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ABSTRACT

Plug nozzles represent a promising concept as part of a propulsion system for space launchers. The ability to adapt the

nozzle jet to the ambient pressure level improves thrust performance in overexpanded operating conditions compared

to conventional bell nozzles. In this study, the dynamics of a jet flow of a cold air plug nozzle model are investigated

by means of PIV and high-speed schlieren measurements. For a fixed nozzle pressure ratio, the jet flow is studied in

an external/outer flow environment with sub-, trans-, and supersonic Mach numbers. The effect of plug truncation is

analyzed as well. It is found that the outer Mach number strongly influences the flow pattern, local velocity magni-

tudes and aerodynamic modes. The frequency and dominance of vortex shedding and jet screeching modes are found

to be highly dependent on the Mach number of the surrounding flow. A truncated plug introduces local accelerations

in its base wake region, causing an increased shock strength in the jet structure. In addition, it causes severe periodic

fluctuations in the flow that are transmitted to the shear layer and induce acoustic wave emissions. The impact of the

plug length on the flow dynamics has been seen to decrease with increasing outer Mach number.

1. Introduction to plug nozzles

In contemporary space launch vehicles, the aft section features bell nozzles, crucial components
responsible for thrust generation. Characterized by a well-chosen bell contour, it is designed for a
specific nozzle pressure ratio NPR, which is defined as the ratio of the nozzle’s total pressure p0,n
to the static ambient pressure p∞. Under optimal design conditions, the expanded flow follows
the bell contour and the exhaust jet is theoretically parallel to the direction of flight. Deviations
from this ideal condition result in diminished effective thrust, as any radial component of the
thrust vectors from the supersonic jet does not contribute to the vehicle’s acceleration. Among
other loss mechanisms related to the combustion or non-uniformity of the exiting flow, the non-
ideal expansion of the propellants is by far the most important one (Manski and Hagemann, 1994;
Hagemann et al., 1998b). Moreover, when operating in overexpanded conditions, i.e. when the
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NPR is lower than the design parameters (close to sea level), there is an elevated risk of flow
separation along the nozzle contour, increasing the potential for structural failure.

It is found that when inverting the design principle in a way, that the exhaust jet is guided by an
inner contour forming a spike, aforementioned drawbacks can be effectively mitigated (Arnold,
1954; Ruf and McConaughey, 1997; Nasuti and Onofri, 2001; Onofri et al., 2002). This concept of
a so-called plug (or aerospike) nozzle has first been proposed by Arnold (1954). Hereby, even in
the overexpanded case, a system of expansion and compression waves leads to a parallel exhaust
jet, while substantially reducing the risk of failure due to flow separation on the inner surface.
It demonstrates superior thrust coefficient performance compared to traditional bell nozzles at
overexpanded operating conditions, under which the exhaust jet can continuously adapt to the
ambient pressure level. The nozzle performance approaches the level of bell-shaped nozzles in
underexpanded conditions.

A highly relevant adaptation is to cut the spike end of the nozzle’s plug, as it produces weight, does
not contribute much to the generated thrust (Ruf and McConaughey, 1997; Wisse and Bannink,
2001), and the thin material might be challenging in terms of cooling when the nozzle is operated
with hot exhaust gas.

2. Research objectives

In the wake of a space launcher, the nozzle/inner flow influences the separated shear layer and vice
versa. This has been shown experimentally for bell and dual-bell nozzle concepts (Scharnowski
et al., 2016; Scharnowski and Kähler, 2021), where the mean reattachment length of the outer
flow, the nozzle shock strengths and the dual-bell nozzle mode depend on the combination of
free-stream Mach number Ma∞ and NPR. Investigating both inner flow and outer flow at the
same time is important for the development of future space launcher propulsion systems. Gaining
knowledge about static and particularly dynamic phenomena of the nozzle plume is of high im-
portance. Due to the complexity of the flow physics, experimental studies in this field of research
are of fundamental relevance, as Computational Fluid Dynamics (CFD) approaches are associated
with immense effort and expense. Simulating the flow field of plug nozzles, including shock pat-
terns, shock boundary layer interactions, high-speed shear layers, and especially predicting shock
induced flow separation, can still fail or be inaccurate (Saile, 2019; Charana et al., 2022). Although
wind tunnel experiments cannot cover all aspects correctly, the data can be valuable for CFD vali-
dation purposes and to better understand the details of the flow physics.

The steady-state flow topology and shock pattern of a plug nozzle jet are fairly well researched
through numerical (Immich et al., 1998; Wisse and Bannink, 2003; Geron et al., 2005) and schlieren
imaging studies (Tomita et al., 1996; Immich et al., 1998; Hagemann et al., 1998a; Wisse and Ban-
nink, 2001; Verma, 2009), where the effects of a plug truncation have been investigated in most of
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the previous publications. In-flight conditions, i.e. the effects of an outer free-stream, have been
studied in many numerical studies, but experimental investigations are rare (Wisse and Bannink,
2001; Chutkey et al., 2018). Quantitative measurements through Particle Image Velocimetry (PIV)
and research on high-speed dynamics of the jet plume for a plug nozzle specifically are still pend-
ing. Of primary interest is under which operating conditions, i.e. combinations of total nozzle
pressure p0,n and different free stream Mach numbers Ma∞, certain aerodynamic modes lock in,
that may impair a safe flight trajectory.

Therefore, the following research questions are addressed in the present work:

• How does the supersonic jet of a linear plug nozzle in a selected highly unsteady over-
expanded nozzle operating condition interact with an outer flow around a space launcher
model in the subsonic, transonic, and supersonic regime?

• What are the differences in the static flow field and its dynamic behavior, when the nozzle’s
plug is truncated to 24 % of the ideal contour length?

3. Test facility and measuring methods

To approach these questions, experiments are performed as described in the following. The test
facility is the Trisonic Wind tunnel Munich (TWM) at the University of the Bundeswehr Munich,
being a blow-down wind tunnel with a Mach number range ranging from 0.3 to 3.0, encompassing
subsonic, transonic, and supersonic regimes. The test section measures 675 mm in height and
300 mm in width. Within, the outer flow with Mach number Ma∞ and total pressure p0,∞ represents
the aerodynamics around a linear plug nozzle model, as indicated in purple in Fig. 1(a). The
model’s dimensions are 25 mm in height and 300 mm in width, ensuring a tight fit within the test
section’s side walls. The nozzle jet flow is implemented by two pressure hoses connected to the
nozzle chamber, which guide the flow to the nozzle throat, as shown in green in Fig. 1(a). A linear
model simplifies the experiments by minimizing 3D effects.

The nozzle’s plug contour has been designed following the method by Angelino (1964) with the
design Mach number chosen to be 2.5, resulting in a design nozzle pressure ratio of 17.1. Figs. 1(b)
and 1(c) show a close-up of the nozzle throat for two manufactured plugs of different lengths. The
configurations are hereafter referred to as A72 and A24 for the nearly full-length and 24 % truncated
plug, respectively.* Bolts are not shown in this representation.

*A 100 % plug would include all theoretically determined contour points according to the method by Angelino
(1964). The approached full-length plug has a 0:25 mm radius at the spike for construction reasons. Consequently, the
manufactured plug only contains a fraction of the calculated ideal contour points. With respect to x the plug has only
a length of about 72 % compared to the theoretical optimum. The truncated plug accordingly only features about 24 %

of the length of the ideal contour.
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(a) Wind tunnel model

(b) A72 (c) A24

Figure 1. Schematic of the wind tunnel model featuring a nozzle throat with interchangeable plug types.

PIV measurements with 10:5 Hzare performed for both FOV1 ( 2560 px� 1648 px, 19:98 px=mm) in
the top view and FOV2 ( 2560 px� 2160 px, 30:15 px=mm) in the side view, as shown in Fig. 1(a)
in red and blue, respectively. A Nd:YAG double pulse laser of the SpitLight Compact 400-10 type
by InnoLas Laser GmbH is used to generate the light sheet. Note, that FOV1 is chosen to not be
exactly at z = 0 mm, but slightly below to reduce light re�ections at the plug's trailing edge. The
time between the laser pulses varies between 0:7 � s and 2:25 � s, ensuring a mean particle image
shift in the jet region of approximately 10 px. 200image pairs are recorded using an Imager sCMOS
camera by LaVision GmbH.

The low-frequency velocity �eld measurements are complemented by schlieren recordings with a
high repetition rate from the side view. After the LED light has passed through the test section,
a knife edge in a vertical orientation and positioned at the focal point translates the local density
gradient in the �ow into light intensity at the sensor of a Phantom V2640 high-speed camera by
Vision Research Inc. As the linear plug nozzle is symmetric with respect to the xy-plane, the �eld
of view is chosen to capture only the upper nozzle half. By this, only a fraction of the sensor area
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is used, making an increase in the frame rate up to 100 kHzpossible.

All measurements are carried out at NPR � 4:5, without and with outer �ow, while realizing free-
stream Mach numbers of 0:3, 0:8, and 2:0, for both plug lengths each. The nozzle pressure p0;n is
adjusted to reach the desired NPR accordingly.

4. Measurement result discussion

4.1. PIV measurements and �ow �eld analysis

PIV measurement results for different Ma1 are given in Fig. 2 for FOV2 and Fig. 3 for FOV1. For
the instantaneous vector �eld calculations (FOV2) interrogation windows with an overlap of 50 %
are used, which are Gaussian weighted and iteratively shrink in size from 96 px� 96 px down to
32 px� 32 px. FOV1 measurements are presented as average vector �elds (using the method of
Meinhart et al. (2000)), where the interrogation windows shrink down to 8 px � 8 px with 75 %
overlap for increased spatial resolution. Note, that the method averages the correlation planes and
not the calculated vector �elds. This means that it is not the average vector over the recorded time
series that is displayed, but the one with the highest correlation value, i.e. the most probable. This
ensures a sharp representation of the existing structures without implying steadiness of the �ow.
Measurements with the A72 and A24 plug are shown in the left and right column, respectively. The
absolute velocity magnitude is presented via color scale, determined from the in-plane compo-
nents of the local �ow vector. Missing/erroneous vectors, as well as zero velocities are shown in
white. Black arrows (undersampled) indicate the local �ow direction. For FOV1, the arrow length
is chosen to be constant to better visualize the back�ow regions. The coordinate system is normal-
ized by the nozzle's exit height of h = 16 mm. The displayed Ma1 is determined from wind tunnel
sensor data and is rounded to the second decimal, which could lead to small deviations from the
targeted outer Mach number.

The �ow expands after the nozzle throat and accelerates from about sonic speed at the narrowest
cross-section to supersonic speeds. The jet velocity changes with respect to the outer Mach num-
ber. While for Ma1 � 0 and 0:30 the jet velocity is similar, it increases for Ma1 = 0:81 and 2:00.
The reason is that the outer �ow expands and accelerates further at the shrouds ( x=h = 0), lead-
ing to a reduced static pressure and therefore a higher NPR sensed by the nozzle jet (slipstream
effect (Salmi and Cortright, 1956)). In the Ma1 = 0:81case, the jet plume becomes particularly un-
stable at x=h � 2 and further downstream, exhibiting a sinusoidal-like shape. As mentioned, the
external transonic �ow exhibits a slight expansion and acceleration at the shroud edges, reaching
local speeds of up to 350 m=s. Weak vertical shocks traveling upstream, known as shocklets, are
observed through both PIV and schlieren recordings later on. The screeching tail of the jet leads to
the temporary and locally unstable formation of shocks (transition from light to dark green). The
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Figure 2. Instantaneous PIV velocity �elds in FOV2 for NPR � 4:5, varying Ma1 , and two different plugs A72 (left)
and A24 (right).
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Figure 3. Average PIV velocity �elds in FOV1 for NPR � 4:5, varying Ma1 , and two different plugs A72 (left) and
A24 (right).
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