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Introduction

T HE bene� ts of active thrust vector control in high-performance
� ghter aircraft, such as improved agility and maneuverabil-

ity, are well established. Unfortunately, conventional thrust vec-
toring schemes, which rely on mechanical means to vector the
jet thrust, have some associated drawbacks. They generally re-
quire complicated hardware, which can add to the aircraft weight;
the dynamic performance of such systems is less than ideal; and
there are heat transfer problems due to the hot exhaust jet imping-
ing on the vectoring surface. Although recent advances have been
made in improving mechanical systems,1 some of the mentioned
issues remain a concern. In recent years, a � uidic-based thrust vec-
toring technique, counter� ow thrust vector control (CFTVC), has
been explored with promising results.2¡4 These investigationshave
convincingly demonstrated that CFTVC can be used to achieve
single-axis pitch vectoring and multiaxis thrust vectoring for su-
personic nozzles of various geometries and over a wide range of
operating conditions. One of the primary advantages of CFTVC
is the simplicity of hardware and excellent dynamic response. A
comprehensive summary of these studies can be found in Refs. 2
and 4.

The ultimate goal of our researchprogramis to developa CFTVC
system that can be implemented in aircraft propulsion systems of
the future. To this end one needs to consider real � ight effects,
such as high jet exhaust temperatures and the in� uence of forward
� ight. Although high-temperatureeffects have been addressed to a
limited extent in a previous investigation,4 almost nothing is known
about forward � ight effects on CFTVC performance. In the present
study, forward � ight effectsare simulatedby generatinga co� owing
stream around the periphery of the CFTVC system consisting of a
rectangular Mach 1.4 jet. The in� uence of the co� owing stream
on the system performance in terms of jet vector angle response is
described in this Note.

System Hardware and Facilities
The experiments were conducted in the blowdown compressed-

air facility of the Fluid Mechanics Research Laboratory, located
at the Florida State University, capable of supplying hot and cold
air to drive the primary jet; details of the facility may be found in
Ref. 5. A schematic of the CFTVC system and the co� ow hard-
ware is shown in Fig. 1, where Fig. 1a shows the side view and
Fig. 1b the end-on view of the hardware. A Mach 1.4 rectangu-
lar converging–diverging nozzle with an aspect ratio of 4 (height
HN D 0:42 in.) was used to generate the primary jet. The counter-
� ow collar consists of curved surfaces placed downstream of the
nozzle exit such that gaps are created in the nozzle exit plane be-
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Table 1 Nozzle–collar dimensions

Dimension Value, in. (mm)

Nozzle height HN 0.42 (10.7)
Counter� ow gap height HG1 0.22 (5.6)
Counter� ow collar length LC1 1.5 (38.1)
Co� ow gap height HG2 0.5 (12.7)
Co� ow collar length LC2 2.1 (53.3)

a) Side view

b) End view

Fig. 1 Schematic of the counter� ow thrust vector nozzle and collar
geometry with the co� ow duct (not to scale).

tween the collar surfaces and the upper and lower edges of the
nozzle (Fig. 1b). Co� ow was established by placing a rectangular
duct around and extending downstream of the nozzle-collar geom-
etry. The co� ow duct was equipped with glass windows to allow
optical access for � ow visualization.The co� ow duct and the upper
and lower surfacesof the counter� ow collar were also instrumented
with rows of surface pressure taps along the duct and collar center-
lines.Pertinentnominaldimensionsof this geometryare providedin
Table 1.

Jet thrust is vectored by establishing a counter� owing secondary
airstream along the outer surface of one of the primary jet shear
layers. For the present rectangular jet, this counter� owing stream
is created by connecting a vacuum source to the counter�ow gap
on the upper or lower side, thus vectoring the jet in the upward or
downward direction, respectively.For a more complete description
of the CFTVC technique, the reader is referred to Alvi et al.2 and
Strykowski et al.4 The jet stagnation pressure was � xed to produce
isentropicallyexpanded Mach 1.4 � ow for a jet exiting into an am-
bient environment at atmospheric pressure. However, as the jet is
vectored, a vacuum pressure is established in the nozzle exit plane
due to the presence of the counter� owing stream and the collar sur-
face, thus producing an underexpanded jet with the accompanying
expansion–compression wave train. The CFTVC performance was
evaluated at three different levels of co� ow, Mach 0.3, 0.5, and
0.7, measured in the co� ow duct. For this study, the primary jet
and the co� ow stream were at a nominal stagnation temperature of
300 K.
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Results
The systemperformancewas qualitativelyexaminedvia schlieren

photography;a representativeexample,shown in Fig. 2, corresponds
to a moderate level of counter� ow with Mach 0.3 co� ow. In this im-
age, the co� owing stream is evident by the presence of the braided
structures visible in the upper shear layer generated by the upper
co� owing stream as it exits the co� ow duct into quiescentsurround-
ings.As discussed in the precedingsection, the schlieren image also
shows the presence of the expansionand compressionwaves gener-
ated in the jet column due to the asymmetric pressure mismatch at
the nozzle exit. Also visible in Fig. 2 is the array of surface pressure
taps on the top surface of the co� ow duct.

Previous studies that examined CFTVC systems without co� ow
for various nozzle geometries2¡4 have shown that, for a � xed
CFTVC geometry, the jet de� ection angle, ±v in Fig. 1a, is pro-
portional to the vacuum pressure established in the counter� owing
stream. Similar behavior was observed in the present study, both
qualitatively and from quantitative jet vector angles derived from
surface pressuresurveys.The vector angleswere obtained througha
control volume analysis,which uses the integratedpressure pro� les
on the counter� ow collar and co� ow duct surfaces. Past studies2;4

have demonstrated that estimates of ±v using this approach provide
values consistent with those obtained using other techniques, such
as direct force measurements and/or � ow visualization.

A summary of the CFTVC performance for various counter-
� ow and co� ow levels is provided in Fig. 3, where ±v is plot-
ted as a function of counter� ow level, represented by the pres-
sure parameter1Pexit Aside=½U 2

exit Ajet . The pressureparameter is the

Fig. 2 Schlieren image of the vectored rectangular jet with moderate
counter� ow and Mach 0.3 co� ow.

Fig. 3 Thrust vector performance for CFTVC system with co� ow.

leading-order term obtained from a control volume analysis of the
nozzle–collar system; it is simply a nondimensional ratio of the
side force acting on the jet, 1Pexit Aside, and the axial force imposed
by the jet, ½U 2

exit Ajet . The pressure 1Pexit is the vacuum pressure
due to the secondary counter�owing stream as measured in the
jet exit plane. All of the � lled symbols correspond to the Mach
1.4 primary jet de� ection angles at three levels of co� ow (Fig. 3).
For comparison, vectoring measurements previously obtained for
a Mach 2 rectangular jet without co� ow4 are also shown as open
circles.

At � rst glance it appears that the performance of the CFTVC
system with co� ow is very similar to the behavior observed with-
out co� ow, in that the jet vector angle increases almost linearly
with increasing vacuum pressures. However, a closer examination
reveals that, albeit very small, there is a systematic degradation in
the system performance due to co� ow. For a given level of coun-
ter� ow, the jet vector angle decreases as the co� ow Mach number
is increased. The reason for this can be appreciated if one consid-
ers the effect of vectoring in one direction, for example, up, on the
� ow regime on the opposite side, in this case the region below the
curved primary jet. In the present tests as the jet is vectored up by
applyingcounter� ow along the upper collar surface, there is no � ow
through the lower gap. However, the lower shear layer of the pri-
mary jet and the upper shear layer of the lower co� owing stream,
which originates at the end of the lower counter� ow collar, both
entrain � uid from the region bounded by these two shear layers.
This creates a low-pressure zone, essentially a wake, on the lower
side of the primary jet, which effectively reduces the side force on
the jet, thus reducing the vectoring ef� ciency of the system. As the
entrainment rates increaseso does the vacuumpressure in this zone,
further reducing the vectoring angles. Support for this argument
comes from the trend observed in Fig. 3, as well as from pressure
distributions obtained on the lower collar and co� ow surfaces (not
shown here). We believe that there are two primary mechanisms
responsible for this behavior, as follows: First, for a � xed co� ow
Mach number, as ±v increases, the vacuum pressure in the lower
region decreases (considering the situation where the jet is vec-
tored up) because of an increased distance between the lower shear
layer of the primary jet and the lower collar surface. This would
suggest that, as ±v increases, CFTVC system performance should
approach the ef� ciencies observed without co� ow. This is the trend
observed in Fig. 3. Second, as the Mach number of the co� owing
stream increases so does the entrainment rate, a well-known behav-
ior of shear layers, producinga higher vacuum pressure in the wake
region. Therefore, as seen in Fig. 3, for a � xed pressure parame-
ter the vectoring ef� ciency decreases with increasing co� ow Mach
number.

This degradation in CFTVC performance can be alleviated if
atmospheric pressure is maintained in the regions that do not have
a counter� owing stream. In principle, this can be achieved in an
aircraft by ducting some of the freestream� ow into the counter� ow
nozzle–collar system throughthe gaps (see Fig. 1) not beingactively
used to draw counter�ow. Although the actual hardware used to
accomplish this will depend on the overall vehicle con� guration,
we believe that the effect of co� ow on CFTV performance can be
minimized using this approach.

Conclusions
The in� uence of forward � ight on counter� ow thrust vectoring

was examined. The CFTVC system for a Mach 1.4 rectangular jet
was used, and forward � ight effects were simulated by establishing
a co� owing stream at the periphery of the CFTVC system. Results
demonstrate that at all three co� ow Mach numbers investigated the
jet could be easily and continuouslyvectored to anglesas high as 22
deg in thepresentsystem.The systemresponse(in terms of jet vector
angles) with co� ow was nearly comparable to that without co� ow,
with a slight decline in performance with increasing co� ow Mach
number. Based on the entrainment characteristicsof the primary jet
and the co� owing jet shear layers,a possiblemechanismresponsible
for thisdegradationis proposedanda solutionhasbeensuggested.In
light of the well-established advantages of CFTVC,2¡4 i.e., simple
hardware, robustness, and superior dynamic response, we believe
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that this study further demonstrates the many potential bene� ts of
this technique for propulsion applications.
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Introduction

W ALL jets appear where tangential blowing from a slot is
used to delay or prevent � ow separation in diffusers or on

trailing-edge� aps. They also appear on circulation-controlairfoils1

where tangential blowing is used to move the upper-surface stag-
nation point around the well-rounded trailing edge to produce high
values of lift coef� cient. In circulation control and often in other
applications, the wall jets have substantial convex curvature.

A de� nition sketch of a wall jet appears in Fig. 1. It can be seen
that when there is convex curvature the radial gradient of angular
momentum, @.ur/=@r , is negativein the outer layer .y > ym/, corre-
sponding to centrifugal instability.2 Such instability is well known
to give rise to Goertler vortices2 in conventional boundary layers
with concave curvature. One of the authors has long suspected that
similar streamwise vortices are present in the outer layer of wall jets
on convex surfaces.

This suspicion was triggered by measurements of the spanwise
distributionof maximum total pressure in the wall jet on the trailing
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edge of a circulation-control airfoil.3 Typical data are shown in
Fig. 2. The distributions were very nonuniform, with a spanwise
distancebetweensuccessivepeaksaboutequal to the local thickness
of the wall jet. Blowing slot thickness and slot-exit total pressure
were uniform within 0.5% and 0.25%, respectively,and the trailing
edge was smooth to the touch. The particularly large perturbation
about 50 mm (2 in.) from midspan corresponds to the spanwise
position of a streamlined spacer in the plenum upstream of the slot.
Therewas a contractionratioof 17 : 1 between the spacerand the slot
exit; slot-exit conditions downstream of the spacer were thus very
nearly the same as elsewhere. All attempts to eliminate or reduce
the spanwise perturbations seen in Fig. 2 were unsuccessful. They
were presentwhen freestreamvelocityover the airfoilwas both zero
and � nite. Very small � ow perturbationspresent at the slot exit were
clearlybeingampli� ed with distancedownstreamof the slot.Similar
observationswere made years later on another apparatus.4 There is
also mention of dif� culties with spanwise nonuniformities in the
work of Guitton5 and co-workers. The aforementioned instability
mechanism appears to be a plausible cause.

It is well known that the growth rate of wall jets on convex sur-
faces is much higher than that for plane wall jets; it is generally
accepted that this is due to the enhanced turbulent mixing that re-
sults from the aforementionedcentrifugal instability.The existence
of relatively steady streamwise � ow structures has, on the other
hand, not previouslybeen con� rmed and indeed has not been men-
tioned as a possibility by most authors. If they exist, such vortices
could be an important mechanism for radial transport of momen-
tum � ux, and they could thus have an important in� uence on � ow
development.

This Note reports measurements of cross� ow velocity compo-
nents that support the existence of streamwise vortices in the outer
layer .y > ym / of turbulent wall jets � owing over convex surfaces.

Apparatus and Experimental Methods
The measurements were done on a wall jet � owing over an ex-

isting 127-mm-diam circular cylinder in still air. The cylinder span
was 495 mm, and end plates were present. The blowing slot height
b was 0.95 mm. Velocity at the slot exit, U J , was about 90 m/s,
dictated by the available blower. The Reynolds number U J b=º was
thus about 4700. The upper lip of the slot was ground square, with
a thickness of 0.25 mm. A somewhat more detailed description of
the cylinder is available in Ref. 4.

Fig. 1 De� nition sketch of a wall jet.

Fig. 2 Spanwise distribution of maximumtotal pressure PM in the wall
jet on the circular trailing edge of a circulation-control airfoil (still air,
R = 14 3 mm, b = 0 75 mm, UJb/ = 3500; ÅPM = spanwise average of PM )
(� gure from Ref. 3).


