air into
the exhausted jet. The entrained ambient air with low momentum tries to gain momentum
from the high-velocity exhausted jet that prevails in the centerline of the exhausted jet. This
results in the transfer of entertain air into the jet centerline, leading to a reduction in the
velocity and temperature at this region.
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Figure 12. Velocity contour at the vertical plan downstream nozzle exit for different mixer
cone angles.

Figure 13. Velocity distribution at the centerline of the exhausted jet for different mixer cone angles.

The M distribution at the centerline of the exhausted jet for different mixer cone angles
is shown in Figure 15. As shown by the figure, M increased from the nozzle exit up to
X/L = 1.3, indicating the extension of the core region in the axial direction. After the core
region, there was a steep reduction in M along the centerline of the jet. At the core region,
the mixing was the lowest and resulted in increasing M, and with increasing the distance
from the nozzle exit, the mixing process increased until reaching the jet centerline, which
resulted in increasing the spread of the jet and vanishing the core region leading to a further
decrease in M. The M distribution at the jet centerline decreased with the increasing mixer
cone angle, indicating the improvement of the mixing process between the exhausted jet
and entrained ambient air. The velocity contour and M distribution show that the length of
the core region is almost the same for different mixer angles.
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Figure 14. Constrain streamlines at the vertical plane for different mixer cone angles.

Figure 15. M distribution at the centerline of the exhausted jet for different mixer cone angles.

Figure 16 illustrates the temperature distribution along the centerline of the exhausted
jet at different angles. The temperature increased near the nozzle exit along the potential
core region, and then the temperature gradually reduced due to the spreading of the jet,
thus improving the mixing between the exhausted gases and surrounding air. The figure
indicated that the temperature distribution along the jet centerline decreased with the
increasing mixer cone angle. As shown by the temperature contour in Figure 11, the size
and temperature at the nozzle exit decreased with the increasing mixer cone angle, which
resulted in the reduction of the centerline temperature. Moreover, as discussed in the
previous sections, increasing the mixer cone angle improved the mixing between the hot
gases and cold surrounding air, which resulted in reducing the temperature. The reduction
in the temperature downstream of the nozzle exit reduced the infrared radiation.
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Figure 16. Temperature distribution at the centerline of the exhausted jet for different mixer
cone angles.

4.2. Effect of Aft-Deck

In this section, the effect of the aft-deck on the nozzle performance was discussed. The
nozzle performance with aft-deck was compared to that of the nozzle without aft-deck.
Then, the effect of the aft-deck length and shape was studied. The internal flow at different
sections of the serpentine nozzle without and with an aft-deck is shown in Figure 17.
Figure 17a indicates the pressure distribution at different sections along the length of the
nozzle. The pressure (P) was nondimensionalized with atmospheric pressure (Patm). For
the two nozzles, the pressure increased gradually until X/L = 0.26 as the area increased,
and then it decreased downstream until the distance of X/L = 0.78 as the area gradually
decreased, and the flow expanded. The two nozzles have an almost constant area region
from distance X/L = 0.78; in this region, the pressure was almost constant up to the nozzle
exit. The nozzle without the aft-deck had an almost higher-pressure distribution than
that of the nozzle with the aft-deck. As mentioned by Nageswara and Kushari [15], the
presence of the aft-deck resulted in an additional nozzle length leading to an increase in the
wetted surface and boundary layer thickness in this section, so the flow accelerated in the
central part of the nozzle cross-sectional area to satisfy the mass conservation that resulted
in a greater expansion of flow inside the nozzle and hence decreased the pressure inside
the nozzle.

Figure 17b indicates the velocity magnitude at different locations inside the nozzle
without and with an aft-deck. As shown by the figures, the velocity decreased gradually
from the nozzle inlet until the distance of X/L = 0.26 and then increased gradually up to the
nozzle exit exhibiting the opposite trend of pressure. As it is known, the area variation of
the nozzle area along its length resulted in converting pressure energy into kinetic energy.
The figure illustrated that the velocity of the nozzle with aft-deck was lower than that of
the nozzle without the aft-deck. The lower velocity of the nozzle with an aft-deck may be
attributed to the viscous interaction between the aft- deck and the jet, which decreased
the velocity.

The distribution of Ma at various locations along the nozzle length without and with
an aft-deck is shown in Figure 17c. As shown by the figure, the Ma of the nozzle with an
aft-deck is lower than that of the nozzle without an aft-deck. The aft-deck at the exit of the
nozzle restricted the entrainment of the surrounding fluid at the aft-deck side. This resulted
in reducing the momentum gains from the fluid with a high momentum surrounding the
jet axis, leading to a reduction in the spreading of the jet.

Figure 17d illustrates the distribution of the temperature at different locations along
the length of the nozzle without and with an aft-deck. The temperature decreased gradually
after a distance of X/L = 0.26, where the annular mixer intensified the mixing process
between cold air from bypass and core hot gases, and resulted in a reduction in temperature.
The temperature inside the nozzle with the aft-deck was almost lower than that of the
nozzle without an aft-deck. As mentioned in the above sections, the presence of the aft-deck
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increases the flow expansion inside the nozzle and enhances the mixing process between
the bypass cold air and core hot gases leading to a decrease in the temperature inside
the nozzle.
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Figure 17. Internal flow characteristics at different sections along the length of the nozzle with-
out and with an aft-deck. (a) Pressure distribution, (b) Velocity distribution, (c) M distribution,
(d) Temperature distribution.

The velocity contour at the horizontal plane and radial velocity profiles along the jet
length of the nozzle with and without an aft-deck is shown in Figures 18 and 19, respectively.
As shown in the figure, at the exit of the nozzle (X/L = 1), the jet velocity was uniform
and at the highest level, with a nearly top-hat profile because the mixing process between
the jet and ambient air was weak. A thin shear layer was created at the exit of the nozzle
because of the large velocity difference between the jet and ambient air, and this shear layer
continuously grew downstream. With the increase in the shear layer, the entrainment of
the ambient air into the jet increased, increasing the mixing process. As a consequence, the
jet spreads outward in a radial direction, and the velocity of the jet gradually decreases
downstream. The region at the nozzle exit along the central portion of the jet with an
almost uniform mean velocity refers to the potential core region (represented as a dotted
box). The potential core eventually disappears due to the spreading of the jet and the shear
layer. Beyond the potential core region, the velocity profiles convert to a bell-shaped profile
at an axial distance (X/L) from three to five. The aft-deck increased the length of the nozzle;
hence, the wetted perimeter area at the exit of the nozzle increased, which resulted in a
reduction of the size and length of the potential core of the jet, which is considered the
highest temperature region, as illustrated by the velocity contour shown in Figure 18 that
can reduce the infrared radiation. On the other hand, the reduction in the velocity at the
nozzle exit can reduce the noise produced by the nozzle.
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Figure 18. Velocity magnitude contours for nozzle without and with an aft-deck.

Figure 19. Radial profiles of velocity magnitude at different locations along jet length.

Figure 20 illustrates the temperature profiles at different locations (X/L) of 1, 1.5, 3,
and 5 along the jet length for the nozzle with and without an aft-deck. As indicated by the
figure, the temperature was the highest at the nozzle exit where the highest temperature
core region is exited. With the increasing distance from the nozzle exit, the temperature
decreased as the mixing between the exhausted gases and ambient air increased, and the
exhausted jet expanded more. Furthermore, the figure demonstrated that the presence of
the aft-deck decreased the temperature of the exhausted gas. As discussed in the above
sections, the aft-deck reduced the length and size of the potential core with the highest
temperature. Additionally, the aft-deck increased the wetted area at the nozzle exit, which
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improved the mixing process between exhausted gases and ambient air and increased the
expansion of the exhausted gases, which resulted in a decreasing temperature.

Figure 20. Temperature radial profiles at different locations along jet length. Effect of the length and
shape of the aft-deck.

This section investigated the effect of the aft-deck length and shape on the flow
characteristics. Three aft-deck lengths of 140, 280, and 420 mm and three different models
of aft-deck with trapezoid, triangle, and rectangular shapes, as shown in Figure 21, were
investigated. The length of all shapes was kept at the largest length of 420 mm.

Figure 21. Different shapes of aft-deck used in the study.

Figure 22 indicates the average velocity magnitude and temperature distributions at
different locations along the nozzle length for different lengths and shapes of the aft-deck.
As shown in Figure 22a,b, the aft-deck had no effect on the velocity and temperature
distributions inside the nozzle. Although increasing the aft-deck length increased the
length of the nozzle and wetted area at the exit, this had no effect on the internal flow.
On another hand, as indicated by Figure 22c,d, the velocity and temperature inside the
nozzles with a trapezoid and triangle aft-deck was the same, and it was high for the nozzle
with a rectangular aft- deck. This demonstrated that the aft-deck with a rectangular shape
can increase the expansion of flow inside the nozzle, which resulted in decreasing the
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pressure and, hence, increasing the velocity. The increase in temperature for the nozzle
with a rectangular aft-deck can be explained using the temperature contours indicated by
Figure 23a–c. As illustrated by the figure, the size and temperature of the hottest core region
for the nozzle with a trapezoid and triangle aft-deck were smaller than that of the nozzle
with a rectangular aft-deck. Therefore, the average temperature at each location, indicated
by the temperature contour for the triangle and trapezoid aft-deck shapes, was lower than
that of a rectangular aft-deck. It can be concluded that the aft-deck with trapezoid and
triangle shapes had the same effect on the internal flow characteristics. The trapezoid and
triangle aft-deck shapes could increase the flow expansion inside the nozzle, which can
reduce the velocity, and the noise generated by the nozzle, as well as decrease the wall
temperature by decreasing the high-temperature core flow, which results in decreased
infrared radiation. The figure demonstrated that the length of the aft-deck had no effect on
the internal flow characteristics, but its shape could affect it.

Figure 22. The velocity and temperature profiles inside the nozzle at different axial positions: (a,b) For
different aft-deck lengths, (c,d) For different aft-deck shapes.

Figures 24 and 25 illustrate the velocity contour in the horizontal plane and the radial
distribution of velocity at different aft-deck lengths. The two figures demonstrate that an
aft-deck had no obvious effect on the jet velocity. However, the velocity contours shown
in Figure 24 indicate that an aft-deck can increase the spreading of the jet. This can be
explained by using a new parameter that can characterize the external jet called the half
jet width. The velocity distribution shown in Figure 22 indicated that the maximum mean
velocity was located at the jet centerline. The distance from the jet centerline to that at
which the velocity is equal to a half maximum velocity is known as the width of the half-jet
(b), and this characterizes the jet growth. The jet half-width (b) normalized by the nozzle
exit hydraulic diameter (Dh) at different axial lengths for different aft-deck lengths is shown
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in Figure 26. As indicated by the figure, increasing the axial distance from the exit of the
nozzle increased the jet’s half-width because the jet gradually spread. Figures 24 and 26
demonstrate that increasing the aft-deck length increased the half-jet width, which resulted
in the increased spreading of the jet.

Aerospace 2023, 10, x FOR PEER REVIEW 20 of 26 
 

 

 
(a) Trapezoid 

 
(b) Triangle 

 
(c) Rectangular 

Figure 23. Temperature contour inside the nozzle at different axial locations for different aft-deck 
shapes. 

Figure 24 and Figure 25 illustrate the velocity contour in the horizontal plane and the 
radial distribution of velocity at different aft-deck lengths. The two figures demonstrate 
that an aft-deck had no obvious effect on the jet velocity. However, the velocity contours 
shown in Figure 24 indicate that an aft-deck can increase the spreading of the jet. This can 
be explained by using a new parameter that can characterize the external jet called the half 
jet width. The velocity distribution shown in Figure 22 indicated that the maximum mean 
velocity was located at the jet centerline. The distance from the jet centerline to that at 
which the velocity is equal to a half maximum velocity is known as the width of the half-
jet (b), and this characterizes the jet growth. The jet half-width (b) normalized by the 
nozzle exit hydraulic diameter (Dh) at different axial lengths for different aft-deck lengths 
is shown in Figure 26. As indicated by the figure, increasing the axial distance from the 
exit of the nozzle increased the jet’s half-width because the jet gradually spread. Figure 
24 and Figure 26 demonstrate that increasing the aft-deck length increased the half-jet 
width, which resulted in the increased spreading of the jet. 

  

Figure 23. Temperature contour inside the nozzle at different axial locations for different
aft-deck shapes.

Figure 24. Velocity contour of the nozzle at different aft-deck lengths.



Aerospace 2023, 10, 76 20 of 25

Figure 25. Radial velocity distribution at different axial lengths along the jet centerline for different
aft-deck lengths.

Figure 26. Jet half-length distributions at different axial lengths for different aft-deck lengths.

The temperature profiles at different locations at the jet centerline and at different
aft-deck lengths are shown in Figure 27. The figure indicates that increasing the length
of the aft-deck resulted in decreasing the temperature from the nozzle exit by up to 10 m.
Increasing the aft-deck length leads to an increase in the wetted area and, hence, increases
the expansion of the exhausted jet, as shown in Figure 24. This resulted in intensive
mixing between the jet and ambient air, which resulted in reducing the temperature of
the exhausted jet. Furthermore, with increasing the distance from the nozzle exit, the
temperature reduced as the jet expanded more, as shown in velocity contours.
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Figure 27. Temperature distribution at different locations along the jet centerline for different
aft-deck lengths.

Figure 28a,b illustrate the velocity contour and velocity distribution, respectively,
downstream at the nozzle exit. Figure 28a shows the exhausted jet indicated by velocity
contours at a vertical plane for different aft-deck shapes. The velocity contour indicates
that the potential core of the exhausted jet for the nozzle with a rectangular aft-deck was
almost higher than that of the nozzle with a trapezoid or triangle aft-deck. The velocity
distribution along the centerline of the exhausted jet is shown in Figure 28b. The velocity at
the nozzle exit was the highest and gradually decreased with the increasing distance from
the nozzle exit. Due to the momentum exchange, the surrounding air was entrained with
the exhausted jet. As a consequence, the flow of the jet gradually increased in the axial
direction, which led to the expansion of the jet volume and, hence, a decrease in the velocity.
As shown by the velocity distribution, the velocity at the nozzle exit of the nozzle with
a trapezoid and a triangle aft-deck was lower than that of the nozzle with a rectangular
aft-deck shape; this also demonstrated that using both the triangle and trapezoid aft-deck
could reduce the noise generated by the engine and improve the performance of the nozzle.
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Figure 28. Velocity contour and (a) velocity distribution, (b) at the exhausted jet for different
aft-deck shapes.

The temperature distribution along the centerline of the exhausted jet for different
shapes of the aft-deck is shown in Figure 29. The figure shows that the temperature was the
highest at the nozzle exit where the potential core region exited, and then the temperature
gradually reduced with the increasing distance from the nozzle exit due to the mixing
between the exhausted jet and ambient air. The figure demonstrates that using a nozzle
with a trapezoid or triangle aft-deck can reduce the temperature at the nozzle exit compared
to using a nozzle with a rectangular aft-deck. This can reduce the infrared radiation and
hence improve the nozzle performance. Both the trapezoid and triangle aft-deck increased
the projected area available for the exhausted jet to mix with the surrounding air, which
enhanced the mixing process and led to the decreasing size and length of the potential core
region, as shown in Figure 28.
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Figure 29. Temperature distribution at the centerline of the exhausted jet for different aft-deck shapes.

5. Conclusions

The serpentine nozzle is of strategic interest to researchers and military forces because
it can shield the high-temperature components of the engine. Most studies in the open
literature only investigate the serpentine nozzle performance; however, in the actual
aircraft, the serpentine nozzle is attached to the engine exhaust system. The engine exhaust
system consists of a double duct, mixer, and tail cone. Furthermore, the serpentine nozzle
performance can be further improved by adding an aft-deck to the end of the nozzle.
Therefore, the main goal of this study was to investigate the performance of a serpentine
nozzle considering the engine exhaust system and aft-deck and using the computational
fluid dynamics technique. The main conclusions can be summarized in the following.

• A new design of a mixer with a cone shape was used, and the effect of different mixer
cone angles of 10◦, 15◦, and 20◦ was studied.

• The importance of the aft-deck was indicated by comparing the performance of nozzles
with and without an aft-deck. Then, the influence of aft-deck lengths and shapes was
also investigated.

• Increasing the mixer cone angle resulted in a decrease in the high-temperature core
flow and an increase in the low-temperature bypass flow. The velocity inside the
nozzle and at the exhausted jet decreased with the increasing mixer cone angle and
could reduce the noise generated from engine exhaust systems.

• Increasing the mixer cone angle resulted in a decrease in the internal temperature of
the nozzle and at the exit jet, which could minimize the infrared radiation.

• Compared to the nozzle without an aft-deck, the presence of an aft-deck resulted in a
decrease in the pressure, temperature, and velocity inside the nozzle. The aft- deck
also reduced the temperature of exhausted gases, which helped decrease infrared
radiation. Furthermore, the aft-deck can decrease the velocity at the nozzle exit, which
can decrease the noise generated from the nozzle.

• The aft-deck length did not affect the internal flow characteristics. However, increasing
the aft-deck length can decrease the temperature of the external jet, which can reduce
infrared radiation.

• The shape of the aft-deck affects the internal flow and exhaust jet characteristics. Using
a trapezoid and triangle aft-deck improved the nozzle performance compared to a
rectangular aft-deck. Using the aft-deck with trapezoid and triangle shapes reduced
the velocity and temperature inside the nozzle, and the exhausted jet could reduce the
noise and infrared radiation.
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