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The formation of whistling tones within the nozzle
throat is suspected to be a source of rocket nozzle ex-
haust jet noise. To study this tone formation, a set of
orifice plates with varying geometries and diameters
was tested, and compared with several convergent-
divergent nozzles. The results confirmed the presence
of distinct tones, formed in the orifice plates and the
nozzle throats, which clearly correlated with the re-
lated diameter, respectively. The orifice plates demon-
strated to serve as effective nozzle throat surrogates in
respect to acoustic properties. In addition, a way was
found to suppress the formation of whistling tones.

1. INTRODUCTION

Rocket engines generate extremely high noise levels
that have a significant impact on the structures of the
launch pad, the rocket itself and the payload. The
generation of noise can, in part, be attributed to the
rocket nozzle exhaust jet. This so called jet noise
(JN) consists of several mechanisms that originate
within the exhaust jet itself or arise from its interac-
tion with the surrounding environment or the nozzle
structure. Insights into the noise-producing mecha-
nisms can be useful to reduce the overall acoustical
load. The main components of JN are turbulent mixing
noise and shock-associated noise. Both exhibit char-
acteristics that are partly direction-dependent.

1.1 Turbulent mixing noise

Turbulent mixing noise (TMN) has been identified as
the predominant source of noise generation in shock-
free jets [1] and is significantly influenced by jet Mach
number Mj and temperature [2]. For subsonic flow,
the sound pressure level (SPL) attributed to TMN in-
creases with rising temperature [1], whereas in super-
sonic flow the noise level decreases [3].

TMN arises from both small-scale and large-scale tur-
bulence structures. The small-scale turbulence struc-
tures dominate the noise emission in lateral and up-
stream direction around the jet axis (70° to 130°),
whereas the large-scale turbulence structures are pri-
marily responsible for the downstream noise emission
(<70°) [4, 5]. This directional dependence becomes
more pronounced as the exit velocity increases.

Additionally, the generation of Mach waves can be at-
tributed to the large-scale turbulence structures, which
also contribute to the overall noise level [4]. Mach
waves arise when the velocity at which the large-scale

turbulence structures are transported by the flow ex-
ceeds the local speed of sound. The resulting noise is
emitted within the related Mach cone that lies around
the jet axis; its angle µ depends on the jet Mach num-
ber Mj.

1.2 Shock-associated noise

Shock-associated noise (SAN) arises from the inter-
action of downstream travelling turbulence and quasi-
static shocks in supersonic exhaust jets [1, 6]. The
dominant frequencies of SAN are higher than those
of TMN, which simplifies their differentiation when ex-
amining the frequency spectrum [7]. The generated
sound waves can propagate upstream to the nozzle
lip, excite it, and amplify the shear layer instabilities [7].
This leads to a feedback mechanism and produces a
clear, discrete tone known as a screech.

If no feedback mechanism is present, so-called
Broadband-SAN (BB) dominates. Its spectrum con-
sists of a main frequency, surrounded by frequencies
of similar but slightly lower amplitude. The frequency
spectrum additionally displays a number of peaks, the
order of which is related to the spacing of shock-cells
in the free jet [6].

BB exhibits a high directional dependence and can
be observed particularly clearly at higher angles (up-
stream of the nozzle exit). With increasing observation
angle, the main frequency amplitude increases and BB
bandwidth becomes narrower [6]. In downstream di-
rection, BB is often masked by the noise of the Mach
waves.

1.3 Transonic resonance

Another mechanism contributing to noise generation is
transonic resonance (TR). It is a nozzle-internal phe-
nomenon that occurs when the flow separates inside
the divergent section of the nozzle. Like screech, it is
a feedback phenomenon [8], which begins with a dis-
turbance of the boundary layer in the nozzle throat that
propagates downstream towards the unstable separa-
tion. In the separation region it induces small vortices,
which grow in the downstream shear layer. When
these shear layer vortices leave the nozzle, they can
excite the nozzle structure, leading to and enforcing
the feedback of the disturbances in the throat. In con-
trast to screech, TR exhibits a staging behaviour be-
tween resonance modes that depends on the acoustic
conditions in the separated nozzle section [8, 9].

The period in which TR can occur begins when the
nozzle starts choking (Mt ≥ 1) and ends as soon as
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the separation zone reaches the nozzle exit. It has
been shown experimentally that the TR amplitude is
strongly influenced by the throat’s surface structure
[8, 9]. The feedback is prevented when the coupling
with the throat boundary layer is disrupted [8–10]. The
noise intensity and frequencies generated by TR de-
pend on the Mach number of the separated jet Mj, the
nozzle’s angle of divergence [8] and the exhaust jet
temperature.

1.4 Characteristic tones

In addition to the JN, most nozzles produce a spe-
cific, characteristic tone [10–13]; where the author’s
past experience collected while testing different pro-
totypes has shown that a larger nozzle produced a
deeper tone. During nozzle operation, with increasing
total pressure, this characteristic tone shifts to lower
frequencies (Croissant shape, [11]).

The literature suggests that these characteristic tones
originate in the throat of the rocket nozzle [9]. But,
studying this presumed correlation with several noz-
zles experimentally is not only time-consuming con-
cerning the design, construction and manufacturing
process, but also expensive. However, the litera-
ture also contains limited studies on the formation of
whistling tones from orifice plates, which showed that
the generated tones are related to the orifice diameter
[14].
It was therefore decided to study several (quick and
inexpensive to produce and test) orifice plates exper-
imentally that are not only intended to represent the
acoustic properties as a generic nozzle throats, but
demonstrably do so.
For this purpose, a set of nine plates was manufac-
tured, which differ in orifice diameter and the related
inlet and outlet geometries. To prove that the orifice
plates represent nozzle throats, several already avail-
able nozzles were also studied for comparison under
the same test conditions.

2. TEST SETUP

The experimental study was conducted at DLR’s cold
flow subscale test facility P6.2 in Lampoldshausen.
The facility offers dry gaseous nitrogen as the work-
ing fluid, which was stored outside at ambient temper-
ature in 20 MPa high-pressure vessels. A supply sys-
tem, consisting of an automatic valve, a particle filter, a
dome pressure reducer, a regulation valve, and a mass
flow meter, connected the storage vessels with a set-
tling chamber that was mounted on a horizontal thrust
frame (Fig. 1). The settling chamber was equipped
with a set of grids and honeycombs to homogenise
the flow. The setup featured a maximum total pres-
sure upstream the test specimens of p0 = 6 MPa, with
a maximum mass flow rate of 4.2 kg/s.

Figure 1: P6.2 supply system.

2.1 Test specimen

To study the formation of whistling tones in generic
rocket nozzle throats, three sets of orifice plates
were manufactured. Each of these sets consists of
three plates that share the same throat diameter but
differ in throat geometry, and hence, the boundary
layer flow path length (see Fig. 2).

The related in- and outlet radii were scaled with
the throat diameter, with the inlet radius being
RWTU = 0.5 Dt and the outlet radius RWTD = 0.25 Dt
(see Tab. 1). These geometric relations correlated with
the standard throat geometry of nozzles that have al-
ready been tested at DLR in the past.

B20-0:
no radii

B20-1:
inlet radius

B20-2: in- &
outlet radii

Figure 2: Throat geometries.

The name of each plate is composed of B (German
term for orifice plate Blende), followed by its throat di-
ameter, and the number of throat radii. For example,
B20-1 means a diameter of 20 mm with an inlet radius.

All plates featured a throat diameter to plate thickness
ratio of Dt/T = 2.66. Fig. 3 gives an impression of
B12-1 mounted on the test rig.
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Table 1: Overview of plate geometries.

Plate Diameter Height Inlet Outlet
D t T RWTU RWTD

mm mm mm mm
B12-0 12 4.5 - -
B12-1 12 4.5 6 -
B12-2 12 4.5 6 3
B16-0 16 6 - -
B16-1 16 6 8 -
B16-2 16 6 8 4
B20-0 20 7.5 - -
B20-1 20 7.5 10 -
B20-2 20 7.5 10 5

2.2 Pressure and temperature measurements

The total pressure and the total temperature upstream
of the test specimens was measured in the settling
chamber, using a BM-350 type Intersonde pressure
transducer and a standard PT1000 temperature sen-
sor, with acquisition rates of 1 kHz and 0.1 kHz, respec-
tively. An additional piezoresistive XT-154-190M type
Kulite pressure transducer was mounted in a cross
section upstream the test specimen (see Fig. 3). It was
connected to the flow via perpendicular 0.5 mm ori-
fice to enable 65.5 kHz high-frequency measurements.
The aim was to cross-check the impact of possible
supply system eigenfrequencies on whistling tone for-
mation.

Figure 3: Specimen B12-1 mounted on test rig.

2.3 Acoustic measurements

For the acoustic measurements two different types of
microphones were used. Six ½-inch 4966-H-041 type
Brüel&Kjær microphones were placed along an arc
above the specimens, which was centred to the mid-
dle of the specimen (Fig. 4). These microphones were
positioned from 30° to 130°, in steps of 20°. During
the course of the test campaign, the microphone at
30° was moved to 40°, as it was too close to the flow
and reached the limit of its range.

Two ¼-inch 4941-A-011 type Brüel&Kjær microphones
were initially attached to the arc at 80° and 100°. But,

Figure 4: Far field microphones on arc.

in the course of the test campaign they were placed
directly near the plates as their higher operating range
of up to 184 dB enabled the recording of the character-
istic tones directly near their source (Fig. 5, left).

All microphones were connected to LAN-XI 3050 type
Brüel&Kjær modules, arranged in a mobile LAN-XI
frame. Their signals were scanned with a rate of
65.5 kHz, and digital filters of 25 kHz were applied.

Figure 5: Near field microphones (left) and BOS setup
(right).

2.4 Flow visualisation

The exhaust jet flow was visualised using the Back-
ground Oriented Schlieren (BOS) technique. BOS has
the advantage of a much simpler experimental setup
compared to traditional Schlieren imaging methods,
where large lenses or parabolic mirrors have to be
precisely aligned. The BOS method only required a
structured background, a (preferably monochromatic)
light source for illumination and a camera recording the
background (Fig. 5, right). The recorded images were
evaluated with the in-house DLR software BOSVIS
[15]. This software uses an optical flow algorithm [16]
to determine the displacement of each individual pixel
in the recorded images, which is caused by gradi-
ents in the refractive index of the propagating medium.
The results were processed images, or combined as
a video, in which the structures of the exhaust jet flow
were clearly visible.
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2.5 Test sequence

All specimens were tested with a standardised test se-
quence in which an up/down-ramping was repeated
five times.

Figure 6: Test sequence with five repetitions (B12-2).

Fig. 6 illustrates the related total pressure profile.
Steep total pressure increases were followed by short-
time pressure plateaus and completed by in turn steep
decreases. Due to the quasi adiabatic expansion
within the storage vessels over test time, the related to-
tal temperature profile displayed an overall decreasing
trend, which, however, has a virtually negligible effect
on the speed of sound.

2.6 Reference nozzles

To demonstrate the transferability of the plate results,
four nozzles, which had already been tested in the
past, were studied experimentally again, using the
same test setup and test sequence.
As plate B20-2, all nozzles featured the standard DLR
throat geometry with a diameter of 20 mm, and the re-
lated in- and outlet radii. The nozzles differed in terms
of their divergent length, i.e. their area ratio (ϵ = 2.86,
14.0 or 30.0) and the design of the nozzle throat (one-
piece or in two parts). The specimen DLR-Sub fea-
tured only a subsonic inlet. Tab. 2 summarises their
features.

Table 2: Tested nozzles.

Nozzle ϵ Throat Ref.
TIC-2.86 2.86 one-piece [17]
TIC-14 14.0 two parts [18]
TICTOP B1 30.0 one-piece [13, 19–22]
DLR-Sub 1.0 inlet only -

3. RESULTS AND DISCUSSION

The acoustic test data of the plates, provided as pres-
sure fluctuations, were processed using an in-house
software. Calculating the RMS values and deriving the

sound pressure level (SPL) firstly enabled the mapping
of the spatial distribution of the noise emission.

The resulting spatial representations displayed no
overall directional dependencies (Fig. 7), and hence
excluded dominant TMN. The SPL increased only at
an angle of 30°, which revealed the expected impact
of Mach waves.

Figure 7: Spatial noise emission, B12-2.

Subsequently, multiple FFT calculations were carried
out, which sequentially transformed small sections
of the time-dependent pressure signals into the fre-
quency domain and generated SPL levels from the re-
sults. Waterfall plots were derived, revealing the time
evolution of the frequency spectra.

Fig. 8 gives a compilation of three directional waterfall
plots. A broadband region is highlighted for each direc-
tion. With increasing observation angle (90° → 130°),
the broadband region shifted towards lower frequen-
cies. It was concluded that this illustrated the impact of
Broadband-SAN (BB).

Figure 8: BB noise evolution, B12-2.

Given the presence of BB and the fact that in the over-
all analysis the detected distinct tones showed no di-
rectional dependence in terms of frequency and SPL,
a screech phenomenon could be ruled out. Espe-
cially as both the plates and the nozzles featured thick-
walled structures.

Fig. 9 displays the mentioned distinct tones more
prominent using a spectrum progress of plate B20-2
(sequence phase: t = 0 → 50s). Several tones were
clearly visible. The frequencies changed with time, i.e.
with total pressure. As the total pressure increased
(t = 5 → 25s), the frequency decreased, and vice
versa (t = 25 → 45s). In addition to the harmonic
overtones, a brief frequency shift was noticeable.
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Figure 9: Whistling of B20-2.

Figure 10: Definition of whistling tones, B20-2.

Fig. 10 illustrates the frequency shift with a zoom.
Here, the test time was substituted by the total pres-
sure. First, an initial tone appeared, which gave way
to the main tone. Once the main tone ended, the bow
tone started.

The initial tone appeared around a total pressure of
p0 = 0.2 MPa, where the plate started choking. If one
takes into account the thickness T of the plate and thus
the short flow path through the orifice, flow separation
could be excluded, which rules out a transonic reso-
nance as the cause of the tones.

Next, the tones appearing in the waterfall plots were
approximated using polynomial fits, where for each
specific microphone signal an up- and down-ramping
polynomial was determined, representing all five repe-
titions. All of these specific polynomial fits were com-
bined again to derive single trend lines representing
the characteristic tones of the test specimen. Fig. 11
illustrates how the main tone trend line of plate B12-2
was generated from all the derived polynomial fits for
a singular test run.

Figure 11: Example for polynomial-fitting, B12-2 main
tone.

3.1 Initial tones

Fig. 12 summarises the derived initial tone trend lines
for all plates. It is clear that a larger orifice diame-
ter generated lower frequencies. The non-contoured
plates B12-0, B16-0 and B20-0 exhibited a distinct fea-
ture. Their generated frequencies are shifted towards
higher values and began later, i.e. at higher total pres-
sures.

Figure 12: Initial tones of all plates.

The BOS images in Fig. 13 (both equal p0/pa) provided
a possible explanation.
The left image (a) shows the supersonic exhaust jet
of the contoured plate B20-2. An oblique separation
shock could be seen, anchoring at the exit edge of the
plate and initiating a typical shock train. In the lower
half of the image, the shock system is highlighted in
red.
The right image (b) reveals an additional internal shock
that originated inside the non-contoured plate B20-0;
marked as a blue line. This internal shock demon-
strated that a supersonic flow was being deflected
within plate B20-0. This was only possible if the inflow
constricted and formed a ‘virtual’ convergent-divergent
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nozzle throat. The diameter of the virtual throat was
smaller than the geometric throat and therefore gen-
erated higher initial tones. The formation of a ’stable’
virtual throat during the transient start-up of the plate
was responsible for the delay in the pressure range.

(a) B20-2 (b) B20-0

Figure 13: BOS visualisation of exhaust jets. Plate
B20-2 with oblique re-compression shock marked in
red (left), and plate B20-0 with additional internal re-
attachment shock marked in blue (right).

3.2 Main tones

As the total pressure increased, the initial tone of all
plates suddenly shifted to the higher frequency of the
main tone. The trend lines for all main tones are shown
in Fig. 14. At the start of the transition, the lines of the
contoured plates are very close, whereas the frequen-
cies of the non-contoured plates are higher. Except of
plate B20-0, this effect diminishes as the total pressure
increases. In addition, it could be concluded that the
outlet radius had an influence on the generated fre-
quencies. The inlet radius, on the other hand, deter-
mined the total pressure at which the transition to the
main tones occurred.

Figure 14: Main tones of all plates.

The re-transition back to the bow tone at higher pres-
sures was often less clearly defined. It was grad-
ual and sometimes masked by general jet noise.

These ambiguities mostly occurred for the micro-
phones mounted to the arc. The microphones posi-
tioned directly at the plates picked up the main tone
across the widest range of total pressure.

3.3 Tone transition

Fig. 15 shows, for each orifice plate, the frequencies
at which the respective initial tone ended (∇-symbols)
and the subsequent main tone began (∆-symbols), rel-
ative to the orifice diameter. Overall, it could be seen
that the frequencies at which the initial tones ended are
nearly identical for each orifice diameter. In contrast,
the onset frequencies of the main tones differed; how-
ever they were always higher than the cut-off frequen-
cies of the initial tones. It was striking that the con-
toured orifices with only an inlet radius (B12-1, B16-1,
and B20-1) began with slightly higher main tone fre-
quencies than the remaining orifice plates, whose on-
set frequencies were nearly identical. Overall, all fre-
quency transitions showed similar magnitudes.

Figure 15: Frequency of tone transition.

Fig. 16 gives the transition from initial to main tone in
relation to the total pressure. It could be seen that the
orifice diameters had no impact on the transition pres-
sures, but the transition pressures depended some-
what on the contour design. The plates with only an
inlet radius (B12-1, B16-1 and B20-1) featured the low-
est transition total pressures, followed by plates with
inlet and outlet radii (B12-2, B16-2 and B20-2) and the
plates without contours (B12-0, B16-0 and B20-0).

This result correlated with an effect that was already
known: Experiments had shown that (within this to-
tal pressure range) temporary re-laminarisation of the
boundary layer occured in the nozzle throat of compa-
rable DLR TIC nozzles [23], which, in this case, lead to
higher frequencies.

The normalised transition in frequency in Fig. 17
( f = ( fHT− fIT)/ fHT) illustrates the relationships more
clearly. Regardless of the diameter, the frequency shift
was highest for plates with an inlet radius (∆-symbols),
followed by plates with radii in both directions (×-
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Figure 16: Pressure of tone transition.

symbols). The plates without radii (�-symbols) always
exhibited the smallest percentage shift in frequency.
The maximum frequency difference was five percent-
age points per set of plates, and on average, the mag-
nitude of the frequency shift was approximately 16 %
of the main tones’ starting frequency.

Figure 17: Normalised tone transition.

3.4 Comparison to nozzles

The nozzles tested for comparison produced main
tones, but no initial tones. Consequently, no tone tran-
sition was exhibited. Fig. 18 compares the main tones
of the nozzles with those of the plates with the same
throat diameter of 20 mm.

A comparison of the trend lines showed that they were
quite similar, but differ in their onset and end pres-
sures. Contrary to the expectation that all nozzle tones
would follow the established pattern of the plate B20-2
(with radii in both directions), the convergent-divergent
nozzles showed greater correspondence with the trend
of plate B20-1 that featured only an inlet radius. The
main tones of the TICTOP B1 and the TIC-2.86 began
at a similar total pressure compared to the plate B20-1,

Figure 18: Acoustical behaviour of the compared
nozzles.

but ended earlier. This suggests that the location of the
transonic region (Mt ≈ 1) was crucial.

The main tone of the TIC-2.86 ceased after a total
pressure increase of less than 0.1 MPa, whereas the
main tone of the TICTOP B1 ceased after an increase
of only 0.2 MPa.

The DLR-Sub, with its convergent inlet, differed from
this behaviour. It began at a slightly higher total pres-
sure than plate B20-0, and also ceased following a
pressure increase of 0.1 MPa. Given the geometric
similarity, it was expected that the trend line would re-
semble that of the plate B20-1.

Figure 19: FFT-Time DLR-Sub Zoom.

In earlier experiments, the full-flowing TICTOP B1 re-
vealed an characteristic tone of 1345 Hz [13]. This
tone could not be reliably reproduced, as the noz-
zle was only tested under separated flow conditions.
The DLR-Sub generated a tone that was lower than
its bow tone and mirrored the bow tone course down
to ∼1.3 kHz (Fig. 19). The frequency of this tone was
close to the characteristic tone of the TICTOP B1, sug-
gesting that its characteristic tone also originated in its
nozzle throat.
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3.5 Suppression of tones

The TIC-14 nozzle, surprisingly, did not generate any
characteristic tones. In comparison to all other noz-
zles and plates, this nozzle featured a two-part con-
tour. Its convergent section was the DLR-Sub inlet
and the divergent contour was attached to it, with the
junction in the throat. TIC-2.86 produced only a main
tone, whereas DLR-Sub also produced an initial tone.
This suggested that the complete absence of a tone in
the TIC-14 nozzle was attributable to the design differ-
ences between the nozzles.

The junction from the convergent to the divergent con-
tour section (either a minor backward or a minor for-
ward facing step) caused a disturbance in the bound-
ary layer. Hence, it is hypothesised that distinct tones
can only be generated when the throat boundary layer
is undisturbed.

Figure 20: TICTOP B1 with circumferential throat
protrusion.

Figure 21: TICTOP B1 with iced throat.

To validate this hypothesis, the TICTOP B1 was tested
again with a small protrusion applied in the throat, to
disrupt the boundary layer (Fig. 20). The TICTOP B1
had previously produced a clear main tone. However,
in this configuration, no tone was produced during the
first ramp. Towards the end of the first ramp, it could be
observed on the related BOS video that the protrusion
was ejected from the nozzle. In the subsequent repe-
titions, the main tone then reappeared. This behaviour

was reproduced in further test runs with the same re-
sult.
Further backing for this hypothesis was observed in
one test where the tones cut out as the number of rep-
etitions increased. This could be attributed to the rapid
cooling of the nozzle and the formation of ice in the
throat; causing a natural boundary layer disturbance
(Fig. 21).
At a broader level, the authors’ experimental experi-
ence has found that prototypes change their tonal be-
haviour after repeated test runs (n≥10). In these cases,
the previously hydraulically smooth throat surface of
the nozzle changes due to abrasion.

4. CONCLUSION

To study the formation of whistling tones in rocket noz-
zle throats nine generic orifice plates were studied
experimentally, which differ in orifice diameter, orifice
contour design and plate thickness. All plates gener-
ated whistling tones, where smaller orifice diameters
produced higher tones (and vice versa). With increas-
ing total pressures their tone frequencies decreased.

When the throats started choking an initial tone ap-
peared that switched to a higher main tone. This tran-
sition was caused by a relaminarisation of the bound-
ary layer.

The non-contoured plates featured virtual throats with
an internal shock that could be proven by BOS videos
of the exhaust jets. These virtual throats, with de-
creased orifice diameters, therefore generated higher
tones.

The nozzles tested for comparison generated tones
that were comparable with the plate set featuring the
same orifice diameter.

A nozzle with a structural junction in its throat gen-
erated no whistling tones. This was hypothesised to
have been caused by the resulting disturbance of the
boundary layer. For hypothesis confirmation, a protru-
sion was placed in the throat of a one-piece nozzle,
which resulted in tone suppression. In addition, a ran-
domly appeared iced throat lead to the same result,
confirming the hypothesis as well.

This is very much in line with the findings from past
testing of prototypes. As the cumulative test dura-
tion increased, the throats suffered significant abra-
sive damage and the engines’ characteristic tone am-
plitudes decreased or even vanished.

It has been shown that the characteristic tones of
rocket nozzles originate in the nozzle throat. The
generation of these whistling tones can be thoroughly
studied using simple, representative orifice plates. The
formation of these tones can be prevented by disturb-
ing the boundary layer within the nozzle throat.
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