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EXECUTIVE SUMMARY

Large-eddy simulations have been used to simulate the nozzle-exit conditions in subsonic jet flows
generated by three types of nozzles. The wall-model approach is used to account for the nozzle
boundary-layer effect. The nozzles involved in this study are all related to the SMC000 nozzle tested
extensively at NASA Glenn Research center. The nozzle-exit profiles are comparable to those measured in
experiments using similar nozzle geometries. Both numerical predictions and laboratory measurements
present a similar peak intensity with different upstream boundary-layer conditions. This suggests that the
turbulence intensity level at the nozzle exit is more sensitive to the contraction ratio near the nozzle exit
than to the upstream boundary-layer turbulence conditions. To investigate the boundary-layer state on the
nozzle-exit conditions, several pipe extensions are attached to the SMCO000 nozzle to generate nozzle-exit
boundary layers in laminar, transitional and turbulent states. It is found that the downstream jet plume
affects the nozzle-exit boundary-layer development, causing the boundary-layer transition occurs earlier
than the boundary-layer transition observed inside a pipe. The nozzle-exit boundary layers in the transitional
state involve significantly larger turbulence intensities, similar to those observed in highly disturbed but
nominally laminar boundary layers shown in experiments. This may indicate that those highly disturbed
nominally laminar boundary layers are in the transitional state. However, noise data are needed to confirm
this claim.
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Large-Eddy Simulations of Nozzle-Exit Conditions in
Subsonic Jet Flows

1. INTRODUCTION

It has been observed in various experiments that a nozzle with a large contraction ratio often
generates higher high-frequency noise intensity than that of a nozzle with a small contraction ratio (Refs
[1]-[3]). The noisier one was found to involve a highly disturbed but nominally laminar boundary layer
at the nozzle exit, on the other hand, the quieter nozzle had a turbulent boundary layer. The nominally
laminar boundary layer was found to involve significantly larger turbulence intensities that correlate
with higher noise radiation. This is often referred as the effect of the nozzle initial condition. This effect
has been also investigated by numerical approaches (Refs [4]-[5]).

The current NASA's Commercial Supersonic Technology (CST) project requires high-fidelity jet
noise prediction capabilities for exhaust flows operating at subsonic takeoff conditions. The large-eddy
simulation flow solver JENRE®™ developed at NRL has been frequently applied to the simulations of
supersonic jet flows and the noise generation [Refs [6]-[9]] in the past decade, but less work has been
performed on jet flows operating at subsonic conditions. The first numerical effort using JENRE® code
to simulate subsonic jet flows was presented in Ref. [10], where the jet plume quantities were compared
with experimental data and a good agreement was observed. The current report is the second paper that
documents the numerical effort using JENRE® to simulate subsonic jet flows but with a focus on the
nozzle-exit conditions. In this work, three types of nozzles are used. The first is the SMCO000 nozzle
(Figure 1(a)), which has been used extensively in investigations of noise and flow-field characteristics
of isolated jets as well as various complex flow configurations (Refs [10]-[17]). The second nozzle has
a 12” pipe attached upstream of the final convergent section of SMCO00 nozzle, as shown in Figure
1(b). Some experimental and numerical investigations using this second nozzle can be found in Refs
[14] and [17]. The third type of nozzle has a pipe attached to the SMCO000 nozzle and various pipe
lengths have been used (Figure 1(c)) to investigate the effect of the boundary-layer state on the nozzle-
exit profiles.

2. COMPUTATIONAL METHODOLOGY AND SIMULATION SETUP

JENRE" code is built on a general framework that includes support for different types of numerics,
including cell-centered finite volume and nodal finite element methods. In the current jet noise
simulations, we use the nodal Taylor-Galerkin finite element flow solver because of its two advantages
over the standard cell-centered finite-volume approach. First, Taylor-Galerkin finite element method
maintains the second order spatial accuracy even on tetrahedral cells, so its accuracy is more consistent
than that of the finite volume approach. The finite volume approach is sensitive to cell types and can
be rather dissipative on tetrahedral mesh. The tetrahedral mesh, however, is often the preferred mesh
type when complex geometries are involved. The second advantage is that the nodal method requires
less computational memory than the cell-centered method because it requires a smaller number of
degrees of freedom. In the current Taylor-Galerkin finite element flow solver, the finite element flux
corrected transport (FEM-FCT) method is used for the flux integration and limiting calculations (Refs
[18]-[19]). The multi-dimensional FCT flux limiter provides an implicit subgrid stress model, and the
methodology is in the category of the Monotonically Integrated Large-Eddy Simulation approach. The
tetrahedral mesh is used because of its simplicity and the accurate representation of complex geometries.
In addition, a wall-model method based on the equilibrium wall model is implemented in JENRE® to
account for the boundary-layer effect inside the nozzle [9].
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The nozzle-exit diameters (D) are 2” in all three types of nozzles shown in Figure 1. The cell-size
distribution outside the nozzle is controlled by the control points shown in this figure. The cell size at
each control point is shown in Table 1. The cell size in the axial direction follows a linear distribution,
but it follows an exponential distribution in the radial direction. The cell size is D/400 adjacent to the
nozzle surface to account for the boundary-layer effect, where D is the nozzle-exit diameter.

3. RESULTS AND DISCUSSIONS

Simulations have been carried out to simulate the flow inside and outside the three types of nozzles.
A clean flow is used at each nozzle inlet, and boundary-layer tripping in the form of the surface
roughness is used in some simulations to introduce turbulences inside the nozzle boundary layer.
Effects of the surface roughness and the boundary-layer state on nozzle-exit radial profiles of the axial
velocity and turbulence intensity are examined and the results are quantitively compared with
experimental data (Ref. [16]). The nozzle-exit profiles are measured slightly downstream at x/D =
0.015D to match the location used in measurements (Ref. [16]).

3.1 SMCO000 nozzle

As shown in Figure 1(a), the axial length of this nozzle geometry is short and there is a favorable
pressure gradient introduced by the nozzle convergent contours. Since a clean inlet flow could result a
very thin and very likely laminar boundary layer at the nozzle exit, a boundary-layer tripping using the
surface roughness , as shown in Figure 3, is added to the nozzle surface prior to one diameter upstream
of the nozzle exit. Four surface roughness heights are tested and the roughness height ranges from 1.0E-
03” to 5.6E-04”, as shown in Figure 4(a). The acoustic Mach number is M, = 0.7 and the jet Mach
number M; is 0.736. The acoustic Mach number M, is the ratio between the velocity and the ambient
sound speed and the jet Mach number M; is the Mach number when the jet is fully expanded.

It can be seen that the peak turbulence intensity is not sensitive to the roughness height when the
roughness height is sufficient large. In this figure, only the turbulence intensity is substantially lower
with the smallest roughness height. Increasing the roughness height broadens the turbulence intensity
profiles. It can be also seen that there is a good agreement between the predicted peak intensities and
the peak intensity measured at M; = 0.685 shown in Ref. [16]. However, the predicted mean profile
shows a thinner shear layer that the maximum U/U; reaches at ¥/D = 0.49 but the measured profile
reaches the maximum at ¥/D = 0.476). U; is the fully expanded jet velocity. This indicates that the
nozzle boundary layers predicted in the simulations are much thinner. The slightly higher Mach number
used in these numerical simulations may contribute to this thinner shear layer to some extent. In addition,
the predicted intensity u/U; peak locations are slightly further into the jet center that the predicted
intensity reaches peak at ¥/D = 0.492 but the measured peak of u/U; is at ¥/D = 0.496). Since the cell
size adjacent to the wall is only D/400, there are only 1.6 cells between the peak location of ¥/D =0.496
and the nozzle surface and three cells between Y/D = 0.492 and the nozzle surface. It can be seen that
the grid resolution used in simulations is extremely coarse in terms of the boundary-layer simulations.
Our previous experience shows that increasing the grid resolution near the wall will help to shift the
peak location towards the wall (Ref. [9]).

Figure 5 shows the centerline distributions of the axial velocity and the turbulence intensity
distributions on both centerline and lip line. The small differences shown in the nozzle-exit profiles
affect slightly the jet core length. In the predictions using the three larger roughness heights, the jet core
length increases slightly as the roughness height increases. However, the prediction using the smallest
roughness does not follow this trend. The peak intensity near the nozzle lip decreases slightly from
u”7U;=0.19 to 0.18 as the roughness height increases. It can be seen that there is a rapid increase of the
turbulence intensity from the nozzle exit to x/D = 0.5 before settling to roughly 0.14 in the downstream
shear layer. And this is relatively independent of the roughness heights used for the boundary-layer
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tripping in the nozzle. This rapid increase of the turbulence intensity indicates that there is a transition
from the nozzle boundary layer to the downstream turbulent shear layer. This should include the
contribution of the turbulence structures transition from a favorable pressure gradient condition inside
the nozzle to the zero-pressure gradient condition inside the shear layer. Since the nozzle boundary
layers in the simulations are probably only disturbed laminar boundary layers, the transition could also
include the contribution of the transition from the nozzle laminar boundary layer to the downstream
turbulent shear layer.

In addition, the effect of the jet Mach number on the nozzle exit profiles are shown in Figure 6,
where the roughness of 5.9E-04” is used. It can be seen that the effect on the peak intensity is also small,
but a lower Mach number generates a thicker boundary layer and a broader turbulence intensity profile.
This probably is due to the Reynolds-number effect that the viscous effect is larger when the Reynolds
number is small. The difference between the two higher Mach numbers is small, and this may indicate
that a Reynolds-number similarity can be established if the Reynolds number is sufficient large.

3.2 Nozzle with a 12” pipe upstream of the final convergent section

This nozzle has al2” pipe connected to the final convergent section of SMC000 nozzle. This extra
upstream pipe helps to generate a fully developed boundary layer upstream of the final convergent
section. This provides a more realistic nozzle-exit boundary-layer condition than those shown in above.
Figure 7(a) shows the axial velocity contours near the nozzle surface inside the pipe. It can be seen
that the nozzle flow has gone through laminar, transitional and turbulent stages. Since the wall shear
stress is computed from the fully developed velocity profile in the equilibrium wall model, the wall
shear stress may have been overestimated in the laminar and the early transition regions and this may
have caused the transition occur slightly early. But since the transition location also depends on the
nozzle surface condition and the upstream turbulences, its exact location is not easily to be determined.
The trend of the boundary-layer development, however, is consistent. In the transition region, the
turbulence structures are initially in a ring shape, but they break down and eventually evolve to streak
structures in the turbulent boundary layer region. The peak turbulent intensity is found in this transition
region between 3D and 4D upstream of the nozzle exit as shown in Figure 7(b). Two turbulent intensity
profiles inside the pipe at x = -3.4D and x = -1.0D are presented along with the profile near the nozzle
exit (x = 0.015D) in Figure 7(c). The location of x = -3.4D is in the boundary-layer transition region,
where the turbulent intensity reaches its peak value near 0.9U;. On the other hand, the location of x =
-1.0D is in the fully developed boundary-layer region. The turbulence intensity at the fully developed
location is lower than the peak intensity, but the profile is much broader due to the thicker boundary
layer. The intensity near the nozzle exit is further reduced and this is due to the favorable pressure
gradient presented in the convergent section.

If the boundary-layer tripping is added upstream of the pipe, the transitional and turbulent stages
start further upstream as shown in Figure 8. The peak intensity location is around x = -4.8D. The
intensity profiles at the fully developed location of x = -1D and the profile at the nozzle exit are broader
than those where no upstream boundary-layer tripping is used. This can be seen in Figure 7(c). These
broader profiles should be associated with a thicker boundary layer at the end of the pipe. When the
boundary-layer tripping is used, the turbulent boundary layer inside the pipe starts further upstream and
this gives a longer axial distance for the boundary-layer development. The nozzle-exit profiles are
compared with the experimental data as shown in Figure 9. It can be seen that the overall agreement
is good, but the profiles with boundary-layer tripping appear to have a better agreement with
experimental data. The overall agreement between the predicted profiles and the measured profiles is
better than that shown in Figure 4. It is also interesting to see that the peak intensity is not sensitive to
the upstream boundary-layer tripping. Figure 10 compares the nozzle-exit velocity and turbulence
intensity profiles generated by the SMCO000 nozzle with those generated by the nozzle with 12”
upstream of the final convergent section. An upstream boundary-layer tripping in the form of a surface
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roughness with the height of 5.9E-04” is used in the simulation where the SMCO000 nozzle is used. A
boundary-layer tripping is also used upstream of the 12” pipe in the simulation where the extra pipe is
added. The extra 12” pipe upstream of the final convergent section produces a much thicker boundary
layer, which increases the momentum deficit. This generates a broader turbulence intensity profile, but
the peak intensity remains similar. This may suggest that the peak intensity is more sensitive to the
contraction ratio of the final convergent section than the upstream turbulence conditions inside the
nozzle boundary layer.

As shown in Figure 4, the velocity in the jet core near the nozzle exit is slightly smaller than the
jet velocity in both simulations. This is because the radial profile of the nozzle-exit pressure does not
immediately become uniform and match the ambient pressure. It takes a small axial distance further
downstream to fully match the ambient pressure. This will be discussed in further details in the
following subsection. Figure 11 compares the axial distributions of the velocity and turbulence
intensity between these two simulations. The difference between the jet core lengths is small, but the
peak turbulence intensity near the nozzle lip is lower in the simulation where the extra pipe is used.
This difference may be contributed by two sources. The first is the physical source. The nozzle
boundary layer inside the SMCO000 nozzle with an upstream tripping and clean inlet flow may be only
disturbed laminar boundary layer, but the boundary layer inside the nozzle with 12” pipe added
upstream of the final convergent section is clearly in turbulent state. Thus, the transition from the
turbulent boundary layer to the turbulent shear layer should be much smother and less turbulent energy
should be generated due to the transition. The second is due to the relatively finer grid resolution used
for the boundary layer simulation. Since the grid resolution for the nozzle boundary layer is similar in
both simulations, the simulation with the extra pipe has a relatively finer grid resolution because of the
thicker boundary layer. This relatively finer grid resolution should be able to capture more turbulence
structures if they are available.

These two factors both physical and numerical will help to produce a fuller spectrum of turbulence
structures than that uses a simple SMCO000 nozzle. As shown in Figure 7 and Figure 8, the boundary-
layer transition from laminar to turbulent inside the pipe always produces high turbulence intensity. It
is expected that the transition from the nozzle boundary layer with a fuller spectrum of the turbulence
structures to the turbulent shear layer would be relatively smoother, and the turbulence intensity
contributed by the transition would be less. This in turn will produce a smaller peak intensity
downstream of the nozzle lip. Thus, the transition from a laminar boundary layer to the turbulent shear
layer should generate the highest peak intensity near the nozzle lip, but the transition from a fully
resolved and fully developed turbulent boundary layer to the turbulent shear layer is expected to be
very smooth and no peak intensity would be observed. In numerical simulations, however, even when
the nozzle boundary layer is supposed to be turbulent, an insufficient grid resolution will not resolve
all small turbulent scales near the nozzle wall and the spectrum of turbulence structures cannot be fully
predicted. Thus, the transition from this unresolved turbulent boundary layer to the downstream shear
layer will not as smooth as that observed in the transition from the fully resolved turbulent boundary
layer to the downstream shear layer. The peak intensity along the lip line downstream of the nozzle exit
will depend on the grid resolution used inside the nozzle turbulent boundary layer.

3.3 SMCO000 nozzle with a pipe extension

As shown in Figure 7 and Figure 8, the turbulence structures in the transition region of the nozzle
boundary layer differ from those in the fully developed boundary-layer region, and the turbulence
intensity is higher in the transition region. It would be useful to examine the effect of the boundary-
layer state on the nozzle-exit profiles. It is not easy to carry out this task by using the SMC000 nozzle
alone because it requires a good control of the inlet turbulences in the simulations. Thus, pipe extensions
are attached to the SMCO000 nozzle to generate boundary layers at various boundary-layer state at the
nozzle exit. A pipe extension of 6D is first used to examine the possible transition location in the pipe
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as shown in Figure 13. No upstream boundary-layer tripping is used in this investigation. It can be
seen that the peak intensity region is around 3D downstream of the pipe inlet. Thus, a 3D pipe extension
is used as shown in Figure 13. However, it appears that the interaction between the downstream jet
plume affects the boundary-layer development at the nozzle exit. The peak intensity shifts upstream by
0.5D. Velocity and turbulence intensity profiles are examined at three axial locations: x = -1D, x = -
0.5D and the location near the nozzle exit. The turbulence intensity at x = -1.0D is low and this location
is clearly in the laminar region. The intensity reaches the peak at x = -0.5D, indicating that the boundary
layer is in the transitional state at this location. The intensity near the nozzle exit is lower and the
profile is broader. The boundary layer at the nozzle exit could be at the late stage of the transition or
already in the fully developed turbulent region. The boundary-layer shaper factor should be a good
indication of the boundary-layer state, but this factor is difficult to estimate in the wall-model approach
because a large portion of the boundary layer is in the first cell adjacent to the wall and the flow in the
first cell is already assumed to be fully turbulent by the wall model. As discussed in Ref. [9], the shape
factor computed from the linear distribution in the first cell would be very different from that computed
from the logarithmic distribution. Thus, to access if the boundary layer is in transitional state can be
only roughly estimated. To generate a transitional boundary layer at the nozzle exit, two more pipe
extensions with 2D and 2.5D are further tested. The comparison of the nozzle-exit profiles is shown in
Figure 14. It can be seen that the turbulence intensity at the nozzle exit of the 2D pipe extension is
much higher than the turbulence intensity at x = -1.0D in the simulation of the 3D pipe extension,
although both locations are 2D downstream of the pipe inlet. Again, this shows that the downstream jet
plume affects the boundary-layer state near the nozzle exit. The peak intensity of the nozzle exit is
highest with the pipe extension of 2.5D. The nozzle-exit profiles suggest that the nozzle-exit boundary
layers with the extension pipe of both 2D and 2.5D should be in the transitional state.

The nozzle-exit profiles generated by five pipe extensions are presented in Figure 15. Since no
boundary-layer tripping is used for all cases, the boundary layer at the nozzle exit with 1D pipe
extension is laminar and the turbulence disturbance level is very low. As the pipe length is increased to
2D, the nozzle-exit boundary-layer thickness increases and the momentum deficit increases. The
velocity slope near the lip line (Y/D = 0.5D) also decreases slightly, indicating that the surface shear
stress decreases as the pipe length increases. But there is a sudden change of the velocity slope from
the extension pipe of 2.0D to that of 2.5D, indicating a sudden increase of the surface shear stress near
the nozzle exit. As shown in the classical textbooks regarding the boundary-layer development on either
a flat plate or in a pipe (Refs [20]-[21]), there is a sudden increase of surface friction when the boundary
layer transitions to turbulent. This is very likely that the boundary layer at the nozzle exit with the
extension of 2D is in the early transition region and the pipe extension of 2.5D could be in the late
transition. This is confirmed by the high peak intensities of these two cases shown in Figure 15(b). On
the other hand, the peak intensities of more developed boundary layers are lower and the peak intensity
converges to roughly 0.08Uj, such as those generated by the extension pipes of 3D and 6D. The nozzle-
exit radial profiles produced by the pipe extension of 2D and 2.5D are similar to those produced by so
called “highly disturbed but nominally laminar boundary layer” as shown in Ref. [15], because they all
involve significantly larger turbulence intensities. Figure 16(a) shows centerline distributions of the
axial velocity generated by the five pipe extensions. The jet core lengths generated by the pipe extension
from 1D to 2.5D are similar. The jet core length generated by the pipe extension of 3D is slightly longer,
and this probably is due to the more developed turbulent boundary layer at the nozzle exit. However,
the pipe extension of 6D generates the shortest jet core length. The cause of this difference is not clear
so far. Figure 16(b) shows the turbulence intensities along the lip line and also the centerline. It can be
seen that the axial location of the lip-line peak intensity generated by the pipe extension of 1D is further
downstream than those generated by the longer pipe extensions. This is due to the longer axial distance
required for the transition from the laminar boundary layer to the turbulent shear layer. In addition, the
peak intensity reduces as the pipe extension length increases. As discussed above, this probably is due
to the difference in the spectrum between a transitional boundary layer and a more fully developed
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boundary layer and also partly due to the relatively finer grid resolution as the boundary layer gets
thicker. Both factors will help to generate a fuller spectrum of resolved turbulent structures, and thus,
the transition would be smoother and a lower peak intensity would be observed.

Finally, we would like to examine the effect of the convergent section on the nozzle-exit profiles
by comparing the results given by the nozzle with 12” pipe placed upstream of the final convergent
section and those given by the nozzle with the 12” pipe attached at the end. Figure 17 shows the
comparison of the turbulence intensity contours and the nozzle-exit profiles given by these two nozzle
configurations. No upstream boundary layer tripping is used for both cases. The boundary-layer
transition locations are similar in these two cases that they are roughly 3D downstream of the pipe inlet.
The downstream convergent section clearly reduces the boundary layer thickness. The peak turbulence
intensity at the nozzle exit is suppressed by almost half. In addition, it can be seen that there are some
differences between the velocities at the boundary-layer edge (or in the jet core) predicted by these two
simulations. The velocity predicted by the simulation where the pipe extension is attached downstream
is closer to the fully expanded jet velocity. As mentioned above, this difference should be associated
with the difference in the nozzle-exit pressure profile. This can be seen in Figure 17(d), where the
nozzle-exit pressure of the simulation with a pipe attached downstream is more uniform and the
magnitude is closer to the ambient value. On the other hand, the simulation with the convergent nozzle
produces a parabolic profile and the pressure at the core is roughly 6% higher. Thus, the velocity at the
nozzle exit should be slightly lower than the jet velocity because of the higher pressure. It will take a
small downstream distance to allow the pressure match the ambient value and thus the velocity match
the jet velocity as shown in Figure 5(a) and Figure 11(a).

4. CONCLUSIONS

The nozzle-exit profiles of subsonic jet flows have been examined by large-eddy simulations using
the wall-model approach. Three types of nozzles have been used to investigate effects of the nozzle
geometry and the boundary-layer state on the nozzle-exit profiles. The nozzles involved in this study
are all based on the SMCO000 nozzle tested extensively at NASA Glenn Research center. Various
upstream conditions have been tested, such as those generated by boundary-layer tripping in the form
of nozzle surface roughness or a 12” pipe placed upstream of the final convergent section. The nozzle-
exit profiles generated by these nozzle geometries are comparable to those measured in experiments.
The current simulations appear to suggest that the peak intensity is more sensitive to the contract ratio
near the nozzle exit than the upstream turbulence conditions. It is found that the boundary layer inside
the 12” pipe goes through laminar, transitional and turbulent states. The peak turbulent intensity is
observed in the transition region. To investigate the boundary-layer state on the nozzle-exit conditions,
pipe extensions are attached to the end of the SMCO000 nozzle to generate boundary layers in laminar,
transitional and turbulent states at the nozzle exit. It is found that the downstream jet plume affects the
nozzle-exit boundary-layer development, causing the transition occurs earlier than that would occur
inside a pipe. The nozzle-exit boundary layers in the transitional state involve significantly larger
turbulence intensities, similar to those observed in a highly disturbed but nominally laminar boundary
layer at the nozzle exit shown in experiments. This may suggest that those highly disturbed but
nominally laminar boundary layers are in the transitional state. However, the far-field noise data
generated by the three types of boundary layers are needed to confirm if the boundary layers in the
transitional state indeed generate more noise than the turbulent boundary layer.
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Figure 1. Nozzle geometries. (a). SMC000 nozzle. (b). Nozzle with a 12” pipe placed upstream of the final
convergent section. (¢). A pipe is attached downstream of SMC000 nozzle.



T
1

RN EEREE

T
|

Y/D

| IR

= e o OO

NI IR A

1

<]
T
1

L T R R SR I P T S T (T SR SN SN N SN SR SR
0 5 10 15 20 25 30
X/D

Figure 2. Computational domain. Parameters F0O to F30 and P0 to P30 are control points of cell sizes for jet
plume and near-field region. The black solid lines are the location of FW-H surface for the far-field noise
prediction. The specifications of those control points are given in Tables 1.

Table 1. Specifications of control points shown in Figure 2

Cell sizes D/200 D/150 D/40 D/30 D/20 D/30 D/30 D/20 D/20
Radius 0.5D 0.69D 1.5D 2.0D 2.0D 1.0D 1.2D 4.3D 6.0D
Axial location oD 3D 9D 20D 30D 0D 3D 20D 30D



Figure 3. Surface roughness is added on the nozzle surface prior to the location one diameter upstream of the nozzle
exit.

SMC M_;=0.685 5,=0.242 u__=0.040

T 1_b
1_(a) -10.14 ()
L ~0.12 08l
0.8f ]
[ x/D =0.015 (x = 0.03") 0.1 I
i ] > 06F
0.6 1 - D
5~ | —O.OSQ =
i > |
g [ ] =
0.4} 10.06 041
i H0.04 I
0.2 ] 0.2F
i H0.02 i
0; . b e 1 15 1
0.4 042 0 44 046 048 0.5 8.38 0.4 042 044 046 048 0.5
Y/D r/'D

Figure 4. The impact of the roughness height on the nozzle-exit velocity and turbulence intensity profiles in jet flows
with the acoustic Mach number Ma = 0.7 and M;= 0.736. The SMCO000 nozzle is used. The acoustic Mach number is
the ratio between the velocity and the ambient sound speed. (a) LES predictions. Surface roughness heights are 1.0E-
047, 6.7E-05”, 5.9E-05" and 5.6E-05”, respectively. (b) Experimental data at M; = 0.685 [16].
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Figure 5. Axial velocity and turbulence intensity distributions of jet flows with an upstream boundary-layer tripping
in the form of the surface roughness with various roughness heights. (a) Axial velocity along the centerline. (b)
Turbulence intensity along the centerline and the lip line. Ma = 0.7 and M;= 0.736 from SMCO000 nozzle.
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Figure 6. The effect of the jet Mach number on the nozzle-exit velocity and turbulence intensity profiles generated
by the SMCO000 nozzle.
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Figure 7. Turbulence structures, turbulence intensity contours and radial profiles in the nozzle boundary layer where
a 12” pipe is added upstream of the convection section. No upstream boundary-layer tripping is used. M. = 0.7 and
M; = 0.736. (a) Instantaneous velocity fluctuations near the nozzle surface. (b) Turbulence intensity contours inside
the nozzle boundary layer. (c) Turbulence intensity radial profiles at three axial locations. The red line is at x =-3.4D,
the green line is at x = -1.0D and the blue line is at x = 0.015D.
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Figure 8. Turbulence structures, turbulence intensity contours and radial profiles in the nozzle boundary layer where
a 12” pipe is added upstream of the convection section. Boundary-layer tripping is used upstream of the pipe. M. =
0.7 and M;= 0.736. (a) Instantaneous velocity fluctuations near the nozzle surface. (b) Turbulence intensity contours
inside the nozzle boundary layer. (c) Turbulence intensity radial profiles at three axial locations. The red line is at x =
-4.8D, the green line is at x =-1.0D and the blue line is at x = 0.015D.
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Figure 9. Nozzle-exit velocity and turbulence intensity profiles generated by the nozzle with a 12” pipe attached
upstream of the convergent section. (a) Experimental data at M; = 0.689. (b) LES predictions with (green lines) and
without (red lines) boundary-layer tripping upstream of the 12” pipe. The acoustic Mach number M. = 0.7 and the jet
Mach number M; = 0.736.
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Figure 10. Comparison of the nozzle-exit velocity and turbulence intensity profiles generated by the SMCO000 nozzle

and the nozzle with 12” pipe upstream of the final convergent section. The acoustic Mach number Ma = 0.7 the jet

Mach number M; = 0.736.
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Figure 11. Axial velocity and turbulence intensity distributions. Ma = 0.7 and M;j = 0.736. Red lines: A 12” pipe is
added upstream of the final convergent section of the SMC000 nozzle and a boundary-layer tripping is added upstream
of the pipe. Green lines: SMCO000 with roughness added prior to the location one diameter upstream of the nozzle exit.
The roughness height is 5.9E-4”. (a) Axial velocity along the centerline. (b) Turbulence intensity along the centerline
and the lip line.
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Figure 12. Turbulence intensity contours of the boundary layer inside the 12” pipe attached downstream of the
SMCO000 nozzle. The jet Mach number M. = 0.7 and M; = 0.736.
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Figure 13. Turbulence intensity contours and the radial profiles of a jet flow at Ma = 0.7 and M; = 0.736 from the
nozzle with a pipe attached to SMCO000 nozzle. The pipe length is 3D. (a) Turbulence intensity contours inside the
nozzle. Radial profiles of the axial velocity and turbulence intensity at (b) x =-1.0D, (¢) x =-0.5D, and (d) x =0.015D.
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Figure 14. Turbulence intensity contours and the radial profiles of jet flows at M. = 0.7 and Mj = 0.736 from the
nozzles with a pipe attached to the SMCO000 nozzle. Three pipe lengths are tested and the attached pipe length is (a)
3D (b) 2.5D (c) 2D. The figures on the left are turbulence intensity contours and plots on the right are the radial profiles
atx=0.015D.
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Figure 15. Nozzle-exit profiles of nozzles where pipes with various lengths are attached to the SMCO000 nozzle. The
jet condition is Ma = 0.7 and M; = 0.736. (a) Velocity profiles. (b) Turbulence intensity profiles.
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Figure 16. Axial distributions of the axial velocity and turbulence intensity of nozzles where the SMCO000 nozzle is
attached with a pipe of various lengths. The acoustic Mach number is Ma = 0.7 and the jet Mach number is Mj=
0.736. (a) Axial velocity along the centerline. (b) Turbulence intensity along the centerline and the lip line.
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Figure 17. Comparison of the turbulence intensity contours inside the nozzle and the nozzle-exit radial profiles
generated by two types of nozzles. (a) Turbulence intensity contours of the nozzle where a pipe of 12 length is used
upstream of the convergent section. (b) Turbulence intensity contours of the nozzle where a pipe of 12” length attached
to the SMCO000 nozzle. (c) Radial profiles of the axial velocity and the turbulence intensity near the nozzle exit at x =
0.015D. (d) Radial profiles of the pressure normalized by the ambient pressure near the nozzle exit at x = 0.015D.
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