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Effects of Jet Temperature and Nozzle-Lip Thickness
on Screech Tones
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Florida State University, Tallahassee, Florida 32306-4510

Imperfectly expanded supersonic jets, invariably, generate discrete frequency sound known as screech tones.
In the low supersonic jet Mach-number range of 1.0–1.25, the screech phenomenon is axisymmetric. In this
investigation the effects of jet temperature and nozzle-lip thickness on the axisymmetric jet screech modes are
studied by numerical simulation. At the present time there is no known way to predict the intensities of screech
tones, even empirically, except by numerical simulation.Numerical results of screech frequencies and directivities
of heated jets will be reported. The computed screech frequencies are found to agree well with experimental
measurements. Computed tone intensities indicate a gradual decrease in the screech amplitude with an increase
in jet temperature. Screech tones are known to be sensitive to the presence of acoustic re� ection surfaces. Sound
re� ected off such surfaces could sometimes affect the feedback loop that drives the screech tones. The nozzle lip
is a good re� ection surface. As a part of this work, the effect of nozzle-lip thickness on screech tone frequency
and intensity is investigated. There are good agreements between the computed tone frequencies, intensities, and
experiments at several nozzle-lip thickness to jet diameter ratios. Thick lip nozzles, as expected, are found to
generate the loudest tones. But the change in sound-pressure level between a thin and a thick lip nozzle is found to
be quite modest.

I. Introduction

S CREECH tones are discrete frequency sound emitted by im-
perfectly expanded supersonic jets.1 Since the early work of

Powell,2 it has been known that these tones are generatedby a feed-
back loop driven by the instability waves of the jet � ow.1 , 3 Over
the years there have been numerous studies on the screech phe-
nomenon. For references up to the early 1990s, the readers may
consult Refs. 2 and 3. A more recent survey of the topic can be
found in Ref. 4.

Most of the screech-tone experiments done in the past used jets
with reservoir temperature Tr equal to the ambient temperature T1
(cold jets). There is, however, a general belief that, as the jet tem-
perature increases, there is a correspondingdecrease in the screech-
tone intensity.In the literaturethere are only a few experimentaland
theoreticalstudiesof screechtones fromhot jets.5 – 9 At low fully ex-
panded supersonic jet Mach number (M j =1.0–1.25) the screech
modes are axisymmetric. At higher Mach numbers the dominant
screech modes are helical or � apping. An explanation of this mode
switching phenomenon was offered recently by Tam et al.6 They
performed a total growth analysis of the axisymmetric, helical, and
high-order azimuthal instability wave modes of jet � ows at various
Mach numbers and jet temperatures. They found that, at jet Mach
numbers less than 1.25, the axisymmetricinstabilitywave mode had
the highest total growth. But, at higher Mach numbers, it was the
helical mode that had the highest total growth. Because the insta-
bility wave is the energy source of the screech feedback loop, they
suggested that the mode switching is associatedwith this change in
instability wave characteristics.

Earlier, Tam et al.10 had developed a formula for predicting the
frequency of the � apping or helical mode screech. The formula has
been found to compare well with the hot jet experimental measure-
ments of Refs. 5–9. Reference3 extended this formula to include the
forward � ight effect.Krothapalli et al.,7 in their study of heated jets,
compared the predicted tone frequencies of the extended formula
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with their measured data at � ight Mach numbers up to 0.32. They
found excellentagreement.For the axisymmetric jet screech modes
Masseyand Ahuja8 proposeda semi-empiricalfrequencyprediction
formula by slightlymodifying the formula of Ref. 10. The constants
of the formulawere adjustedby using the measured instabilitywave
convection velocities.

Tam1 has pointed out that no one has developed a formula for
predicting the intensity of screech tones. Even a totally empiri-
cal formula is not available. At the present time the only way
to predict screech-tone intensity is by numerical simulation.11 In
Ref. 11 numerical simulations were carried out only for cold jets.
Appropriate modi� cations of the mathematical model are needed
before the computer code can be applied to screech tones from hot
jets.

Screech tones are known to be sensitive to changes in the ex-
ternal environment of the jet and the presence of sound re� ection
surfaces.3 All of these factors can interfere with the basic screech
feedback loop and hence affect the screech frequencyand intensity.
In a systematic investigation of screech suppression, Norum12 was
the � rst to observe the effect of nozzle-lip thicknesson screech-tone
intensity. There is a good reason to believe that nozzle-lip thickness
should exert a considerablein� uence on screech-toneintensity.The
nozzle lip is de� nitely an acoustic re� ection surface. The re� ec-
tion by the lip surface is important to the excitation of the instabil-
ity wave that drives the screech. A more thorough investigation of
nozzle-lip-thickness effect was carried out more recentlyby Ponton
and Seiner.13

The objectives of the present investigationare twofold. First, we
wish to investigate the effect of jet temperature on the screech fre-
quency, intensity, and directivity. At the present time there is no
reliable data on how jet temperature affects screech intensity and
directivity. Our results would provide the � rst database in this re-
spect. Second, it is our intention to offer an independentassessment
of the effect of nozzle-lip thickness on screech-tone intensity. We
will provide results that are in agreementwith the measurements of
Ponton and Seiner.13

The present investigation is based on numerical simulation. The
approach is very similar to that of the author’s earlier work.11 To
account for high-temperatureeffect on the turbulence in the mixing
layer of the jet, the Sarkar correction14 , 15 is included in the turbu-
lence model. This will be discussed in Sec. II. Our study is con� ned
to the Mach-number range of 1.0–1.25. Primarily, only the axisym-
metric jet screech modes are studied.
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Fig. 1 Physical domain to be simulated.

II. Mathematical Model and Computational Algorithm
The scope of this work is limited to the jet Mach-number range

of 1.0–1.25 for which the screech modes are axisymmetric. Nu-
merical simulations are carried out in the x –r plane, where (r, h , x)
are the cylindrical coordinates with the x axis coinciding with the
jet axis. Figure 1 shows the physical domain to be simulated. The
� ow in the jet is turbulent. On following Ref. 11, no attempt will
be made to resolve the many scales of turbulence. Instead, the ef-
fect of turbulence in the mixing layer of the jet is accounted for
by including the k– e turbulence model in the governing equations.
However, for high-speed jets, especially at high temperature, it has
been found experimentally that the ef� ciency of the mixing process
is greatly reduced.16, 17 In Ref. 15 this effect is simulated by adding
the Sarkar14 correction, which was designed speci� cally for this
purpose.We will use lengthscale = D (nozzleexit diameter), veloc-
ity scale =a1 (ambient sound speed), timescale = D /a 1 , density
scale = q 1 (ambient gas density), pressure scale = q 1 a2

1 , and tem-
perature scale =T1 (ambient gas temperature); scales for k, e , and
m t are a2

1 , a3
1 / D, and a1 D, respectively. The dimensionless gov-

erning equations including the k– e model and the Sarkar correction
in Cartesian tensor notation are
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@x j
= ¡

@ p̄

@xi
¡

@

@x j
( ¯q s i j ) (2)

@ ¯q E

@t
+

@

@x j
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@ũ j

@xi
¡

2

3

@ũk
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Fig. 2 Computation domain in the r–x plane showing the different
subdomain and mesh sizes.
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where ¯ denotes an ensemble average and ˜ the Favre average. c is
the ratio of speci� c heats and m is the molecular kinematic viscosity.
The constants k0 =10 ¡ 6 and e 0 =10 ¡ 4 are small positive numbers
added to prevent division by zero. The model constants are taken to
be15

C l = 0.0874, C e 1 = 1.40, C e 2 = 2.02

Pr = 0.422, r k = 0.324, r e = 0.377

a 1 = 0.518

The preceding equations are discretized according to the seven-
point stencil dispersion-relation-preserving scheme.18 , 19 The grid
design is identical to Ref. 11. Figure 2 shows the computa-
tional domain. Four mesh sizes are used. The � nest mesh with
D x = D r = D / 64 is in the block immediately downstream of the
nozzle exit and enclosing the nozzle. Going out from the jet to the
ambient region, the mesh size of the adjacent block increases by a
factor of two. The domain extends5 diametersback from the nozzle
exit and 35 diameters long in the x direction. It is 17 diameters in
the r direction. For the regions shaded gray in Fig. 2, the preceding
governing equations are solved. This region contains the jet � ow.
Outside this region, the white region in Fig. 2, the disturbances are
mainly acoustic waves. Viscous effects are unimportant. In this re-
gion the full Euler equationsare solved. The treatment of the buffer
zone between different blocks shown in Fig. 2, as well as the dis-
tribution of arti� cial selective damping, are the same as in Ref. 11.
The boundary conditions around the computationaldomain and the
wall boundary conditions also follow those of Ref. 11. For a more
detailed description of these boundary conditions, the readers are
referred to Ref. 20.

For all hot-jet simulations the nozzle lip is � xed at a thickness
equal to half the jet diameter. For the lip-thickness-effect investi-
gation three thicknesses are used. They are 0.5, 0.25, and 0.125D.
In each simulation the initial conditions are set equal to zero. At
time equal to zero, the jet � ow is allowed to enter the computational
domain from the nozzle exit. The process is identical to turning the
jet on in a physical experiment. The numerical solution is marched
in time until the jet � ow is developed,and the transientdisturbances
have entirely left the computation domain. The screech feedback
loop automatically locks itself in the computation. The screech-
tone frequency, intensity, and directivity are measured only when a
time periodic state is fully established.

III. Effect of Jet Temperature
Screech tones are generatedby the interactionbetween the large-

scale instabilitywaves of the jet � ow and the shock cell structure in
the jet plume.1 , 3 To obtain an idea of the effect of jet temperature
on screech tones, one may start by � rst examining its effect on
the instability waves and on the shock cells. At a � xed jet Mach
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Fig. 3 Comparison between computed and measured15 jet centerline
pressure distributions: Mj = 1:2 and Tr/T1 = 1:0.

Fig. 4 Computed jet centerline pressure distributions at four tem-
perature ratios: Mj = 1:2; ——, Tr/T1 = 1:0; – ¢ –, Tr/T1 = 1:67; – – –,
Tr/ T1 = 2:37; and ¢ ¢ ¢ ¢ , Tr/T1 = 2:78.

Fig. 5 Computed jet centerline pressure distributions at four tem-
perature ratios: Mj = 1:1; ——, Tr/T1 = 1:0; – ¢ –, Tr/T1 = 1:67; – – –,
Tr/T1 = 2:37; and ¢ ¢ ¢ ¢ , Tr/T 1 = 2:78.

number the velocity of a hot jet is higher. As a result, the instability
waves would propagatedownstreamat a higher speed. On the other
hand the shock cells are Mach-number dependent, not temperature
dependent.That is, jet temperaturehas little in� uence on shock cell
spacings and amplitude. Figure 3 is a comparison of the computed
and measured21 jet centerline static pressure distribution for a jet
from a convergent nozzle at M j =1.2 and Tr / T1 =1.0. As can
be seen for the � rst � ve shock cells, there is excellent agreement.
Figure 4 gives the centerlinepressuredistributionsof the same jet at
four temperature ratios; Tr / T1 =1.0, 1.67, 2.37, and 2.78. For the
� rst � ve shock cells there is very little difference both in spacing
and in amplitude. Figure 5 is a similar comparison at jet Mach

Fig. 6 Comparison between measured screech-tone frequencies from
experiment and simulation. Tr/T1 = 1:0. Lower set of data is the A1
mode; the higher frequency data are the A2 mode: s , experiment,13

and ² , simulation.

Fig. 7 Comparison between measured screech-tone frequencies from
experiment and simulation. Tr/T1 = 1:67: s , experiment,8;9 and ² ,
simulation.

number1.1.Again, the shockcell spacingsandamplitudesarenearly
independent of temperature.

Because the shock cell spacing is unaffectedby an increase in jet
temperature and the instabilitywaves propagate faster downstream,
the screech frequencymust become higher.This is found both in the
experiments of Massey and Ahuja8 and Massey9 and in the present
simulations.However, in terms of Strouhal number f D j / u j , where
f is the tone frequency and D j and u j are the fully expanded jet
diameter and velocity, there is no large variation with jet tempera-
ture. Figures 6–9 show comparisons of the measured screech-tone
frequency as a function of jet Mach number from the experiments
of Ponton and Seiner,13 Massey and Ahuja,8 and Massey9 and the
present simulations. The temperature ratios are 1.0, 1.67, 2.37, and
2.78. There are good agreements between physical and computa-
tional experiments for all four temperatureratios. In the Masseyand
Ahuja experiments the absolute level of the screech-tone intensity
was not reported.8 , 9 However, in the nozzle-lip-thickness-effect ex-
periments of Ponton and Seiner,13 the screech-tone intensitieswere
measured at Tr / T1 =1.0. It will be shown later that there is good
agreement between their measurements and our numerical simula-
tions.

Figure 10 shows the computed directivity of screech tone inten-
sity at M j =1.13 measured at a radial distance of R =65D. The jet
� ow is from left to right. There are two basic lobes in the directiv-
ity pattern. The lobe pointing upstream is formed by the acoustic
waves associated with the screech feedback loop. The computed
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Fig. 8 Comparison between measured screech-tone frequencies from
experiment and simulation.Tr/T1 = 2:37: s , experiment,8;9 and ² , sim-
ulation.

Fig. 9 Comparison between measured screech-tone frequencies from
experiment and simulation.Tr/T1 = 2:78: s , experiment,8;9 and ² , sim-
ulation.

Fig. 10 Computed directivity distributions of the screech-tone inten-
sity at Mj = 1:13 and r = 65D: ——, Tr/T1 = 1:00; – ¢ – , Tr/T 1 = 1:67;
– – –, Tr/ T 1 = 2:37; and ¢ ¢ ¢ ¢ , Tr/T1 = 2:78.

results indicate that there is a slight decrease in screech intensity
with an increase in jet temperature at a � xed Mach number. This
is consistent with the prevailing expectation. The other lobe points
in the downstream direction. In Ref. 11 this lobe is not part of the
screech feedback loop. It is sound or Mach waves generated di-
rectly by the instability waves. At a higher jet temperature the jet
velocity as well as the speed of propagationof the instabilitywaves
increase. These cause stronger Mach wave radiation, a well-known

fact in turbulent mixing noise studies. In addition, the Mach wave
angle becomes larger so that the angle between the peak radiation
direction and the direction of jet � ow also increases.The computed
directivities of Fig. 10 exhibit exactly these behaviors.

IV. Effect of Nozzle-Lip Thickness
In the experiments of Norum,12 it was reported that a large in-

crease in the mode C screech intensity, of the order of 10 dB, was
observed by the use of a thick instead of a thin lip nozzle. On the
other hand, in the experimentsof Ponton and Seiner,13 for this same
mode the screech intensity is quite erratic when a thin lip nozzle
was used. The purpose of the present investigation is to provide an
independentassessment of the magnitudeof the effect of nozzle-lip
thickness. Since both Norum and Ponton and Seiner used cold jets
in their experiments, the temperature ratio Tr / T1 of the jets in the
presentcomputationalstudywill be set equal to unity. Three nozzle-
lip thicknessesare used.They are t / D =0.5, 0.25, and 0.125,where
t is the thickness. The t / D =0.5 case is a good representationof a
thick lip nozzle. t / D =0.125 case is a model for a thin lip nozzle.

In Norum’s work variationsof the screech-tonefrequencyand in-
tensity with nozzle-lip thicknessat low supersonicjet Mach number
were not measured.Only the changes in decibel level relative to the
thick lip nozzlewere provided.For this reason the present effortwill
only comparethe computedtone frequenciesand intensitieswith the
measurements of Ponton and Seiner.13 Figure 11 shows a compari-
son betweentheacousticwavelengthsof the simulatedscreechtones
and the data of Ponton and Seiner13 for the thick lip nozzle. As can
be seen, there is good agreement for both the A1 and A2 modes.
The staging Mach number is, however, slightly higher in the com-
putation results. Figures 12 and 13 show similar comparisons for
the intermediate (t / D =0.25) and the thin (t / D =0.125) lip noz-
zles. Again, there are good agreements in the screech-toneacoustic
wavelengths for both the A1 and A2 modes. In these cases even the
staging Mach numbers are reproduced in the simulations.

Figure 14 is a comparison of the screech-tone intensity for
the thick lip nozzle. The measurements are recorded by surface-
mounted transducers at r / D =0.889 and 0.642 on the nozzle lip
surface.There are excellentagreementson the peak sound-pressure
level (SPL) of the screech tones between the experiments and the
simulations at both transducer locations. Figure 15 shows similar
comparisons for the t / D =0.25 nozzle. The SPLs are measured at
r / D =2.0 and 0.642, respectively. The SPL for the A1 mode is in
excellent agreement. The simulated SPL is somewhat lower than
those of the experiment for the A2 mode. Overall, the agreement is
good.Figure 16 provides the results for the thin lip nozzlemeasured
at r / D =2.0. Except for a small range of Mach numbers around
M j =1.175, the SPL of the simulation agrees well with the exper-
imental measurements. Based on both the screech-tone frequency
and intensity comparisons, it appears that the numerical simulation

Fig. 11 Comparison between the acoustic wavelengths of simulated
screech tones and the measurements of Ponton and Seiner13: s and u ,
experiment (t/D = 0:625); ² and j , simulation (t/D = 0:5).
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Fig. 12 Comparison between the acoustic wavelengths of simulated
screech tones and the measurements of Ponton and Seiner13: s and u ,
experiment (t/D = 0:2); ² and j , simulation (t/D = 0:25).

Fig. 13 Comparison between the acoustic wavelengths of simulated
screech tones and the measurements of Ponton and Seiner13: s and u ,
experiment (t/D = 0:1); ² and j , simulation (t/D = 0:125).

Fig. 14 Intensity of axisymmetric screech tones at nozzle exit plane:
a) r/D = 0:642 and b) r/D = 0:889. Experiment13 (t/D = 0:625): s , A1
mode and u , A2 mode. Numerical simulation (t/D = 0:5): ² , A1 mode,
and j , A2 mode.

Fig. 15 Intensity of axisymmetric screech tones at nozzle exit plane:
a) r/D = 0:642 and b) r/D = 2:0. Experiment13 (t/D = 0:2): s , A1 mode
and u , A2 mode. Numerical simulation (t/D = 0:25): ² , A1 mode, and j ,
A2 mode.

Fig. 16 Intensity of axisymmetric screech tones at nozzle exit plane:
r/D = 2:0. Experiment13 (t/D = 0:1): s , A1 mode, and u , A2 mode. Nu-
merical simulation (t/D = 0:125): ² , A1 mode, and j , A2 mode.

Fig. 17 Computed directivity distributions of the screech tone inten-
sity at Mj = 1:2 and r = 65D: ——, t/D = 0:5; – – –, t/D = 0:25; and ¢ ¢ ¢ ¢ ,
t/D = 0:125.

is reproducing the experimentalmeasurements for all three nozzles.
This lends con� dence in the accuracy of both the experiment and
simulation.

Figure 17 shows the computed directivity distributions of the
screech-tone intensity at Mach 1.2 scaled to a distance of 65 jet
diameters. As can be readily observed, the intensity is only slightly
affected by the nozzle-lip thickness. The thick lip nozzle is only
4–5 dB louder. This is consistent with the measurements of Ponton
and Seiner,13 as well as the A1 mode screech suppression data of
Norum.12
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V. Conclusion
In this work the effectsof jet temperatureand nozzle-lipthickness

on theaxisymmetricjet screechmodesare investigatedbynumerical
simulation. To establish con� dence in the accuracy of the numeri-
cal simulation,extensivecomparisonsof the simulated screech-tone
frequenciesand intensitieswith experimentshave been done. Good
overallagreementsare foundin allcases.Presently,there is noexper-
imentally measured directivity data. Directivity data are extremely
useful in providing a global view of how the screech-tone intensity
is affected by a change in jet operating condition or in its surround-
ing environment.Based on the computed directivities, it is possible
to conclude that heated jets emit weaker screech tones. However,
the reduction in screech intensity is modest, say, 5 dB when the jet
temperature ratio is raised from 1.0 to 2.78. On the other hand, there
is a signi� cant increase in screech frequencywith temperature.The
tone frequency varies like the jet velocity.

We � nd that nozzle-lip thickness does not have a strong in� u-
ence on screech intensity over the low supersonic Mach-number
range. Our � nding is in agreement with the measurements of Pon-
ton and Seiner.13 We do not � nd a large increase in tone amplitude
by switching from a thin to a thick lip nozzle.
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