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ABSTRACT

Dual-Throat Nozzles (DTNs) are a class of fluidic thrust vectoring nozzles in which secondary injection modifies
the internal pressure distribution and deflects the primary jet. Although DTN performance has been described in
the literature mainly under steady operating conditions, experimental data on transient response remain limited.
The present study investigates the dynamic behavior of an axisymmetric DTN during secondary-flow actuation.
Experiments were carried out on a facility supplied by a Ludwieg Tube for the primary flow and a compressed-air
system for the secondary injection. Wall-pressure signals were acquired synchronously at 51.2 kS/s/ch and ana-
lyzed using Savitzky-Golay smoothing and a first-order model with delay fitted to the transient response. Under the
investigated operating conditions, the measured response exhibited delayed asymptotic behavior. The dimension-
less time constant was determined in order of 9. Pressure oscillations in the kilohertz range were also observed
during operation, indicating non-stationary flow phenomena inside the nozzle. The results provide experimentally
identified response parameters that can support reduced-order modeling, response-time prediction, and prelimi-

nary control-oriented assessment of DTN-based thrust-vectoring systems.
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INTRODUCTION

Thrust vector control is a key technology
enabling maneuverability and stability of mod-
ern aircraft and rocket propulsion systems. By
altering the direction of the exhaust jet, thrust
vectoring allows vehicles to maintain control in
flight regimes where aerodynamic control sur-
faces become ineffective, such as during high-
altitude flight, vertical take-off and landing, or
rapid attitude maneuvers. Traditionally, thrust
vector control has been implemented using
mechanical systems such as gimballed nozzles,
movable exhaust flaps, or jet vanes. While
effective, these solutions introduce additional
mechanical complexity, structural mass, and
maintenance requirements. For this reason, sig-
nificant research effort has been directed toward
fluidic thrust vectoring, where the direction of

the primary jet is modified by injecting a rela-
tively small secondary flow into the nozzle.
Among the fluidic thrust vectoring concepts
proposed in the literature [1, 2], the DTN has
attracted particular attention due to its relatively
high vectoring efficiency and small thrust penal-
ties. The DTN geometry consists of two mini-
mum cross-sections separated by a recessed
cavity inside a convergent-divergent-convergent
nozzle structure. Injection of a secondary jet
near the upstream throat modifies the pressure
distribution in the cavity and induces asymmet-
ric flow separation (Figure 1). As a consequence,
the sonic plane becomes skewed and the primary
jet is deflected toward the opposite wall of the
nozzle, generating a lateral force component
and changing the direction of the resultant thrust
vector. Previous studies [3] demonstrated that
thrust-vector angles exceeding ten degrees can
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be achieved with secondary mass-flow ratios of
only a few percent of the primary flow.

Despite extensive research on DTN configu-
rations, the majority of studies have focused on
steady-state flow conditions, considering axisym-
metric and planar (2D/rectangular) nozzle geom-
etries [3]. Early investigations, including work
conducted at NASA Langley Research Center
(NASA LaRC) [4-6], combined experiments and
CFD (computational fluid dynamics) analyses
to examine the influence of geometric param-
eters such as cavity shape, throat dimensions,
and injection configuration on thrust vectoring
performance. These studies systematically quan-
tified key performance metrics, including thrust
vectoring efficiency, primary nozzle discharge
coefficient, and system resultant thrust ratio, and
enabled the identification of near-optimal nozzle
geometries for given operating conditions. Sub-
sequent research further explored the sensitivity
of steady flow solutions to geometric variations
and operating parameters, as well as the role of
uncertainties in shock location and flow structure
[7], confirming that steady-state DTN behavior is
now relatively well understood.

In contrast, investigations of unsteady and
dynamic DTN behavior remain very limited. The
numerical studies by Ferlauto and Marsilio intro-
duced URANS (Unsteady Reynolds-Averaged
Navier)-based analyses of DTN dynamics and
highlighted the importance of characterizing the
system response for control applications, includ-
ing open- and closed-loop operation [8, 9]. How-
ever, experimental validation of these dynamic
characteristics is scarce. The only known attempt
to experimentally capture DTN dynamics was
reported by Gu and co-workers, who observed
pressure oscillations in the range of several

kilohertz during transient operation [10]. Never-
theless, significant limitations in the experimental
setup, including long pressure transmission lines
and the application of aggressive low-pass fil-
tering, raise concerns about the reliability of the
measured data and the validity of the conclusions.
As a result, the dynamic response of DTN sys-
tems remains experimentally largely unverified,
and key characteristics such as response time,
transient flow structure, and dominant oscillatory
mechanisms are not yet well established.

The objective of the present study is therefore
to experimentally investigate the dynamic behav-
ior of a DTN and to identify the mechanisms
responsible for non-stationary flow phenomena
inside the nozzle. To the best of the authors’
knowledge, this work represents the first dedicat-
ed experimental investigation of DTN dynamics.

EXPERIMENTAL SETUP

Test facility

The experiments were conducted using a
test facility consisting of a test section - a DTN
model - whose primary flow is driven by a Lud-
wieg Tube and whose secondary flow is supplied
by a compressed-air system. The working medi-
um is air, and the expansion occurs directly into
the atmosphere.

A Ludwieg Tube is an apparatus that generates
high-quality compressible flow with nearly con-
stant stagnation conditions over a short test dura-
tion [11]. It operates based on the rapid expan-
sion of compressed gas stored in a long reservoir
tube, initiated by the opening of a fast-acting
valve or rupture of a diaphragm that separates the
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Figure 1. Dual-throat nozzle working principle
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high-pressure driver section from the driven test
section. Following diaphragm rupture or valve
opening, an expansion wave propagates upstream
into the driver tube, while a quasi-steady flow is
established downstream in the test section, with
mass flow limited by throat diameter in choked-
flow conditions. The useful test window is deter-
mined by the travel time of the expansion wave
along the reservoir tube. The driver tube used
in this study consisted of 17 m of DN150 pipe,
which corresponded to a 0.1 ms expansion wave
cycle. The diaphragm, made of BoPET (biaxially
oriented polyethylene) film, acted as a fast-open-
ing valve when burst by a razor blade.

The secondary injection system was con-
trolled independently by a direct-acting sole-
noid valve and an orifice plate. A diagram of the
test stand, including the measurement points, is
shown in Figure 2.

Dual-throat nozzle geometry

The investigated DTN geometry is based
on the axisymmetric configuration original-
ly proposed and experimentally validated by
Deere and Flamm, named as the “13—60" geom-
etry in their experimental studies [12] and the
“202” configuration in the corresponding CFD
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analyses [4]. This configuration has been wide-
ly adopted as a reference case due to its high
repeatability and well-documented steady-state
performance characteristics.

Key geometric parameters were selected
according to the reference Deere-Flamm con-
figuration, which has been shown to provide a
balance between thrust vectoring efficiency and
discharge performance. This choice ensures
comparability with previous studies while
allowing a focused investigation of the dynamic
response of the DTN system under controlled
experimental conditions.

Figure 3 shows the characteristic dimen-
sions, while the main geometric parameters are
summarized in Table 1. The investigated
DTN follows the axisymmetric Deere-Flamm
reference configuration, reported as the “13—
60” configuration in the experimental study
and as configuration “202” in the corresponding
CFD analyses [4,12].

The first (upstream) throat and middle part
of the test section were produced using stereo-
lithography, which made it possible to form the
pressure gate channels. The second (downstream)
throat was turned out of aluminum. The assembly
of the complete section, including the transduc-
ers, is shown in Figure 4.

6
orifice plate
7

Figure 2. Test facility scheme with marked measurement points
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Table 1. Main geometric parameters of the
investigated DTN

Parameter Symbol Value
Upstream (primery) throat diameter d, 30 mm
Downstream throat diameter d, 30 mm
Upstream divergent-wall angle o, 20°
Downstream convergent-wall angle o, 60°
Cavity length | 64 mm
Secondary injection angular span A 60°
Secondary injection angle o, 150°

Instrumentation

The experimental setup was equipped with
a high-frequency pressure measurement system
designed to capture transient flow phenomena
inside DTN. The pressure signals were acquired
simultaneously by National Instruments Compac-
tRIO [13], with NI-9234 and NI-9237 modules
operated in FPGA mode, at a sampling frequency
of 51.2 kS/s per channel.

The wall-pressure instrumentation layout is
summarized in Table 2. The axial coordinate X is
measured from the upstream throat plane, positive
downstream. Pressure taps p, -p,; were located on
the lower wall, whereas p, - p,, were located on the
upper wall. The selected layout provided measure-
ments both in the cavity region and close to the
downstream throat, where the pressure response is
expected to be most sensitive to the development
of asymmetric separation and jet deflection.

Kulite XTL-190 fast-response pressure trans-
ducers with a 380 kHz resonance frequency were
used [14], ensuring sufficient temporal resolu-
tion to capture high-frequency flow oscillations
observed in the kHz range. The measurement chain

was designed to minimize dynamic distortion of
the signal. In particular, the volume of the pres-
sure transmission lines was minimized by placing
transducers directly on the body of the test section.

All signals were recorded synchronously and
referenced to the actuation signal of the second-
ary-flow control valve, which defined the tempo-
ral origin of the transient process. This approach
enabled a consistent identification of key dynam-
ic parameters, such as response delay and charac-
teristic time scales of the system.

DATA PROCESSING AND
ANALYSIS METHODS

Analysis of the dynamic response of the DTN
system to activation of the secondary flow requires
precise determination of time parameters, includ-
ing delay time t, time constant 1, and asymptotic
values of the signal y(t) — either wall pressure or
secondary mass flow — before and after the change
in flow conditions. The procedure consisted of
three main steps: smoothing the signal using the
Savitzky-Golay filter, defining a first-order model
function with delay, and fitting the model function
to the data by nonlinear regression. These methods
were selected to ensure both immunity to high-
pressure pulsations and correct interpretation of the
physical phenomena occurring in the flow system.

The first step was to apply the Savitzky-Golay
filter [15], a widely used technique for smooth-
ing noisy data and computing derivatives without
significantly distorting pulse shape or slope. The
implementation was carried out using the Python
scipy.signal library, which contains the savgol
filter tool [16].

Figure 3. Dual-throat nozzle geometry
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Table 2. Wall-pressure tap locations used in the
DTN test section

Pressure tap Wall AXié)‘('y F;T?rsrition Npg;gil,izfﬁ
Py 21.1 0.33
Py 28.2 0.44
Pis Lower 35.2 0.55
P 42.3 0.66
Pis 57.6 0.90
Py 21.1 0.33
Pz 28.2 0.44
Pas Upper 35.2 055
Pas 42.3 0.66
Pas 57.6 0.90

The sensitivity of the identified dynamic
parameters to the Savitzky-Golay smoothing set-
tings was additionally evaluated. The complete
fitting procedure was repeated for several filter
window lengths, while keeping the polynomial
order constant. The tested window lengths cov-
ered the range from 251 to 1251 samples, cor-
responding to approximately 4.9-24.4 ms at the
sampling frequency of 51.2 kS/s. The same first-
order model with delay and the same fitting win-
dow were used in all cases.

The obtained values of the delay time and
time constant varied only slightly within the
tested range of smoothing parameters. For the

representative pressure point p, ., the maximum
relative variation of the identified time constant
was below 10%, and the fitted response pre-
served the same delayed asymptotic character for
all tested filter settings. Therefore, the identified
response time was not considered to be an artifact
of the selected Savitzky-Golay filter parameters.

The measured response to opening of the sec-
ondary-flow valve appears asymptotic and mono-
tonic, which is typical for first-order systems with
transport delay [17]. Accordingly, the following
model was assumed:

Yo,

— t—t
(B = yoo+(yo—yoo)e><p(‘ TO)'(I)

for:t <t,,
for:t > t,.

where: y, is the stable parameter value before the
change (average from the “before” win-
dow), y_ is the stable parameter value
after the change (average from the “after”
window), 7, is the transport delay, 7 is the
time constant.

The pre-transition and post-transition aver-
aging windows were selected with regard to the
operating characteristics of the Ludwieg Tube
facility and the expected time scale of the DTN
response. Since the useful test time of a Ludwieg

Figure 4. Test section facility
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Tube is limited to the quasi-steady interval
between the establishment of the flow and the
arrival of waves reflected from the upstream
reservoir, the averaging windows were placed
only within portions of the record where the pri-
mary-flow conditions remained approximately
constant. At the same time, safety margins were
introduced between the averaging windows and
the transient interval associated with secondary-
flow actuation, so that the estimated values of
(y,) and (y,) were not affected by valve-opening
dynamics, pressure-wave propagation, or the
initial and final non-stationary parts of the test.
The same window-selection rule was applied to
all wall-pressure taps, which ensured that differ-
ences in fitted response parameters were caused
by local nozzle-flow dynamics rather than by dif-
ferent processing assumptions (Figure 5).

The time constant t is defined as the time,
measured from t, at which the response reaches
the fraction 1 - ¢! of the total change between

y,andy:
Y(to + 1) = Yoo + (Vo — Yo )e ™! (2)

Since the steady values y and y_ were deter-
mined directly from the pre-transition (“before”)
and post-transition (“after”’) windows, only two
model parameters had to be estimated from the
smoothed signal. These parameters were collect-
ed in the ordered pair:

9 = (to,T) (3)

To fit the response model to the smoothed
data, a Levenberg-Marquardt trust-region-reflec-
tive nonlinear fitting algorithm [18] was used
via scipy.optimize.curve fit [16]. The optimal
ordered pair 6" was obtained by minimizing the
least-squares error between the smoothed mea-
surement ¥(t.) and the model response y(t; 0):

N
0" =argmin > (7(t) ~ y(t;0)) ()
i=1

The initial values and constraints selected in
this way stabilized the fitting process and reduced
the risk of solutions inconsistent with the phys-
ics of the system. After fitting, the residuals were
inspected as the difference between the smoothed
signal and the fitted response. No systematic
drift was observed during the main transition,
indicating that the delayed first-order model
captured the dominant asymptotic behavior. The
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remaining residual structure was mainly related
to high-frequency pressure oscillations, which
were analyzed separately using FFT (fast Fourier
transform).

The presented signal-processing method com-
bines shape-preserving filtering, a model consis-
tent with the physics of the phenomenon, and
stable nonlinear fitting. As a result, the param-
eters t, and t are resistant to noise and unambigu-
ously describe system dynamics, allowing further
analysis of the impact of flow conditions on the
characteristics of the regulated flow.

EXPERIMENTAL RESULTS
AND DISCUSSION

Flow conditions

Flow conditions set in the experiment are
similar to those assumed by Flamm et al. for the
mentioned earlier “13—60” geometry [12] and are
as follows:

Atmospheric pressure: p, = 101500 Pa
Atmospheric temperature: T =290 K
Upstream temperature: T, = 290 K

Nozzle pressure ratio: NPR = p./p, = 2.8
Primary mass flow: w,=0.45 kg/s

Secondary mass flow: w_=0.014 kg/s

Mass flow ratio: MFR = WS/(Wp +w) *x 100%
=3%

Experiment results

Time analysis was performed for each pres-
sure measurement point on the wall (Figure 2).
The determined dimensionless time constants fell
within the range from approximately 0.001 s to
0.002 s. It should be noted that for some points
the pressure change was small, on the order of
0.08 bar. The longest response time constant was
observed at point p ., which was therefore select-
ed as the representative limiting location for the
response analysis. This point is located on the
lower wall close to the downstream throat (x/1 =
0.90), where the pressure field is strongly affected
by the final development of asymmetric separation
and by the resulting change in the effective sonic
plane. From a control-oriented perspective, this
location is critical because the slowest local pres-
sure response determines the time required for the
internal flow field to approach its new actuated
state. The remaining wall-pressure taps showed
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Yo + (Yo — yo)e™!

y(t)

T

Figure 5. Parameters of first-order system with transport delay

the same delayed asymptotic response character,
but with shorter time constants or smaller pres-
sure changes; therefore, the behavior at p,, was
consistent with the overall wall-pressure trends
while representing the most conservative estimate
of the nozzle response time. Figure 6 shows the
pressure values measured at this point. Light blue
represents raw values, while orange denotes the
Savitzky-Golay-smoothed signal. Two horizontal
dashed lines show the average pressure values in
the “before” and “after” windows.

For comparison with CFD results, per-
formed and reported by Ferlauto et al. [8], the
same dimensionless time was added to the upper

0 20 40

2.8

non-dimensional time
60

horizontal axis, defined as the ratio of time t [s]
to the characteristic dimension / divided by the

isentropic velocity VRT:
t

* = 5
‘ 1/vRT ®

The same characteristic time scale I/v/RT,
was used consistently for all dimensionless time
quantities reported in this study, including both
the time axis t and the dimensionless time con-
stant 1. Therefore, t* was calculated using the
same characteristic length 1, gas constant R, and
temperature T as in Equation 5.
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The optimized DTN impulse-response model
is represented by a purple curve with vertical
markers indicating the time-constant width © =
0.002 s, or dimensionless t* = 9.19.

The red curve represents the secondary mass
flow. The solenoid valve has its own dynamics,
which are clearly visible in the data. Time t = 0
was set at the moment the signal was sent to the
solenoid. To standardize the analysis and facili-
tate future comparisons, a time constant for valve
dynamics was also determined using the method
described in the previous section. In this case, the
dimensionless time constant of the secondary-
flow actuation system was t* = 7.94, indicated by
pink vertical dotted lines. This value refers to the
experimentally measured valve-secondary flow
response. It is also worth noting that approxi-
mately 16 ms elapsed between the receipt of the
signal and the actual beginning of valve opening.

Comparison with other studies

The most relevant comparison is with the
CFD analyses conducted by Ferlauto and Mar-
silio [8,9], which also referred to DTN geome-
tries designed at NASA LaRC. Their CFD-based
dynamic response indicated a DTN time constant
of the same order of magnitude, approximately t*
= 14.2 for the analyzed configuration and actua-
tion conditions. An important conclusion from
their CFD analysis was that the DTN flow field
exhibits complex, nonlinear dynamic behavior
resulting from strong interactions among mov-
ing shock waves, boundary layers, and separated-
flow regions. This led those authors to focus more
on overall performance, control, and system setup
than on precise identification of time constants.
This confirms that the experimentally identified

time scale is consistent, at least in order of magni-
tude, with the available numerical studies.

It should be emphasized that the quantitative
values of the identified delay time and time con-
stant are valid for the investigated operating point.
Higher NPR values were not considered in the
present study because, for DTN configurations,
they are associated with a significant decrease in
propulsion efficiency due to increasingly unfa-
vorable expansion behavior. Changes in NPR,
secondary mass-flow ratio, or actuator dynamics
may affect the separation pattern, shock structure,
and pressure recovery inside the cavity. There-
fore, the present results should be interpreted as
an experimentally identified dynamic response
for a representative operating condition, rather
than as a complete dynamic map of the DTN.

Non-stationary behavior

The phenomenon of unsteady flow was first
identified by Gu et al. [10] and later studied using
CFD by Wang et al. [19]. In the present study,
these oscillations were not identified only quali-
tatively from the time histories, but were evalu-
ated quantitatively in the frequency domain using
FFT analysis of the wall-pressure signals. The
resulting spectra are shown in Figure 7, where
the dominant pressure-pulse frequencies can be
clearly distinguished. For different wall points, the
main frequencies vary slightly, but always occur
around 1000-3000 Hz. For example, at point p
the pulsations reached around 1285 Hz before
secondary-flow injection and 1429 Hz after injec-
tion, with an amplitude of approximately 0.05 bar.
Because these components were observed at wall-
pressure locations and were present outside the
short valve-opening interval, they are attributed

1285.7 Hz
0.05 1
1428.6 Hz
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o o
@ i

o
o
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FFT amplitude [bar]
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Figure 7. Results of FFT analysis for p,, point
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mainly to internal nozzle-flow dynamics rather
than to the valve actuation alone. In particular,
shock-separation interaction and unsteady cav-
ity flow are considered the most likely sources,
although some contribution from the secondary-
injection and upstream supply systems cannot be
fully excluded without additional dedicated mea-
surements. Only an analysis of the control system,
with the entire aircraft as the object of control, can
determine whether this phenomenon is critical and
constitutes an obstacle or not.

CONCLUSIONS

This study presented an experimental inves-
tigation of the dynamic response of an axisym-
metric dual-throat nozzle under real transient sec-
ondary-flow actuation. The results help address
a gap in the available DTN literature, where
steady-state performance has been studied exten-
sively while experimentally determined dynamic
characteristics have remained limited. High-
frequency wall-pressure measurements allowed
transient evolution of the flow to be captured and
the response of the nozzle system to be assessed
in time-resolved form.

The performed time-domain analysis showed
that the DTN response can be described, to first
order, by a delayed asymptotic model. For the
investigated operating conditions, the longest
and most representative response was observed
at point p , for which the dimensionless time
constant was determined as t* = 9.19. The iden-
tified delay time and time constant may be used
as parameters of a control-oriented reduced-order
model for response-time prediction, actuator
bandwidth estimation, and preliminary controller
tuning. For example, for a I m long nozzle with an
exhaust gas temperature of 1000 K, the response
time would be less than 0.02 s, which is faster than
the response time of movable control surfaces.

The measurements also confirmed that internal
DTN flow is not fully stationary and that transient
operation is accompanied by measurable pressure
fluctuations. Future work should extend the experi-
ment to a wider range of NPR and secondary mass-
flow ratios, include direct thrust-vector angle mea-
surements, and use faster secondary-flow actuation
to better separate nozzle-flow dynamics from valve
dynamics. Such data would allow the development
of operating-envelope-dependent reduced-order
models for DTN control applications.
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