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Numerical Simulation of Enhanced Mixing
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Pulsed jet blowing for mixing enhancement in a hot jet is examined using numerical simulation. Numerical
simulations have been completed for a subscale turbojet engine, a full-scale ground demonstration case, and a
high-bypass-ratio engine. These simulations have shown that pulsed jet blowing can signi� cantly reduce jet plume
potential core lengths at static and forward � ight conditions. The numerical scheme uses large time-step implicit
integration for ef� ciency and a second-order physical space algorithm for robustness. The pulsed jet disturbance
is calculated directly, and a turbulence model is employed to represent the cascade to smaller length scales.
Experimental data corresponding to the numerical simulations are also presented and indicate similar bene� ts
from pulsed jet mixing.

Introduction

A CTIVE � ow control technology is currently being evaluated
for application in many areas of aircraft development.Perfor-

mance of high-liftsystems for transportandcombataircraftcouldbe
enhancedbymodifyingtheeffectiveaerodynamicshapeof an airfoil
or � ap.Aircraftdesignedforminimumradarcrosssectionmay bene-
� t from thrust vectoringby � uidic injectionbecause control-surface
de� ections could be minimized or eliminated. Boundary-layersep-
aration in advanced compact inlets and diffusers can be minimized
with the application of synthetic or pulsed jets at the appropriate
locations.Control of cavity acoustics with pulsed jets has also been
demonstrated by Shaw.1

An application that has shown particular promise for active � ow
control technology is the enhanced mixing of a jet plume. For the
case of large transport aircraft, three bene� ts can be realized from
the activecontrolof the jet plumes.One is the eliminationof theneed
for a core thrust reverser for engine running off-load and backing
operationsbecausethecore reverseris used primarily for the thermal
protection of personnel loading and/or off-loading cargo aft of the
aircraft.Secondis the reductionof � ap temperatureswhileoperating
in the powered lift portion of the � ight envelope.This bene� t could
lead to the � ap surfaces being constructed of lower cost and lighter
weight materials. Third is an improved � ap capture area for better,
powered lift � eld length performance.

The bene� ts (and limitations) of active control of jet plumes have
recently been investigated experimentally in research efforts con-
ducted by the Boeing Company and the U.S. Air Force. In one
case the centerline plume temperature reduction was measured for
a subscale, single-exhaust, turbojet engine, the J402-CA-700 (noz-
zle diameter of 6 in.), while under the in� uence of an opposing pair
of pulsed jets near the external nozzle lip. In a second experiment
a full-scale JT8D-15 mixed-exhaust turbofan engine was modi� ed
to bleed air from the compressor to an array of pulsed jets located
internallynear the nozzle exit. The experimentalsetup for the JT8D
is shown in Fig. 1. Concurrent with the JT8D testing, an effort was
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undertaken to develop a computational methodology for the pre-
diction of plume � ow� elds incorporating the unsteady pulsed-jet
technology demonstrated experimentally. This methodology, once
validated, could be used to complement the experimental results
and further the understanding of this technology. After validation
is demonstrated with the results from the J402 and the JT8D simu-
lations, this methodology is applied to an high-bypass-ratio-engine
(HBRE) con� guration with separate exhausts � ow paths utilizing
takeoff mass-� ow rates.

To simulate � ow� elds of this nature, large time-step implicit in-
tegration is utilized for ef� ciency. There is no attempt to directly
resolve all temporal and spatial scales. The grid resolution and
time-step for the calculation is suf� cient to resolve the large-scale
forceddisturbanceof thepulsedjet.A turbulencemodel is employed
to represent the cascade to smaller scales. Because the turbulence
model includes large-scale turbulence effects, one should expect
this approach to overpredictmixing. For each of the nozzle � ows, a
steady-state (unforced) calculation is completed, and then a forced
calculation is initiated beginning from the steady-state solution.

Governing Equations
The Boeing (formerly McDonnell Douglas) compressible � ow

solver NASTD (Navier–Stokes time dependent), developed by
Bush,2 is used. The second-orderphysical space formulation of the
spatial algorithmused for the present study is described in Cain and
Bush.3 NASTD is the precursor to the WIND � ow solver available
through the National Project for Applications-Oriented Research
in ComputationalFluid Dynamics (NPARC) Alliance. The NASTD
� ow solver incorporatesan unsteadyarbitrary in� ow boundarycon-
dition to simulate the pulsed-jet � ow. In this case the boundarycon-
dition is applied at the location of the pulsed-jet nozzle exit, and
thus the � ow within the pulsed jet system is not modeled. One, or
more, of several � uid properties can be allowed to vary to simulate
the pulsed jet. The unsteady � uid property varies in a sinusoidal
fashion according to

P.t/ D Po C 1P cos.!t C ’/

where Po denotes the average of the � uid property, 1P the ampli-
tude of the perturbation, ! the angular frequency, and ’ the phase
angle.

Grid Generation

The grid-generation software MACGS, developed by Gatzke
et al.,4 is used to construct the three-dimensional computational
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Fig. 1 JT8D full-scale engine pulsed jet experimental setup.

grids for the J402, JT8D, and HBRE simulations. To simplify the
grid-generation process, the geometries of the J402, JT8D, and
HBRE were assumed to be axisymmetric. For example, a nozzle
plug support structure was not included in any of the cases. Thus,
all of the computational zones are constructed by a simple rotation
about the nozzle axis.

For the nozzle cases under consideration, the domain of interest
is assumed to be 5 to 10 nozzle diameters downstreamof the nozzle
exit. As such, the downstreamout� ow boundary is placedat least 20
jet diametersdownstreamof the nozzle exit to prevent any in� uence
of the downstream boundary in the domain of interest. Minimal
grid stretching, e.g., 6 to 8%, in the axial direction is employed to
properlyresolve the primary forceddisturbance.The maximumgrid
spacing is limited to 1/15 of the characteristic wavelength ¸ in the
� rst 10 jet diameters downstream of the jet exit. The characteristic
wavelength of the disturbance for the static round jet is given by

¸ D 0:6 ujet= f

where ujet is the � uid velocity at the nozzle exit and f is the pulse
frequency in hertz. The Strouhal number, a dimensionless scaling
parameter for this type of calculation, is de� ned as

St D
f ¤ Djet
ujet

where Djet is the diameter of the nozzle exit.

Time Step

The solution timestep 1t is tied to the frequency f of the pulsed
jets and the stability requirementof the � ow solver. It is the stability
requirement that sets the maximum allowable time step for the par-
ticular spatial and temporal scheme. The time step also must resolve
the unsteady � ow of the pulsed jet, however, with at least 100 time
steps per pulse. Thus,

1t D 1y min.CFL/

.ujet C ajet/
D 1

.#timesteps=pulse/¤ f

The time step is adjustable, to a certain extent, through the mini-
mum grid spacing 1y min. The minimum grid spacing, however, is
constrained to resolve the smallest features of the nozzle geometry,
pulsed-jet nozzle exit, and the forced disturbance in the plume.

Turbulence Model

For these calculationsthe Menter5 blendedk–"=k–! shear-stress
transport (SST) turbulencemodel is used. For free shear layers this
model is virtually identical to the Jones–Launder6 k–" model for
free shear layers.

Results
An exampleof thecomputationalgrid for the J402 turbojetengine

nozzle is shown in Fig. 2a. The nozzle exit is at x D 6:86 in. The
nozzle walls are embedded in the grid clustering in the lower and
upperleft of the � gure.This clusteringbecomes theclusteringfor the

a)

b)

Fig. 2 J402 computational grid in the region of the a) nozzle exit, and
b) nozzle lip and externally pulsed jet.

nozzle shear layers downstream of the nozzle exit. The nozzle plug
and the external annular ring that contains the pulsed jets occupy
the space not � lled with grid. Topologically, the grid is � ve zones
and 1.144 million grid nodes. The minimum spacing of the grid is
0.0075 in. Figure 2b shows more grid detail near the nozzle exit and
pulsedjet.Theminimumgridspacingis in this regionnear thenozzle
exit. The pulsed jet is modeled with an arbitrary in� ow boundary
conditionacross four grid pointsat y D 3:15 in.The pulsed-jetwidth
is 0.063 in. located just external to the nozzle exit. Both the upper
and lower pulsed jet occupy 90 deg of circumferential arc.

The computational grid for the full-scale JT8D-15 mixed-� ow
turbofan engine nozzle is shown in Fig. 3a. The nozzle exit is at
x D 0:0 in. The split between the core and fan � ow is evident at
about y D §15:0 in. on the far left where the two streams enter the
domain. The pulsed jets are located on the internal wall of the noz-
zle approximately 2 in. upstream of the nozzle exit. Topologically,
the grid is eight zones and 1.48 million grid nodes. The minimum
spacing for this grid is 0.025 in. A close-inview of the grid near the
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a)

b)

Fig. 3 JT8D computationalgrid in the region of the a) nozzle exit, and
b) nozzle lip and externally pulsed jet.

pulsed jet and nozzle exit is shown in Fig. 3b. Each of the pulsed
jets (upper and lower) has a width of 0.925 in. and occupies 90 deg
of circumferentialarc.

The computationalgrid for the full-scaleHBRE separate-exhaust
� ow turbofan engine nozzle is shown in Fig. 4a. The primary (core)
nozzle exit is at x D 0:0 in., with a radius of about 15 in. The sec-
ondary (fan) nozzle exit is upstream of the primary nozzle exit at
about x D ¡80:0 in., with an outer radius of approximately 40 in.
Topologically, the grid is 13 zones and just over one million grid
nodes. The minimum spacing for this grid is 0.10 in. Unlike the
modeling done for the J402 and JT8D, a simpli� ed model of the
pulsed-jet injector is included for the case of the HBRE. This is
done to better simulate the � ow� eld in the region of the pulsed-jet
exit and the primary nozzle by removing the pulsed-jet boundary
condition from the nozzle wall. A close-in view of the grid near the
pulsed jet and nozzle exit is shown is Fig. 4b. The pulsed jet exit
is 1.5 in. upstream of the primary nozzle exit. Each of the pulsed
jets (upper and lower) has a width of 0.80 in. and occupies 45 deg
of circumferential arc. An axial cut through the grid at x D ¡1:5
is shown in Fig. 4c. The physical domain of the pulsed-jet injector
zones (upperand lower) indeedoverlapsthe primarynozzleexternal
zone. This overlap, however, is visual only. Computationally, these
zones are disconnected.

Pulsed-Jet Model

There is more than one way to specify the pulsed-jet� ow for these
calculations.NASTD/WIND allows for time varyingMach number,

a)

b) c)

Fig. 4 HBRE computational grid in the region of the a) nozzle exit,
b) nozzle lip, and c) external pulsed jet.

pressure(total or static), temperature(totalor static), angleof attack,
angle of yaw, or velocity, at an arbitrary in� ow boundary. The user
may evenspecifya combinationof any,or all,of these� owvariables.
From the experimental results details of the pulsed-jet � ow, e.g.,
Mach-number variation at the pulsed-jet exit, were not available.
(Previous experimental work that provides a meaningful reference
for the presentstudy includesthe investigationsof Kibens,7 Wlezien
and Kibens,8 and Parekh et al.9 )The total mass � ow of the pulsed-jet
system, however, was known. Assuming a constant static pressure
at the pulsed-jetexit, an averageMach number (and temperature) of
the pulsed jet is deduced.The variationin Mach number, however, is
subjective.For both the J402 and the JT8D con� guration the pulsed
jets consistedof an opposingpair covering90 deg of circumferential
arc for each jet, pulsed harmonically, 180 deg out of phase.

For the case of the J402, the � uctuation of the pulsed-jet
exit Mach number from the average Mach number was §38%
(Mach D 0.66 § 0.25). A plot of the pulsed-jet mass � ow over one
cycle is shown in Fig. 5a. The total mass � ow for the pulsed-jet
system is 0.21 lbm/s, or approximately 3% of the primary nozzle
� ow.

For the JT8D the � uctuation of the pulsed-jet exit Mach number
from the average Mach number was §72% (Mach D 0.58 § 0.42).
For this case a plot of the pulsed-jet mass � ow over one cycle is
shown in Fig. 5b. The total mass � ow for the pulsed-jet system is
6.53 lbm/s, again approximately 3% of the primary nozzle � ow.

For the HBRE the boundaryconditionfor the pulsed jet is applied
differently than the preceding cases because the actual pulsed jet is
being modeled. A harmonically varying total pressure is applied at
the in� ow of the pulsed-jetmodel. Thus, the Mach-numbervariation
at the pulsed jet exit is dependent on the supply total pressure. For
this case the variation was on the order of 0.1 at minimum mass
� ow and 0.5 at maximum mass � ow. A plot of the pulsed-jet mass
� ow over one cycle is shown in Fig. 5c. The total mass � ow for
the pulsed-jet system is 2.84 lbm/s, or approximately 1.5% of the
primary nozzle � ow.
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a)

b)

c)

Fig. 5 Mass � ow for the pulsed-jet systems over one cycle a) J402,
b) JT8D, and c) HBRE.

J402 Simulation Results (Single Exhaust)

Qualitative comparisons of the effects of pulsed-jet mixing for
the J402 are shown in Fig. 6. The contours are of static temper-
ature. Figure 6a shows an unforced or steady-state simulation of
the plume. A snapshot in time of the forced simulation is shown in
Fig. 6b. In this view the cut is through the plume centerline and the
circumferentialmidpoint of the pulsed jets and depicts the � apping
mode of the simulation. In this con� guration the amplitude of the
� apping plume is well in excess of the nozzle exit diameter. Time-
averaged static-temperaturecontours are shown in Fig. 7. Figure 7a
shows the � apping plane, which is essentially the time average of
the � apping depicted in Fig. 6b. Figure 7b is a view of the transverse
plane, or the plane perpendicularto the � apping plane, and does not
cut through either of the opposing pulsed jets.

Quantitative comparisons of the time-averaged static and total
temperature along the plume centerline for the computational and
experimental results are shown in Fig. 8. Beginning at two nozzle

Fig. 6 Static temperature (±F) contours from the J402 simulation
a) unforced (steady-state), and b) snapshotof the � apping plane at max-
imum mass � ow of the lower pulsed jet.

a)

b)

Fig. 7 Time-averaged static temperature contours from the J402
forced simulation a) � apping plane, and b) transverse plane.

a)

b)
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Fig. 8 Time-averaged plume centerline temperatures for the J402.

Fig. 9 Time-averaged plume centerline temperatures for the JT8D.

diameters downstream,the computationalresults predict a dramatic
temperature reduction along the plume centerline. At � ve nozzle
diameters downstream a temperature reduction of 600 deg is pre-
dicted.The experimentalresults showa similar trend.Discrepancies
between the computational and experimental results are expected
as a result of the simpli� cation of the geometry and � ow condi-
tions of the computational model, particularly those of the pulsed
jet.

JT8D Simulation Results (Mixed Exhaust)

Quantitative comparisons of the time-averaged static and total
temperature along the JT8D plume centerlinefor the computational
and experimental results of are shown in Fig. 9. As in the case of
the J402, beginning at roughly two nozzle diameters downstream
the computational results predict a dramatic temperature reduction
along the plume centerline. At six nozzle diameters downstream
a reduction in total temperature of 550 deg is predicted. The ex-
perimental results for this case are shown at 10 nozzle diameters
downstream of the nozzle exit.

Notice for this case a marked increase in the static and total tem-
peratureof theprimarynozzle � ow at the nozzleexit.The increasein
the total temperature is caused by bleeding the primary engine � ow
as a source for the pulsed-jet � ow. The bleeding of the engine also
results in a 4% reductionin total pressureof the core � ow. The com-
bination of these two effects increases the static temperature on the
plume centerline at the nozzle exit roughly 100±F. This effect can
be seen in the � rst two nozzle diameters downstream of the nozzle
exit.

Similar qualitativecomparisonsfor the JT8D are shownin Fig. 10.
As before, contours of static temperature are shown. Figure 10a
shows the unforced or steady-state simulation. Figure 10b depicts

Fig. 10 Static temperature (F) contours from the JT8D simulations
a) unforced (steady state), b) snapshot of the forced simulation in the
� apping plane at maximum mass � ow of the upper pulsed jet, and c)
time average of the forced simulation in the � apping plane.

a)

b)

c)

a)

b)

c)

d)

Fig. 11 Static temperature (F) contours from the HBRE simulations
a) unforced (steady state), b) snapshot of the forced simulation in the
� apping plane, c) time average of the forced simulation in the � apping
plane, and d) time average of the forced simulation in the transverse
plane.
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Fig. 12 Time-averaged plume centerline temperatures for the HBRE.

a snapshot of the forced simulation in the � apping plane, the plane
that contains a cut through the pulsed jets. As was the case in the
J402 simulation, the amplitude of the � apping plume exceeds the
nozzle exit diameter. Figure 10c is the time-averagedstatic contour
levels for the plume in the � apping plane.

HBRE Simulation Results (Separate Exhausts)

The HBRE simulation is the only one of the calculations done
for a forward � ight condition, speci� cally, a takeoff condition at
sea level with a freestream Mach number of 0.24. The primary � ow
NPR is 1.52 with a total temperatureof 1014±F. The secondary� ow
NPR is 1.72 with a total temperature of 157±F.

Once again,qualitativecomparisonssimilar to the J402and JT8D
simulations are shown in Fig. 11. As before, contours of static tem-
perature are shown. Figure 11a shows the unforced or steady-state
simulation predictions. Figure 11b depicts a snapshot of the forced
simulationin the � appingplane, the plane that containsa cut through
the pulsed jets, and Figs. 11c and 11d are the time-averaged static
contour levels for the plume in the � apping plane and transverse
plane, respectively.

Quantitative comparisons of the time-averaged static and total
temperature along the HBRE con� guration’s centerline are shown
in Fig. 12. The diffusion of the core exhaust plume of the HBRE
con� guration is signi� cantly slower than that observedfor the cases
of the J402 and JT8D. This is because of the in� uence of the sec-
ondary � ow that envelops the core � ow. One effect of the secondary
� ow is to increase the convection velocity of the disturbance re-
sponsible for mixing, thus increasing the distance downstream of
the core nozzle exit where signi� cant temperature reduction along
the plume centerline is evident.

An additionaleffect of the secondary� ow is depicted in Fig. 11d.
The mixing of the plume is naturallymost effective in the geometric
plane that contains the pulsed jets, the � apping plane. In the plane
perpendicularto the � apping plane, the transverseplane, the plume
has a natural tendency to bifurcate. For the J402 and JT8D, with no
secondary � ow, the bifurcation is minimal. For the HBRE the sec-
ondary � ow exasperates the bifurcation. Future work will focus on
optimizing the pulsed-jet con� guration, particularly for the HBRE.

Conclusions
An ef� cient computationalmethodology has been developed for

the analysis of unsteady pulsed-jet mixing � ow� elds. The bene� ts
of pulsed-jet mixing at sea-level static conditions are evident in the
reduction of plume centerline temperatures aft of approximately
two to three nozzle diameters downstream of the nozzle exit. Fur-
thermore, signi� cant differencesin plume expansioncharacteristics
are observed between single-andmixed-exhaustcon� gurationsand
separate-exhaustcon� gurations.
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