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Experimental Investigation of Sonic Jet Flows
for Wing/Nacelle Integration
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An experimental study of compressible jet flows has been undertaken in a small transonic
wind tunnel. The aim of this investigation was to realize a jet simulator in the framework of
wing/nacelle integration research and to characterize the jet flow behavior. First, free jet
configuration, and subsequently jet flow in co-flowing air stream configuration were analyzed.
Flow conditions were those encountered in a typical flight condition of a generic transport
aircraft. i.e, fully expanded sonic jet flows interacting with a compressible external flowfield.
Conventional experimental techniques were used to investigate the jet flows-Schlieren visual
ization and two-component Laser Doppler Velocimetry (LDV). The mean and fluctuating
properties were measured along the jet centerline and in the symmetric plane at various
downstream locations. The results of two configurations show remarkable differences in the
mean and fluctuating components and agree well with the trend observed by other investigators.
Moreover, these experiments enrich the database for such flow conditions and verify the
feasibility of its application in future aerodynamic research of wing/nacelle interactions.

Key Words: Free Jet, Co-Flowing Jet, Fully Expanded Sonic Jet Flow, Compressible Flow,
LDV

1. Introduction

The high bypass flow ratios of the advanced
power plants is associated with a growth in the
engine nacelle dimensions. Thus, the problem of
engine integration onto a wing has become more
important. Aerodynamic optimization of the en
gine location is considered to be one of the key
factors that influence the overall flight perform
ance. Consequently, the understanding of flow
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interactions for aerodynamic optimization has
been the subject of a large number of
experimental (Godard et al., 1991, 1996, Rossow
et al., 1994) and numerical studies (Chaput et al. ,
1996, Rudnik et al. , 1996). To reduce develop
ment cost and to obtain detailed data, feasibility
tests in an existing small wind tunnel were carried
out. As part of the research into improved
aerodynamic integration of nacelle under the
wing, an investigation of compressible jet flows
was undertaken in a small transonic wind tunnel
of the Centre d'Etudes Aerodynamiques et
Thermiques(CEAT) using a jet simulator. Within
the qualification tests required for wing/nacelle
integration applications, the implementation of
this model was subject to preliminary studies. The
objectives of the present investigation were to
characterize the jet flow behavior in quiescent and
co-flowing compressible stream, and especially to
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prove that the quality of these jets can be satis
factory despite a complex air-handling problem
related to the air jet drive system. This study
examined the feasibility using models prior to
complete wing/nacelle model testing. These
experiments were conducted with an axisymmetric
convergent nozzle, and the mean and fluctuating
velocity components were measured.

The results presented here correspond to one of
two flow condetions tested. For this case, the jet
exit Mach number and the expansion ratio are
close to unity, which lead to a fully expanded
sonic jet flow. The external flow Mach number is
chosen to be 0.79, which is close to cruise
conditions.

2. Experimental Apparatus

Tests were conducted in the ISOX150X
1705mm3 test section of the transonic open-circuit
wind tunnel at CEAT. It is capable of operating
at stagnation pressures from I to 4 bar. Glass
windows are installed in the sidewalls to measure
and visualize the flowfield around the model.
Tunnel conditions were fixed at an external flow
Mach number of 0.79 and a Reynolds number,
based on nozzle exit diameter, of 2.1 X 105. During
the tests, the stagnation pressure Pte and the
stagnation temperature Tte of the external stream
and the jet flow were close to 1.3±0.05 X lOSPa,
279±6K and 1.75 X IOspa, 269±3K, respectively.
At the nominal condition, the jet expansion ratio
is fixed at r=p)Pe= I with a compression ratio
(q=Pu/Pe) value close to 1.9 to obtain a fully
expanded jet flow. A summary of the flow
conditions for this investigation is shown in
Table l.

The model used for simulating the jet now is a
120 mm long cylindrical nacelle with a semi
ogive nose as shown in Fig. I. It has an axisy
mmetric convergent nozzle with an exit diameter
of 12 mm and a convergence angle of 10 deg. A
pressure tap is located 2 mm ahead of the nozzle
exit in order to measure local jet velocity. The
nacelle is supported from the nose by a string
strut arrangement with its centerline on the sym
metric plane of the test section. The nacelle sup-

Fig. 1 Jet simulator

port strut is mounted perpendicularly in a vertical
plane from the tunnel floor and its rig allows the
axial and vertical positions to be varied in the
useful range. Jet flow is carried out by the strut
through the rig to provide an independently con
trolled coaxial jet stream. In general, the
asymmetrical flow on the boattail caused by the
strut interference, i.e, mixing in the wake down
stream of the strut, can produce pressure waves
and blockage effects, which can be transmitted to
the model, and hence affecting the jet plume
behavior (Laughrey et Richey, 1976). The strut
shape, dimension, and location were previously
optimized; an aerodynamically improved strut
profile was adopted in this study. The pressure
upstream of the nozzle, Px, and the static pressure
at the exit, PJ, were controlled by a valve and
measured by Bell&Howell 34.5 bar and 2 bar
transducers, respectively. The maximum uncer
tainties for the present expansion ratio were less
than 2%.

A conventional Schlieren device was employed
to examine the flow field qualitatively. Continu
ous and spark Schlieren photographs were
obtained with an exposure time of 4 ms and 4 /.l

s, respectively. The wing pressure distribution is
measured using a pressure scanning system with
48 port valves. This system is connected by tubing
to a 2 bar transducer. Moreover, 2-D Laser
Doppler Velocimetry (LDV) was used to measure
the flow velocities.

A sketch of the test facility setup with the LDV
system is shown in Fig. 2. The LDV system is
comprised of a lOW Argon-ion laser of Spectra
Physics operating on the green and blue lines with
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Table 1 Flow parameters

Parameters External flow Jet

Mach number
Stagnation pressure, Pt X1O-5(Pa)

Static pressure, PX 1O-5(Pa)

Stagnation temperature (K)
Velocity, V (ms-l )

Mass flow (kg.s'")
Reynolds, ReD X 1O-5(m-l)

Expansion ratio, r=pi/p.
Compression ratio, q=Ptj/P.

0.79
1.38
0.91

279±6
249±3

7.2
2.1
~I

~1.9

I
~1.75

0.92
269±3
300±2

45X 10-3

freestte8ID
seeding genemtor

I
I
I
I

'.-.J

Fig. 2 Schematic of the LOV system
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Fig. 3 Calibration of the fully expanded sonic jet
flow

forward scatter mode and it is mounted on a three
axis, computer-controlled traversing mechanism
supplied by DeltaLab. Thus, the probe volume
was positioned to within ±O.2 mm. The external
stream is seeded through a movable tube placed in
the plenum chamber, and the jet stream is seeded
by a system of valves to control the particle mass
flow rate (see Fig. I). The seeding particles are

a wavelength and power of 0.5I45,um, 30mW and
0.488,um, 45mW respectively. A 40 Mhz Bragg
cell divided the laser beam into two beams of
equal intensity and provided a frequency shift. A
focusing lens created an interference fringe pat
tern and was connected to a system of
photomultiplier, a "Doppler Signal Analyzer"
(Model DSA 3000, Aerometrics), and a rc.

The signals from photomulipliers are processed
to form ensemble averages from 3000 and 4000
individual velocities to obtain a converged mean
and RMS values (the sampling rate in the present
study was between 10 and 20 kHz). The probe
volume is roughly cylindrical in shape with a
length of approximately 1.5 mm and a diameter of
0.2 mm. The focal distance is 500 mm and the
green and blue fringe spacing are 12.8 ,urn and 12.2
,urn, respectively. The LDY optics operated in a
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3. Results and Discussion

3.1 Calibration
Investigations of wing/jet interaction for vari

ous nacelle positions require a local pressure tap
near the nozzle exit to independently control flow
conditions (Mj=l. r=pi/p.=l). In fact. differ
ent positions of a nacelle relative to a wing
correspond to different perturbation levels around
the nozzle which may distort the real jet
expansion ratio. This problem can be avoided by
adjusting p,. until Proi indicates sonic condition
from the calibration data. The calibration is done
in a free jet configuration, (i.e. jet exhausting into
the atmosphere), by measuring simultaneously p,.,
plDj and Pi (with a static probe) or ptj (with a Pitot
tube). The details of calibration method and
results are discussed in Kwon (1999). Figure 3
illustrates an example of calibration results.
showing different phases of the jet flow. The jet
Mach number is calculated from the pressure
ratio of the calibration data by assuming constant
total temperature, previously measured on the
centerline near the nozzle exit.

3.2 Free jet experiments
The global characteristics of jet flows can be

evaluated first from Schlieren visualizations.
Figures 4(a) and 4(b) show the radial diffusion of
the jet and its mixing regions with associated
turbulent structures. The continuous and spark
Schlieren photographs reveal a shock near the
nozzle exit and the acoustic waves generated by
large scale turbulent structures. Figures 4(c) and 4
(d) skow the essential features of the subsonic
turbulent jet flowfield. In a distance up to x]D=
3.5, the axial mean velocity U is relatively uni
form (300 ms") and the axial turbulent intensity
(Ju the (RMS of u') is nearly constant (8%). The
potential core length is about 1-2 jet diameters
less than the results obtained by Donaldson et al.
(1976) and Lau et aI. (1979), where the
experiments were conducted under similar
conditions (i.e. fully expanded sonic jet with an
axisymmetric convergent nozzle) . Hill and
Jenkins (1976) showed that the potential core
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Fig. 4 Characteristics of the free jet flow, (a) con
tinuous Shlieren photograph, (b) spark
Shlieren photograph, (c) distributions of ax
ial mean velocity, and (d) intensity of turbu
lence along the centerline of the free jet

submicronic (0.5 pm diameter) silica dioxide
(Si02) of 2 gcm" volumetric mass, selected ac
cording to Bisschop (1993) and Lammari (1996).
A brief review of diverse systematic biases met in
compressible flows is given by Kwon (1999), in
which the author estimates the uncertainty due to
compressibility effects. For the present jet config
uration. this uncertainty was found to be less than
2% for the external flow and 5% for the jet flow at
the nozzle exit. This is consistent with the results
of Nouri et al. (1996).
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Fig. 5 Radial profiles of the turbulent quantities at
various positions xlD; (a) axial and (b) ra
dial intensitiesof turbulence and (c) turbulent
shear stress

exit region, U oscillates spatially. This
phenomenon, also shown by Mclaughlin et a1.
(1975) and Scroggs and Settles (1996), can be
attributed to the effect of weak expansion waves
occurring in this region.

In Fig. 5 the jet flow velocity data are
presented. Figs 5(a) and (b) show the half width
variations (i.e. ~.5, the radial distance between the
symmetric plane and the location of the half
maximum mean velocity of the jet flow). The
velocity profiles illustrate typical features of a
subsonic jet. The potential core with constantly
uniform value exists in the central region (xlD<
3.3) and self-similar protiles exist in the
developed region (xl D~5.8). The half widths
and the inverse of centerline velocity measured on
the symmetric plane 1/Ur=O increase linearly
from xlD=5.8. With respect to these results, we
estimate that the mean velocity field of the jet flow
reaches self-preserving state, beyond x]D=5.8.

Figure 5(c) illustrates radial mean velocity
distributions measured in the radial direction for
three axial positions in the self-similar region, xl
D=5.8, 8.3 and 10.8. As shown in the figure, the
gradients are remarkably consistent and agree
well with the existing semi-empirical curves. Here
we compared the experimental data to the classi
cal asymptotic profile proposed by Gdrtler and
the equation detined by White (1991). These two
equations are defined respectively as follows:

U ( !l)-Z zUr=o = 1+ 4 with Tj=15.2x'
Ur=o':::::.7.4 ./17P (I)

x

where J is the jet momentum,

U
u =sechz(Tj) with Tj=,0. (2)
~o x

0.3 ,,
0.2 ,

0.1
x
0

'" 0 ai:l

-{I.1

-{I.2
,

,
-{I.3

0 0.25 0.5 0.75

UIU...

(e)

(a)

0.008 4

0 Uti...
0 r",JR P'''

,

0.006 /
/

3
/

/
/

/

t /AS' .Y ~s ,.
/

/
/

/ .t
/ /

0.004
9/

/
",/

2/
/00 0 /

/
/

/
/0"

0

0.002 0 1
0 4 8 12

xID

(b)

length as well as the flow structure depend
strongly on the nature of initial boundary layer of
the jet flow. In this configuration, the complex
geometry of the jet flow handling system enhances
turbulent flow and boundary layer development.
Thus, axial velocity profile deviation can be
generated at the nozzle exit. This may affect
strongly the potential core length. In the nozzle

The proportional constant A is experimentally
determined to be 7.4. In general, Ais not universal
and depends strongly on the nozzle geometry and
upstream conditions (George, 1989). This
dependency is observed in the experiments of
Wygnanski et a1. (1969) and Champagne et a1.
(1986).

Figure 6 illustrates the radial distributions of
the two turbulence intensities, (Ju and (Jw, and the
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Fig. 7 Characteristics of the co-flowingjet; (a) con
tinuous Shlieren photograph, (b) spark
Shlieren photograph, distributions of axial
(c) mean velocity, and (d) intensity of turbu
lence along the centerline of the free jet

ed in the centerline of the jet flow and decreases
gradually with the radial distance. Here, the
highest values of (JII., (Jw and <u'w') persist in the
mixing region until x]D= 10.8, and correspond
to the half maximum mean velocity positions. The
intensity of turbulence is relatively uniform in the
central region of the jet flow with a maximum
value of approximately 10%. At all measuring
sections, (Jw is less than (JII. Thergore, the turbu
lence is anisotropic in the present jet flow.
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Fig. 6 Radial profiles of the turbulent quantities at
various positions x/D; (a) axial and (b) ra
dial intensitiesof turbulence and (c) turbulent
shear stress

turbulent shear stress <u'w'). All these quantities
are normalized by the centerline jet velocity at the
nozzle exit Ur=o. As expected, the intensities of
turbulence take longer to develop than the axial
mean velocity. This phenomenon is shown in the
fully developed turbulent flow region where (JII.

and (Jw don't become similar until x]D= 10.8,
unlike the mean velocity field. Generally, in this
region, the highest turbulence intensity is observ-
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Fig. 9 Centerline variations of turbulent kinetic en
ergy and shear stress
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Fig. 8 Variations of half widths of the free and co
flowing jet flows

3.3 Co-flowing jet experiments
The general layout of the coaxial jet flow-field

is given in Fig. 7 which shows the results of
Schlieren visualizations and the axial
distributions of U and ~u. This figure shows the
global effects of the co-flowing external stream in
this configuration. In particular, the radial diffu
sion of the jet is less important than in the case of
free jet flow. The sudden reduction of U, observ
ed in free jet flow, is attenuated significantly due
to the external flow and keeps a constant value
close to 285 ms'", which is slightly higher than the
external flow velocity (279 ms'"). This difference
(e.g. approximately 35% at x/D= 10) doesn't
allow identication of the potential core. A similar
behavior was observed by Papamoschou (1997)
in experiments with a co-annular nozzle at MJ=
U5, M..,=0.75. As shown in Fig. 7(d), ~u de
creases from 9% to 6.5% within 10 diameters.
Unlike the free jet configuration, this turbulence
intensity is relatively constant along the centerline
at a value close to 0.075.

The jet flow development is also evaluated by
analyzing the radial evolution of the half
maximum velocity positions. As already observed
from Schlieren photographs, external flow signi
ficantly reduces the radial development of the jet
flow due to the increased entrainment rate, a well
known behavior of shear layers. Therefore, as
seen in Fig. 8, the rate of growth of the half width
is about one-twentieth of that of a free jet in a
quiescent stream. In a distance between x/ D=O

and 9, Zo.s(x) is practically constant at a value
close to R, whereas in the case of free jet, it
increases nearly 100%. Thus, difference in turbu
lent fluctuations of the fluid particles exist be
tween free and co-flowing jets. The slower
growth rate of the half width of a jet in a co
flowing stream is consistent with the observations
of Rho et al. (1993).

Figure 9 shows the centerline variations of
turbulent kinetic energy k and turbulent shear
stress <u'w') for both configurations. These
variables are normalized by the square of the
centerline jet velocity. Since the velocity compo
nent V was not measured, k has been measured by
the following formula, which was also used by
Reijasse (1997):

k=O.S[<u12)+<w12)+O.S( <ul2)+<w12
) ) ] (3)

In contrast to the free jet flow, k decays linearly
with downstream position. The corresponding
maximum value is 0.015 near the nozzle exit. The
downstream increase in <u'w'), is smaller than
that in a free jet flow due to the significant
reduction of k resulting from the external flow.

4. Conclusions

Present experiments have allowed an investiga
tion of the fully expanded sonic jet flow in a
quiescent and co-flowing stream flow-field. The
aim of this investigation was to realize a reliable
jet simulator to study wing/nacelle integration
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problem. The model test results were obtained
with LDV.

The mean and fluctuating characteristics of the
jet flows were generally in accordance with pre
vious results particularly the characteristics of the
potential and mixing region. In the case of co
flowing jet flow, the external stream reduced the
diffusion rate of the mixing flow half widths and
produced a uniform centerline mean and
fluctuating velocity. Finally, these experiments
demonstrated the feasibility of the present jet
simulator in conducting a study of interactions on
a complete wing/jet interaction mod~l in this
wind tunnel.
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