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Abstract
This paper presents a streamlined design procedure for water-based noise suppression systems that are applicable to multiple 
classes of rocket engines. A newly adapted steady quasi-one-dimensional two-phase model is employed to predict the evolu-
tion of the exhaust gases interacting with water droplets. Such a model is embedded into a two-step optimization procedure 
with the objective of finding the most efficient combination of the suppressor operative parameters. This information is then 
used to design the hardware of the system, which consists in a set of injectors, with the task of producing atomized water 
jets directed towards the exhaust gases, and a toroidal manifold, with the task of delivering water to the injectors at uniform 
conditions of pressure and velocity. Finally, the proposed design procedure is applied to a 15 kN thrust class oxygen/methane 
liquid rocket engine. Technical specifications of the resulting water-based noise suppression system are provided along with 
a detailed three-dimensional CAD model.
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List of symbols
A  Area m2

CD  Droplets drag coefficient
Cd  Injectors discharge coefficient
c  Speed of sound m/s

cp  Constant pressure specific heat J/(kg K)
d  Diameter m
f  Frequency Hz
H  Height m
h  Specific enthalpy J/kg
L  Length m
m  Mass kg

ṁ  Mass flow rate kg/s
Nu  Nusselt number
n  Water flow over droplet mass 1/s
p  Pressure Pa
R  Bend radius m
r  Distance from noise source m
T  Temperature K
u  Velocity m/s

x  Distance from nozzle m
� , �  Angle rad
�  Thermal conductivity W/(m K)

�  Dynamic viscosity Pa s
�  Density kg∕m3

�  Surface tension N/m

Subscripts
a  Ambient
e  Entrainment
ex  Exit
g  Gas phase
sat  Saturation conditions
i  Injectors i-th element
inj  Injector
jet  Nozzle jet
m  Toroidal manifold
p  Liquid phase
V  V-cut
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v  Vapor
w  Water
0  Total quantities

Acronyms
CAA   Computational aero-acoustics
CFD  Computational fluid dynamics
MFR  Water-to-jet mass flow ratio
OASPL  Overall sound power level
PSO  Particle swarm optimization
Q1D  Quasi-one dimensional
SPL  Sound pressure level

1 Introduction

In the vicinity of a rocket, acoustic levels can reach up to 200 
dB [1, 2]. Such extremely high fluctuating acoustic loads 
can critically affect the correct operation of the rocket, its 
components, and supporting structures. Even a small reduc-
tion in the acoustic load can result in substantial cost sav-
ings, since it reduces the effort needed to design and test 
each single component of the launch system. It should be 
noted that the maximum admissible overall sound power 
level (OASPL) for payload integrity is approximately 145 dB 
[3], while for residential areas around the launch or ground 
test pad the maximum allowed noise is around 65 dB.

Water injection is a particularly common application 
for both static testing and the launch of large-scale rocket 
engines, as it not only mitigates all jet noise sources [4], but 
also cools the exhaust plume and the facilities structures. 
Concerning acoustic suppression, two main mechanisms 
leading to noise reduction are present: reduction of jet veloc-
ity and jet temperature [5]. The decrease of jet velocity is 
achieved through momentum transfer between liquid and gas 
phase, which leads to significant variations of the turbulent 
structures, associated to low frequency noise [6, 7]. On the 
other hand, there is a reduction in jet temperature due to 
partial vaporization of the injected water [8]. As a result, the 
jet density increases, affecting the typical shock structures 
that characterize any supersonic jet. Specifically, the shocks 
contribution to the overall noise power level (associated to 
high frequency noise) is reduced.

The water injection systems implemented by NASA and 
ESA in their launch pads can attenuate the sound levels of 
an amount up to 12 dB, according to their reports [9–11]. 
Such noise reduction has been also confirmed by many 
experimental studies performed with subscale cold and hot 
supersonic jets [5, 12–15]. These studies have shown that 
even a small amount of water (water-to-jet mass flow ratio 
MFR < 1) significantly reduces the acoustic level associated 
with broadband shock noise and screech tones, whereas a 

high MFR (> 3) is needed to significantly attenuate low-
frequency turbulent mixing noise. 

Another outcome evolving out of the aforementioned 
experiments has been the definition of the optimal injec-
tion parameters and water jet features needed to achieve 
the highest noise reduction. Firstly, the water jet should be 
atomized, since atomization induces faster mixing with less 
impact and drag noise. Injection angles �inj are preferable 
in the range of 45–60 deg due to a compromise between 
significant penetration and low impact noise. As a matter of 
fact, the higher the injection angles (close to 90 deg, perpen-
dicular to the jet), the higher the penetration of water in the 
exhaust jet, yielding faster mixing, however, the produced 
low-frequency impact, drag, and obstacle noise increase as 
well. The injection position must be close to the nozzle to 
maximize momentum transfer between exhaust gases and 
water, and to act directly on the peak noise-producing region 
(tip of the potential core, see also Sect. 2.1, Fig. 2) [16], 
affecting all the shock cells involved in the noise genera-
tion process. Lastly, the optimum water-to-jet MFR is in the 
range of ∼ 3–5. Even if the noise reduction increases with 
the amount of injected water, beyond a certain value there 
is no effective momentum transfer and hence noise reduc-
tion. For hot jets, due to the evaporation of injected water, 
higher MFRs are required for maximum noise reduction, as 
compared to cold jets.

Although water-based systems appear to be efficient tools 
for containing acoustic emissions and reducing the overall 
cost of firing tests and launches, the literature lacks a com-
prehensive hardware design procedure. Thus, in this paper, 
a general sizing method for static firing water-based noise 
suppressors is presented in detail. The typical layout of a 
suppressor for static firing applications is composed of two 
main subsystems. The first one is the set of injectors, which 
have the task of producing atomized water jets directed 
towards the exhaust gases. The second one is the toroidal 
manifold, with the task to collect water and distribute it to 
the injectors with uniform conditions of pressure and veloc-
ity. A simplified scheme of such a system is shown in Fig. 1. 
For simplicity and conciseness, accessory subsystems such 
as water pressurization, guidance tube (if present), piping 
required to deliver water to the manifold, and power supply 
are not considered in this paper.

To be able to appropriately design the hardware of a 
water-based noise suppression system, it is important to 
highlight how the characteristic features of the suppressor 
affect the emitted noise. Thus, a theoretical understand-
ing of the mechanisms that lead to noise reduction is man-
datory. Two methods are commonly used to address this 
problem. The first one consists in performing high-fidelity 
computations involving coupled CFD-CAA (computa-
tional fluid dynamics-computational aero-acoustics) simu-
lations [17–19]. However, this approach needs significant 
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computational efforts, since high-order low-dissipation 
numerical schemes are required together with high resolu-
tion computational grids in both space and time to prop-
erly resolve the spectrum of interest. On the other hand, the 
second approach consists in the development of simplified 
theoretical models capable of capturing the main features 
of the phenomena, thus resulting of great interest especially 
for industrial purposes [9, 20]. Following this method, mul-
tiple simplifying assumptions are made and the model needs 
therefore to be calibrated on a reference experimental test 
case.

In this paper, the second strategy is followed. A newly 
adapted steady quasi-one dimensional (Q1D) two-phase 
model is developed and used to compute the properties of 
the nozzle exhaust gases (necessary to estimate the noise 
emissions) as nonlinear functions of the suppressor design 
parameters. After a thorough parametric analysis, carried 
out to assess the effect of the suppressor design on noise 
reduction, the Q1D model is embedded into a two-step opti-
mization procedure with the objective of finding the most 
efficient combination of the aforementioned system control 
parameters for a target engine. Finally, the obtained optimal 
configuration can be used for the hardware design, consist-
ing of injectors and a toroidal manifold. This general design 
procedure is applied here to size a suppressor for a 15 kN 
thrust class LOX/CH4 liquid rocket engine, assuming a total 
mass flow rate of 5.1 kg/s.

The paper is structured as follows. In Sect.  2 the 
Q1D model is presented alongside its governing equa-
tions (Sect. 2.1), and its submodels for water atomization 
(Sect. 2.1.1) and noise propagation (Sect. 2.1.2). Validation 

of the model against CFD data is also provided. The main 
features of the optimization procedure are presented in 
Sect. 2.2, with the hardware sizing methodology described 
shortly after in Sect. 2.3 for injectors (Sect. 2.3.1) and mani-
fold (Sect. 2.3.2). Finally, in Sect. 3, results are discussed. 
First, the outcome of the parametric analysis performed with 
the Q1D code is presented and the effect on noise suppres-
sion of each system parameter is analyzed (Sect. 3.1). Then, 
results of the optimization and hardware sizing are presented 
in detail along with a 3D CAD model of the system and its 
technical specifications (Sect. 3.2).

2  Methodology and models

The first part of this section introduces the steady quasi-
one-dimensional model used to calculate the noise emitted 
by the engine as a function of the exhaust gas properties 
and the suppressor control parameters. The second part is 
dedicated to the description of the optimization procedure 
used to obtain the optimal combination of the water-based 
system features. Finally, the third part presents a general 
methodology for hardware sizing.

2.1  Description and validation of the Q1D model

A steady quasi-one-dimensional two-phase model has been 
developed to obtain the mean velocity, temperature, and jet 
diameter evolution as functions of the axial distance from 
the nozzle exit section. Equations for mass, momentum 
and energy conservation for both liquid phase (subscript 
“ p ” for water particle) and gaseous phase (subscript “ g
”), have been adapted from [21, 22]. Specifically, mass, 
momentum, and energy conservation for gaseous phase, 
and momentum and energy conservation for liquid phase 
have been taken from [16], while mass conservation for 
liquid phase from [22]. In [16], in fact, the rate of mass 

Fig. 1  Simplified 3D scheme of the water-based suppression system

Fig. 2  Schematic view of the flow evolution after the nozzle exit 
plane
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transfer between a water droplet and the surrounding gas 
is assumed to be determined by the difference between 
concentrations of water vapor at the droplet surface and 
away from it. The assumption is valid for cold jets but not 
for hot jets (which characterize liquid rocket engines). For 
this reason, mass conservation for the liquid phase has 
been taken from [22], where water droplet evaporation 
rate is assumed to be driven by heat transfer rather than 
diffusion (more accurate for hot jets). The equations are 
listed in the following ODE system:

where n is defined as the ratio between water mass flow rate 
and droplet mass, Tsat is the saturation temperature of the 
liquid phase, � is the thermal conductivity, Nu the Nusselt 
number, and B is the Spalding transport parameter for heat 
transfer defined as:

where Lv is the latent heat of vaporization for the liquid 
phase.

In the system of equations shown above, Eq. (2.1) is the 
continuity equation for liquid phase, Eq. (2.2) the liquid 
momentum conservation, and Eq. (2.6) its energy conser-
vation. On the other hand, Eqs. (2.3), (2.4), and (2.5) are, 
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respectively, mass, momentum, and energy conservation 
for the gaseous phase.

This Q1D model is well suited to assess the weight that 
each control parameter of the system (ie, water-to-jet MFR, 
water injection angle �inj , injection pressure pw , and number 
of injectors Ninj ) has on the evolution of the flow, which is 
directly related to the generation of sound waves.

The evaporation rate of a water droplet is driven by the 
difference between the heat transfer that occurs between the 
inside and the surface of the droplet and the heat transfer 
between the surface of the droplet and the surrounding gas 
[22]. Therefore, there is a link between the amount of evap-
orated water and the amount of injected water (related to 
MFR), and also a dependence on the degree of atomization 
(related to MFR, pw , and Ninj ). Droplet dynamics has been 
modeled using a suitable drag function to assess the drop-
let acceleration process within the computational domain. 
Therefore, a dependence on the initial water velocity can be 
observed, which results directly from the injection pressure 
pw and angle �inj . The droplet drag coefficient CD is defined 
according to [9].

where Rep is the droplet Reynolds number defined on the 
basis of the particle diameter and slip velocity:

where �g is the dynamic viscosity of the gaseous phase. The 
dependence on B shows how the drag coefficient decreases 
in the presence of evaporation with an increase in the evapo-
ration rate.

The mass entrainment of ambient air has been modeled 
to monitor the spread rate of the shear layer in the potential 
core region (a schematic view of the flow structure can be 
seen in Fig. 2). Specifically, the definition of mass entrain-
ment rate is given by [23] as:

where ṁex is the mass flow rate at the nozzle exit, dex is 
the nozzle exit diameter, and �∗ is the ratio between the 
entrained and initial fluid densities. Ke is a dimensionless 
entrainment rate coefficient, which is defined according to 
[24] as follows:

(2.8)
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24
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+

6

1 + Re0.5
p
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being �jet the half angle of the jet cone. In [24], Medrano 
et al. observed a reasonable agreement between the pre-
sented entrainment model and experimental data in the inter-
mediate and far-field regions. The air entrainment modeling 
allows to observe the dependence of the emitted noise with 
the injection axial position, since the effect of water injection 
decreases as the amount of entrained air increases.

It must be underlined that, since the interaction between 
the two jets is analyzed in a one dimensional framework, 
complete penetration of the water jet in the exhaust gases is 
intrinsically assumed. For this reason, the results obtained 
with the Q1D model can only be considered as the maxi-
mum theoretical performance achievable with the analyzed 
suppressor configuration. Nevertheless, the assumption of 
complete penetration can be considered valid when suffi-
ciently high values of the injection angle �inj (at least > 30 
deg), water pressure pw ( > 3 bar), and mass flow ratio MFR 
( > 2 ) are used [5].

The correct implementation of the Q1D model has been 
assessed by reproducing the results in the reference NASA 
report [21], as shown in Fig. 3.

An exhaust jet of a 10-tons class, oxygen-methane, liquid 
rocket engine has been adopted as a reference for validation. 
A CFD RANS simulation of the jet plume in quiescent air at 
sea level has been carried out resorting to a well-established 
numerical framework [25–29]. The velocity and temperature 
fields obtained are shown in Fig. 4.

Concurrently, a simulation with the Q1D model without 
water injection has been carried out to compare the ensuing 
results with suitably cross-section averaged values extracted 
from the CFD simulation, as shown in Fig. 5. More spe-
cifically, the average temperature and velocity are obtained 

(2.11)Ke =
4�

1∕2
∗ djet(x) tan �jet

√
(�∗ − 1)2d2

ex
+ 4�∗djet(x)

2

by weighted averages with the total mass flow rate, and 
the average pressure by weighted average with the area. 
Regarding the average velocity (Fig.5a) and temperature 
(Fig. 5b), although they show roughly the same variation 
between the end and the beginning of the simulated region, 
the results obtained in the CFD simulation are character-
ized by less regular trends compared to those obtained in 
the Q1D simulation, as expected from a multidimensional 
computation. Concerning the contour of the plume instead, 
the reduced model seems to perfectly match the CFD simu-
lation (Fig. 5c). In general, the CFD and Q1D results can 
be considered sufficiently in agreement with each other to 
establish a reasonable validity of the adopted model.

The Q1D model makes the stringent assumption of con-
stant pressure along the flow axis. Such hypothesis holds 
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Fig. 3  Comparison between present results and results obtained by NASA in [21]

Fig. 4  CFD simulation of the reference jet plume
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only if one considers a perfectly expanded jet. The refer-
ence jet, as can be seen in Fig. 4, is clearly overexpanded, 
hence, such an assumption is not valid. However, the CFD 
simulation shows that the average pressure is quite constant 
and close to the ambient pressure value downstream of the 
Mach disk (see Fig. 6a). As a result, the Q1D model can be 
applied to simulate this region.

Although the validation of the Q1D model has been 
carried out on the plume portion after the Mach disk to be 
consistent with the constant pressure assumption, all the 
analyses shown hereafter assume as initial conditions those 
corresponding to the exhaust of a perfectly expanded noz-
zle. This choice has been made because a large amount of 

air entrainment is present downstream of the Mach disk, 
which strongly reduces the sensitivity of the flow properties 
to variations in the control parameters of the sound suppres-
sion system.

2.1.1  Simplified atomization model

Water jet misting has a remarkable effect on noise reduc-
tion, as it affects both the droplet dynamics and the evapora-
tion rate. As a matter of fact, the performance of the noise 
suppressor greatly improves as the diameter of the droplets 
decreases due to faster mixing, reduced drag and impact 
noise, and a larger surface available for heat exchange [5, 

Fig. 5  Comparison of CFD and 
Q1D results

0 0.2 0.4 0.6 0.8 1 1.2
x [m]

400

600

800

1000

1200

u
je
t
[m

/s
]

Q1D
CFD

(a) Mean velocity trend.

0 0.2 0.4 0.6 0.8 1 1.2
x [m]

1000

1200

1400

T
je
t
[K

]

Q1D
CFD

(b) Mean temperature trend.

0 0.2 0.4 0.6 0.8 1 1.2
x [m]

0.5

1

1.5

2

2.5

d
je
t
[m

]

Q1D
CFD

(c) Jet diameter.
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14]. For this reason, the Q1D model has to take into account 
the physics underneath water droplets formation.

Misting is the direct consequence of the breakdown of 
liquid ligaments, which in turn arise from the destabilization 
of a water jet through its interaction with the surroundings 
[30, 31]. Specifically, surface tension and dynamic viscosity 
tend to stabilize the structure, while shear forces associated 
to relative velocity between water and air represent a source 
of disruption leading to breakup. The resulting droplets 
diameter must also be related to the initial water jet diam-
eter. A smaller jet will indeed produce smaller droplets if 
compared to a larger one under the same conditions.

Due to the complex physics behind water droplets forma-
tion, it is difficult to find an analytical model generalizing the 
aforementioned dependencies, therefore, a semi-empirical 
model has been implemented in the Q1D numerical tool [32, 
33]:

where binj is the characteristic dimension of the injector exit, 
uw the water exit velocity, �w the surface tension, and �w 

(2.12)dp = 1.95binj

(
�a

�w

)−1∕6(�wu
2
w
binj

�w

)−1∕3

and �a the densities of water and air, respectively. Note that 
Eq. (2.12) is valid only for hydraulic injectors, where water 
flows through pressure and liquid breakup is the result of the 
jet interaction with surrounding quiescent air (see Fig. 8). As 
shown in Fig. 7, a higher exit velocity leads to smaller drop-
lets due to an increase in the water-air shear forces, while a 
larger initial jet leads to larger droplets due to the increased 
amount of water to atomize.

In the Q1D model, the water droplets dimension is 
fixed once the water injection pressure pw , mass flow rate 
ṁw = MFR × ṁjet , and number of injectors Ninj are known. 
In fact, the water exit velocity is determined by the pressure 
difference at either end of the injector using Bernoulli’s equa-
tion, while the characteristic dimension of the injector can be 
known once the total mass flow rate flowing through the ele-
ment is given:

where binj is considered to be the minor semi-axis of an 
injector elliptical exit with area equal to Ainj and aspect ratio 
3/2, and Cd is the nozzle discharge coefficient. The injectors 
orifice is here assumed to be elliptical because the injector 
class chosen for the problem at hand is the flat-fan injector 
(see Sect. 2.3.1), which requires that specific shape of the 
exit section.

2.1.2  Sound propagation model

To assess the noise level at a certain distance from the engine 
exhaust, the correlation presented by Kandula and Vu in [34] 
has been adopted. This correlation is based on a point source 
model for sound propagation which has been validated with 
test data for the overall sound power level over a wide range 
of jet temperatures and Mach numbers.

Once the mean velocity, temperature and exhaust jet diam-
eter have been calculated through the Q1D model down-
stream of the water injection station, they are exploited to get 
the sound pressure level (SPL) at a generic distance from the 
noise source:

(2.13)uw =
√
2(pw − pa)∕�w

(2.14)ṁwi
= ṁw∕Ninj = Cd𝜌wuwAinj

(2.15)binj =

√
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Fig. 7  Misting behavior with respect to water exit velocity and injec-
tor dimension according to Eq. (2.12)

Fig. 8  Flat-fan hydraulic injector layout
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where G1 is a directivity factor which depends on the convec-
tive Mach number Mc and directivity angle � . The G2 term 
accounts for the spectral distribution of the sound power, 
while K1 is a proportionality constant that needs to be cali-
brated. In the present case, a calibration procedure for K1 has 
been carried out with respect to the NASA SP-8072 model 
[16]. In particular, K1 has been chosen to ensure that the 
OASPL predicted by the Q1D model matches as best as pos-
sible the one predicted by the SP-8072 empirical model, for 
any engine in the range of validity of the latter. Lastly, the 
term SPLabs includes dissipation effects due to atmospheric 
absorption [35]:

where fr,O and fr,N are the relaxation frequencies of oxygen 
and nitrogen, respectively, whose equations are reported in 
[35]. As a result, the OASPL at a generic distance r from the 
source is calculated by integrating the sound pressure level 
over all frequencies and propagation directions:

2.2  Optimization procedure

The Q1D numerical tool can be used within a constrained 
optimization procedure to find the best combination of injec-
tion parameters (namely, MFR, �inj , pw , and Ninj ) which 
guarantees the highest noise reduction in the most efficient 
way possible. A vector X with constrained lower bL and 
upper bounds bU , composed of the variables to be optimised, 
is constantly changed according to specific algorithms in 
order to find the minimum of a cost function J:

(2.16)
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(2.18)OASPL(r) = ∫f ∫�
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(2.19)
{

X | min J(X)

bL ≤ X ≤ bU

where, in this case:

A two-step hybrid optimization has been chosen to handle 
the problem at hand. The first part of the procedure consists 
of a particle swarm optimization (PSO) [36]. This algorithm 
is inspired by the behavior of flocks, very useful to test wide 
sections of the domain and to find the location of the global 
minimum in a strongly nonlinear function with multiple 
local minimums. In this case, a suitable initial condition is 
not required. Then, an interior point algorithm is applied, 
which is a gradient-based procedure to find the local mini-
mum of large-scale problems [37]. A suitable initial condi-
tion is required. Therefore, the output of the PSO is used for 
this purpose. The use of the PSO output as the first guess 
in the second part of the procedure allows to start around 
the global minimum, overcoming the intrinsic drawback of 
gradient-based algorithms which can only find local mini-
mums, strongly dependent on the initial condition.

The cost function used for the procedure has been struc-
tured as follows:

where c1 and c2 are constant values, � is the target noise 
reduction, and r∗ is a target location. The cost function works 
on three levels; the first term |� − OASPL(r∗)| ensures that 
the noise suppressor will reach a chosen performance, avoid-
ing the waste of resources that could occur by designing 
an over-performing system. The term c1MFR ensures that 
the target OASPL is reached using the least water possible, 
allowing the design of an efficient system. Lastly, c2Ninj is 
related to the dimensions of the suppressor, dependent on the 
number of injectors. Its aim is to force the optimizer to find 
an optimal design with an acceptable footprint. Since the 
three terms of the cost function have intrinsically different 
units of measure, the constants c1 and c2 must be chosen to 
make the three terms of the same order of magnitude (ide-
ally also with the same unit of measure). This way they will 
have the same impact on the solution and the optimizer will 
not prioritize the minimization of any of them. These coef-
ficients are purely artificial and have no physical meaning, 
but are essential to guide the operations of the optimizer. 
Lower bL and upper bU bounds have been chosen according 
to the best practices identified in literature [5, 12–15] as:

X = Xinj =
[
MFR �inj pw Ninj

]

(2.20)J(Xinj) = |� − OASPL(r∗)| + c1MFR + c2Ninj

MFR ∈ [0.5, 10] �inj ∈ [40, 70] deg

pw ∈ [2, 10] bar Ninj ∈ [2, 64]



A design strategy for water‑based noise suppression systems in liquid rocket engines firing…

1 3

2.3  Design strategy

The optimal combination of the noise suppressor param-
eters Xinj , which is the result of the optimization procedure, 
can finally be used to design the hardware, in particular the 
injectors and the toroidal manifold.

2.3.1  Injectors

For this particular application, only hydraulic injectors have 
been considered, where the fluid acceleration is driven by 
pressure, and atomization is produced thanks to the relative 
velocity between the outgoing jet and ambient air. Despite only 
granting coarse atomization (500 μm–2 mm) and requiring 
four times the pressure to double the mass flow rate, simplic-
ity and compactness of the hardware outweigh the drawbacks.

Regarding the flow shape, a flat-fan has been chosen to 
focus the fluid ejected on a section as narrow as possible, 
which guarantees better performance. In fact, it should be 
recalled that the efficiency of the suppressor is higher as the 
water jets are closer to the exit section of the nozzle. An exam-
ple of hydraulic injectors and flat-fan flows can be seen in 
Fig. 8.

The exit section of a flat-fan injector must be elliptical, and 
must be obtained cutting the surface of an ellipsoid with sym-
metrical V-shaped planes. The properties of the injector, spe-
cifically its effective exit area and jet angle �0 , are defined by 
its characteristic geometric parameters, also shown in Fig. 9. 
These are: (i) the injector diameter dinj , (ii) the inclination of 
the planes used to cut the ellipsoid, also called half-V cut angle 
�V , (iii) the distance between the intersection of the planes and 
the center of the ellipsoid, or cut offset bV , and (iv) the major 
axis of the ellipsoid a2.

The required exit area Ainj for each injector has been com-
puted assuming a discharge coefficient Cd = 0.9 [38], while 

its diameter dinj is assumed to be equal to the major axis of an 
ellipsis with an aspect ratio of 3/2.

According to [39], the cut angle �V is related to the exit jet 
angle through the following empirical model:

therefore, the value of �V can be set once the required jet 
exit angle is known using Eq. 2.23. In this case, �0 has been 
chosen to guarantee that the coverage of the water jet once 
reached the hot flow is about 0.75 times the diameter of the 
nozzle exit section dex . Finally, assuming a semi-spherical 
design ( a2 = 0.5dinj ) of the surface to be cut to simplify the 
manufacture of the element, the cut offset bV has been com-
puted forcing the injector effective exit area (which is the 
area of the injector orifice projected on an horizontal plane) 
to be equal to the required area Ainj.

Once the properties of the injector exit section and its 
diameter are chosen, the length and shape of its inner channel 
must be defined. According to [40, 41], to ensure reproducible 
operating conditions, to obtain a sufficiently high discharge 
coefficient, and to avoid flow separation, it is suggested to 
keep Linj∕dinj at least equal to 4, where Linj is the length of 
the injector inner channel. Furthermore, the use of a rounded 
inlet with Rinj∕dinj at least equal to 0.3, where Rinj is the inflow 
bend radius, greatly increases the reliability of the hardware 
with respect to injectors with a sharp inlet, while using a value 
greater than 1 also ensures a sufficiently high discharge coef-
ficient. These characteristic quantities are schematically shown 

(2.21)Ainj =
ṁw

NinjCd𝜌wuw

(2.22)dinj = 2

√
3Ainj

2�

(2.23)�0 = 188.67 − 9.27�V + 0.119�2
V
− 7.99 ⋅ 10−4�3

V

Fig. 9  Characteristic geometry 
of a flat-fan hydraulic injector
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in Fig. 10. Hence, the system injectors have been designed 
with Linj∕dinj ≃ 6 and Rinj∕dinj ≃ 1.5.

2.3.2  Toroidal manifold

The toroidal manifold must deliver water to the injectors under 
uniform pressure and velocity conditions, and its geometry is 
uniquely defined by its internal and external diameters. The 
first one has to be designed according to the target flow veloc-
ity. In fact, due to mass conservation, the smaller the diameter, 
the higher the velocity:

where Am is the inner channel area of the manifold, ṁw the 
total water mass flow rate, and Nm the number of inlets of 
the manifold. Inspired by the DLR (Germany) experimental 
suppressor [42], the inner diameter of the toroidal manifold 
assuming four inlets (Fig. 1) has been chosen to obtain a 
flow velocity lower than 1 m/s using Eq. (2.24). Having a 
slow-moving flow inside the manifold is crucial in contain-
ing pressure losses. Moreover, to reduce uneven distributions 
of the water flow, the manifold inlets must be designed as 
symmetrically as possible.

On the other hand, the external diameter must be chosen 
to ensure that all budgeted injectors fit in the manifold. For 
this purpose, an artificial parameter has been conceived:

where dmax is the maximum diameter of the injectors and 
H is the vertical distance between the tip of the injectors 
and the tip of the nozzle exit. The parameter Φ in Eq. (2.25) 
represents the total length occupied by the injectors over 
the perimeter of a circle with radius equal to approximately 
the external diameter of the manifold dmax,m ≃ H + 0.5dex . 
Therefore, the geometrical feasibility of the system is 
ensured if Φ is less than 1. For the specific application 
described in this paper, Φ has been constrained to values 

(2.24)ṁw = 𝜌wuwAmNm

(2.25)Φ =
Ninjdmax

2�(H + 0.5dex)

lower than 0.8, due to a safety factor. Heating of the injectors 
due to the hot gases from the nozzle has not been taken into 
account, since the entrainment of ambient air and the water 
flowing inside the elements should provide sufficient cool-
ing. A schematic flowchart of the entire design methodology 
presented in this section is shown in Fig. 11.

3  Results and applications

In the first part of this section the outcome of the parametric 
analysis performed with the Q1D model is reported, along 
with a detailed discussion on the effect of the water-based 
suppressor parameters on its performance. The second part 
presents the results of the optimization procedure, obtained 
by embedding the Q1D model into an iterative process, and 
the results of the sizing of the hardware. Detailed technical 
specifics and a 3D CAD model are also provided.

All analyses shown in this section assume as reference 
engine a 15 kN thrust class LOX/CH4 liquid rocket engine 
characterized by a nominal mixture ratio equal to 3.4, which 
is the optimal value for the selected propellant combina-
tion. The engine chamber pressure and mass flow rate are, 
respectively, 52.8 bar and 5.1 kg/s. A truncated ideal contour 
(TIC) nozzle geometry is assumed to ensure adaptation of 
the nozzle to the assigned ambient pressure, resulting in an 
expansion ratio of ∼ 7.

3.1  Parametric analysis

The Q1D code is used to perform a parametric analysis to 
highlight the influence of the main parameters of the water-
based noise suppressor on its performance. The results are 
shown in Fig. 12, where the OASPL is shown with respect 
to the distance from the nozzle exit plane for different con-
figurations of the suppressor. Figure 12a reports the effect of 
the water over exhaust gases mass flow rate, MFR, showing 
how an increase in the water used generally translates into a 
decrease in the acoustic emission.

From a numerical point of view, the angle of the injector 
axis with respect to the axis of the engine �inj does not seem 
to affect the overall performance, as shown in Fig. 12b (only 
a small performance improvement with the angle is notice-
able). This is due to the fact that the Q1D model intrinsically 
assumes complete penetration of the water jet in the exhaust 
gases, neglecting the major contribution of �inj as observed 
in Sect. 2.1. It must also be underlined that the model does 
not take into account the impact noise produced when the 
water jet interacts with the exhaust gases. This so called 
parasitic noise increases with the inclination of the jet and 
its pressure. The injection angle must therefore be contained 
in order to avoid excessive parasitic noise but, at the same 

Fig. 10  Representation of an injector inner geometry
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time, should not be too small to guarantee water injection as 
close as possible to the nozzle exit section and a sufficient 
penetration of the water inside the exhaust jet.

The water injection pressure pw positively affects both 
the exit velocity of the water jet and the overall atomiza-
tion, improving the performance of the system, as shown in 
Fig. 12c. However, the benefits of using a larger injection 
pressure decrease with the pressure itself. As previously 
said, the parameter must be contained to avoid the presence 
of non negligible parasitic noise and also to avoid overload-
ing the pressurization system.

Lastly, in Fig. 12d, it is shown how the number of injectors 
Ninj has a remarkable effect on the suppressor performance. 
This is due to an improvement in the water jet atomization. In 
fact, increasing the number of injectors allows to manufacture 
smaller elements, which are associated to smaller water drop-
lets. However, a large number of injectors cannot be used due 
to the geometrical constraints of the system.

For the analysis, each suppressor parameter has been indi-
vidually varied, while the others are kept fixed at a reference 
value of, respectively, MFR = 5 , �inj = 50 deg , pw = 6 bar , 
and Ninj = 32.

3.2  Results of the optimization procedure 
and preliminary design

Assuming a target noise reduction of 10 dB at 100 m from 
the acoustic source, following the procedure mentioned in 
Sect. 2.2, the following results are obtained:

The coefficients of the cost function, introduced in 
Eq.  (2.20), are � = 10 dB, r∗ = 100 m , c1 = 0.1 dB , and 
c2 = 0.01 dB . It is important to underline that the coefficients 
c1 and c2 are purely artificial, but needed to make the three 
terms of the cost function of the same order of magnitude.

MFR = 2.54 �inj = 60 deg pw = 8 bar Ninj = 32

Fig. 11  Flowchart of the design 
methodology



 P. M. Zolla et al.

1 3

The optimal combination of system parameters is used 
for the design of the hardware following the procedure 
described in Sect. 2.3, with the resulting dimensions shown 
in Table 1.

The designed water-based noise suppressor is able to 
reduce the emitted noise of a 15 kN thrust class LOX/CH4 
liquid rocket engine by 10 dB using 32 injectors, inclined 

by 60 degrees with respect to the engine axis, and fed by a 
nominal water mass flow rate of 13 kg/s at the pressure of 
8 bar. It should be underlined that the problem of cavita-
tion in the designed injectors can be neglected due to the 
strongly rounded inlet employed. In fact, according to [43, 
44], injectors with rounded inlets are less prone to cavita-
tion with respect to sharp inlets. Indeed, the absence of 
cavitation in the designed injectors has been checked using 
the experimental relationships found in [43]. At this stage 
the system has still one degree of freedom; in fact, once 

Fig. 12  Effect of the system 
parameters on noise emission

(a) (b)

(c) (d)

Table 1  Technical specifics of the water-based suppression system

Total mass flow rate ṁw 13 kg/s
Number of injectors Ninj 32
Injection pressure pw 8 bar
Injection angle �inj 60 deg
Injector inner diameter dinj 4.8 mm
Injector external diameter dmax 19.2 mm
Injector length Linj 31.2 mm
Inlet bend radius Rinj 7.2 mm
Half-V cut angle �V 50 deg
V-cut offset bV +0.4 mm
Number of manifold inlets Nm 4
Manifold inner diameter dm 100 mm
Manifold external diameter dmax,m 490 mm
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pw = 3 bar → ṁw = 7 l/s
pw = 8 bar → ṁw = 13 l/s
pw = 11 bar → ṁw = 15.5 l/s
pw = 14 bar → ṁw = 17.7 l/s

Fig. 13  Designed suppressor performance with respect to water pres-
sure
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the geometry of the injectors is fixed, performance can be 
tuned by changing the pressure level, which affects both 
mass flow rate and misting, allowing to work off-design 
as shown in Fig. 13. Moreover, regarding the position of 
the suppressor with respect to the engine, as previously 
said, the efficiency of the system increases the closer the 
water jet is to the nozzle exit section. Therefore, the sup-
pressor must be positioned accordingly, depending on the 
constraints of the test bench facility.

Lastly, to simplify hardware visualization, a detailed 3D 
CAD model of the injector is provided in Fig. 14.

4  Conclusions

A general design procedure of water-based noise suppres-
sion systems for static firing tests is proposed in this paper. 
To understand the complex relationship between the sys-
tem main parameters and noise emissions, a newly adapted 
steady quasi-one dimensional two-phase model is employed, 
whose features are presented alongside its validation against 
CFD data. The results of the model are sufficiently in agree-
ment with CFD data in the simulated region, with the main 
issue being the assumption of constant jet pressure equal 
to ambient pressure along the engine axis, valid only for 

(a) Front view. (b) Back view.

(c) Detailed lateral view. (d) Detailed top view of the
orifice cut.

Fig. 14  3D CAD model of the injector (all reported dimensions are in mm)



 P. M. Zolla et al.

1 3

adapted jets or for regions of the flow downstream the core 
acoustic waves. The model is then used to perform a com-
prehensive parametric analysis to highlight the effect of 
water-to-jet mass flow ratio, water injection angle, injection 
pressure, and the number of injectors on the performance 
of the noise suppression system. With the exception of the 
injection angle, each one of these quantities seem to have 
a remarkable influence on the acoustic emissions damping 
according to the employed numerical tool.

Embedding the Q1D model into an iterative procedure, a 
two-step optimization of the system parameters which com-
bines particle swarm and internal-point methods is performed, 
and the most efficient combination of MFR, �inj , pw , and Ninj 
for a general target engine is achieved. Optimized parameters 
are finally used for hardware sizing, which is composed by 
two main subsystems: injectors and manifold. Hydraulic flat-
fan injectors are chosen for the problem at hand, to guarantee 
that the water jet is focused on a section as narrow as possible, 
ideally as close as possible to the nozzle exit section. Char-
acteristic dimensions of the injector elliptical orifice can be 
obtained once the required coverage of the water jet and the 
required effective area of the injector are known. The inner 
channel shape is designed according to best practices avail-
able in literature. In particular, reproducibility of the operative 
conditions, stability of the flow, and a high discharge coef-
ficient can be granted using a ratio length-to-diameter of the 
channel Linj∕dinj greater than 4, and a rounded inlet with bend-
radius-to-diameter of the channel Rinj∕dinj greater than 1. The 
toroidal manifold is, instead, uniquely defined by its internal 
and external diameters. Using the principle of conservation 
of mass, the inner diameter can be sized by fixing the maxi-
mum velocity allowed. This constraint is useful to avoid high 
pressure losses and flow inhomogeneities. Lastly, the external 
diameter is related to the dimensions of the manifold, which 
must be sufficiently large to host all the budgeted injectors.

Finally, the proposed procedure is applied to a 15 kN thrust 
class LOX/CH4 liquid rocket engine with a mass flow rate of 
5.1 kg/s, resulting in the design of a suppression system able 
to reduce the emitted noise by 10 dB, using 32 injectors fed by 
13 kg/s of water at a nominal pressure of 8 bar. Water pressure 
can still be used as a degree of freedom to adjust the overall 
performance of the designed noise suppression system.

Author Contributions The contributions of M. Bernardini, F. Creta, B. 
Favini, R. Paciorri, S. Pirozzoli, and M. Valorani to the study and reali-
zation of the noise suppression device foreseen in the above research 
program and that allowed carrying out the present study are greatly 
acknowledged.

Funding Open access funding provided by Università degli Studi di 
Roma La Sapienza within the CRUI-CARE Agreement. The present 
work has been carried out within the contribution of CRAS (Centro 
Ricerca Aerospaziale Sapienza) to the industrial research program 
GENERAZIONE E–Ricerca e sperimentazione di materiali, sistemi 

diagnostici e di controllo ambientale per i veicoli funded by the Ital-
ian Ministry of University and Research in the area of aerospace with 
reference no. ARS01_01318.

Declarations 

 Conflict of interest On behalf of all authors, the corresponding author 
states that there are no competing interests to declare that are relevant 
to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Lubert, C.P.: Sixty years of launch vehicle acoustics. In: Pro-
ceedings of Meetings on Acoustics, New Orleans, LA, vol. 31, p. 
040004 (2017). https:// doi. org/ 10. 1121/2. 00007 04

 2. Stephan, S., Radespiel, R.: Propulsive jet simulation with air 
and helium in launcher wake flows. CEAS Space J. 9(2), 195–
209 (2017). https:// doi. org/ 10. 1007/ s12567- 016- 0142-4

 3. Dougherty, N., Guest, S.: A correlation of scale model and flight 
aeroacoustic data for the space shuttle vehicle. In: 9th Aeroa-
coustics Conference, Williamsburg, AIAA 84-2351 (1984). 
https:// doi. org/ 10. 2514/6. 1984- 2351

 4. Tam, C.K.: Supersonic jet noise. Annu. Rev. Fluid Mech. 27(1), 
17–43 (1995). https:// doi. org/ 10. 1146/ annur ev. fl. 27. 010195. 
000313

 5. Zoppellari, E., Juve, D.: Reduction of hot supersonic jet noise 
by water injection. In: 4th AIAA/CEAS Aeroacoustics Con-
ference, Toulouse, AIAA 98-2204 (1998). https:// doi. org/ 10. 
2514/6. 1998- 2204

 6. Krothapalli, A., Venkatakrishnan, L., Lourenco, L., Elavarasan, 
R.: Supersonic jet noise suppression by water injection. In: 6th 
Aeroacoustics Conference and Exhibit, Lahaina, AIAA 2000-
2025 (2000). https:// doi. org/ 10. 2514/6. 2000- 2025

 7. Krothapalli, A., Venkatakrishnan, L., Lourenco, L., Greska, 
B., Elavarasan, R.: Turbulence and noise suppression of a 
high-speed jet by water injection. J. Fluid Mech. 491, 131–159 
(2003). https:// doi. org/ 10. 1017/ S0022 11200 30052 26

 8. Li, J., Jiang, Y., Yu, S., Zhou, F.: Cooling effect of water injec-
tion on a high-temperature supersonic jet. Energies 8(11), 
13194–13210 (2015). https:// doi. org/ 10. 3390/ en811 12363

 9. Kandula, M.: Prediction of turbulent jet mixing noise reduction 
by water injection. AIAA J. 46(11), 2714–2722 (2008). https:// 
doi. org/ 10. 2514/1. 33599

 10. Himelblau, H., Manning, J.E., Piersol, A.G., Rubin, S.: Nasa 
handbook 7005: dynamic environmental criteria. Technical 
report, NASA HDBK-7005 (2001). https:// ntrs. nasa. gov/ citat 
ions/ 20190 026820

 11. Gely, D., Elias, G., Bresson, C., Foulon, H., Radulovic, S., 
Roux, P.: Reduction of supersonic jet noise-application to the 
ariane 5 launch vehicle. In: 6th Aeroacoustics Conference and 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1121/2.0000704
https://doi.org/10.1007/s12567-016-0142-4
https://doi.org/10.2514/6.1984-2351
https://doi.org/10.1146/annurev.fl.27.010195.000313
https://doi.org/10.1146/annurev.fl.27.010195.000313
https://doi.org/10.2514/6.1998-2204
https://doi.org/10.2514/6.1998-2204
https://doi.org/10.2514/6.2000-2025
https://doi.org/10.1017/S0022112003005226
https://doi.org/10.3390/en81112363
https://doi.org/10.2514/1.33599
https://doi.org/10.2514/1.33599
https://ntrs.nasa.gov/citations/20190026820
https://ntrs.nasa.gov/citations/20190026820


A design strategy for water‑based noise suppression systems in liquid rocket engines firing…

1 3

Exhibit, Lahaina, AIAA 2000-2026 (2000). https:// doi. org/ 10. 
2514/6. 2000- 2026

 12. Ignatius, J.K., Sankaran, S., Kumar, R.A., Satyanarayana, T., 
Chakravarthy, S.R.: Suppression of jet noise by staged water 
injection during launch vehicle lift-off. Int. J. Aeroacoust. 7(3–
4), 223–241 (2008). https:// doi. org/ 10. 1260/ 1475- 472X.7. 3. 223

 13. Ignatius, J.K., Sathiyavageeswaran, S., Chakravarthy, S.R.: 
Hot-flow simulation of aeroacoustics and suppression by water 
injection during rocket liftoff. AIAA J. 53(1), 235–245 (2015). 
https:// doi. org/ 10. 2514/1. J0530 78

 14. Sankaran, S., Ignatius, J.K., Ramkumar, R., Satyanarayana, T., 
Chakravarthy, S.R., Panchapakesan, N.: Suppression of high 
Mach number rocket jet noise by water injection. J. Spacecr. 
Rockets 46(6), 1164–1170 (2009). https:// doi. org/ 10. 2514/1. 
43421

 15. Norum, T.: Reductions in multi-component jet noise by water 
injection. In: 10th AIAA/CEAS Aeroacoustics Conference, 
Manchester, AIAA 2004-2976 (2004). https:// doi. org/ 10. 2514/6. 
2004- 2976

 16. Langley Research Center, Eldred, K.: Acoustic loads generated by 
the propulsion system. Technical report, NASA-SP-8072 (1971). 
https:// ntrs. nasa. gov/ citat ions/ 19710 023719

 17. Lyrintzis, A.S.: Surface integral methods in computational aeroa-
coustics-from the (cfd) near-field to the (acoustic) far-field. Int. J. 
Aeroacoust. 2(2), 95–128 (2003). https:// doi. org/ 10. 1260/ 14754 
72033 22775 498

 18. Lyrintzis, A.S., Coderoni, M.: The use of large eddy simulations 
in jet aeroacoustics. In: AIAA Scitech 2019 Forum, San Diego, 
AIAA 2019-0633 (2019). https:// doi. org/ 10. 2514/6. 2019- 0633

 19. Salehian, S., Kourbatski, K., Golubev, V.V., Mankbadi, R.R.: 
Numerical aspects of rocket lift-off noise with launch-pad aque-
ous injection. In: AIAA Aerospace Sciences Meeting, Kissimmee, 
AIAA 2018-0519 (2018). https:// doi. org/ 10. 2514/6. 2018- 0519

 20. Kandula, M.: Broadband shock noise reduction in turbulent jets by 
water injection. Appl. Acoust. 70(7), 1009–1014 (2009). https:// 
doi. org/ 10. 1016/j. apaco ust. 2008. 12. 001

 21. National Aeronautics and Space Administration.: Quasi 1-d analy-
sis of a circular, compressible, turbulent jet laden with water drop-
lets. appendix c. Technical report, NASA (2001). https:// ntrs. nasa. 
gov/ citat ions/ 20020 051137

 22. Balasubramanyam, M.S., Trinh, H.P.: Evaporating spray in 
supersonic streams including turbulence effects. In: 44th AIAA 
Aerospace Sciences Meeting and Exhibit, Reno, AIAA 2006-1338 
(2006). https:// doi. org/ 10. 2514/6. 2006- 1338

 23. Post, S., Iyer, V., Abraham, J.: A study of near-field entrainment in 
gas jets and sprays under diesel conditions. J. Fluids Eng. 122(2), 
385–395 (2000). https:// doi. org/ 10. 1115/1. 483268

 24. Franco Medrano, F., Fukumoto, Y., Velte, C.M., Hodžić, A.: Mass 
entrainment rate of an ideal momentum turbulent round jet. J. 
Phys. Soc. Jpn. 86(3), 034401 (2017). https:// doi. org/ 10. 7566/ 
JPSJ. 86. 034401

 25. Pizzarelli, M., Nasuti, F., Paciorri, R., Onofri, M.: Numerical 
analysis of three-dimensional flow of supercritical fluid in cool-
ing channels. AIAA J. 47(11), 2534–2543 (2009). https:// doi. org/ 
10. 2514/1. 38542

 26. Betti, B., Martelli, E., Nasuti, F., Onofri, M.: Numerical study 
of heat transfer in film cooled thrust chambers. In: 48th AIAA/
ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, AIAA 
2012-3907 (2012). https:// doi. org/ 10. 2514/6. 2012- 3907

 27. Betti, B., Nasuti, F., Martelli, E.: Numerical evaluation of heat 
transfer enhancement in rocket thrust chambers by wall ribs. 
Numer. Heat Transf. Part A Appl. 66(5), 488–508 (2014). https:// 
doi. org/ 10. 1080/ 10407 782. 2014. 885233

 28. Betti, B., Pizzarelli, M., Nasuti, F.: Coupled heat transfer analysis 
in regeneratively cooled thrust chambers. J. Propul. Power 30(2), 
360–367 (2014). https:// doi. org/ 10. 2514/1. B34855

 29. Betti, B., Bianchi, D., Nasuti, F., Martelli, E.: Chemical reaction 
effects on heat loads of CH4/O2 and H2/O2 rockets. AIAA J. 
54(5), 1693–1703 (2016). https:// doi. org/ 10. 2514/1. J0546 06

 30. Kooij, S., Sijs, R., Denn, M.M., Villermaux, E., Bonn, D.: What 
determines the drop size in sprays? Phys. Rev. X 8(3), 031019 
(2018). https:// doi. org/ 10. 1103/ PhysR evX.8. 031019

 31. Elkotb, M.: Fuel atomization for spray modelling. Prog. Energy 
Combust. Sci. 8(1), 61–91 (1982). https:// doi. org/ 10. 1016/ 0360- 
1285(82) 90009-0

 32. Semião, V., Andrade, P., da Graça Carvalho, M.: Spray characteri-
zation: numerical prediction of Sauter mean diameter and droplet 
size distribution. Fuel 75(15), 1707–1714 (1996). https:// doi. org/ 
10. 1016/ S0016- 2361(96) 00163-9

 33. Post, S.L., Hewitt, A.J.: Flat-fan spray atomization model. Trans. 
Am. Soc. Agric. Biol. Eng. 61(4), 1249–1256 (2018). https:// doi. 
org/ 10. 13031/ trans. 12572

 34. Kandula, M., Vu, B.: On the scaling laws for jet noise in subsonic 
and supersonic flow. In: 9th AIAA/CEAS Aeroacoustics Confer-
ence and Exhibit, Hilton Head, AIAA 2003-3288 (2003). https:// 
doi. org/ 10. 2514/6. 2003- 3288

 35. Sutherland, L.C., Piercy, J.E., Bass, H.E., Evans, L.B.: Method for 
calculating the absorption of sound by the atmosphere. J. Acoust. 
Soc. Am. 56(S1) (1974). https:// doi. org/ 10. 1121/1. 19140 56

 36. Poli, R., Kennedy, J., Blackwell, T.: Particle swarm optimiza-
tion. Swarm Intell. 1(1), 33–57 (2007). https:// doi. org/ 10. 1007/ 
s11721- 007- 0002-0

 37. Byrd, R.H., Hribar, M.E., Nocedal, J.: An interior point algo-
rithm for large-scale nonlinear programming. SIAM J. Optim. 
9(4), 877–900 (1999). https:// doi. org/ 10. 1137/ S1052 62349 73251 
07

 38. Post, S.L., Roten, R.L., Connell, R.J.: Discharge coefficients of 
flat-fan nozzles. Trans. Am. Soc. Agric. Biol. Eng. 60(2), 347–351 
(2017). https:// doi. org/ 10. 13031/ trans. 12064

 39. Zhou, Q., Miller, P., Walklate, P., Thomas, N.: Prediction of spray 
angle from flat fan nozzles. J. Agric. Eng. Res. 64(2), 139–148 
(1996). https:// doi. org/ 10. 1006/ jaer. 1996. 0055

 40. Bazarov, V., Yang, V., Puri, P.: Design and dynamics of jet and 
swirl injectors, pp. 19–103 (2004). https:// doi. org/ 10. 2514/5. 
97816 00866 760. 0019. 0103

 41. Gill, G., Nurick, W.H.: Liquid rocket engine injectors. Technical 
report, NASA-SP-8089 (1976). https:// ntrs. nasa. gov/ citat ions/ 
19760 023196

 42. Kallina, P., Böhm, C., Kruhsel, G.: Rocket engine noise reductions 
by water injection at dlr test bench p8. In: 49th AIAA/ASME/
SAE/ASEE Joint Propulsion Conference, San Jose, AIAA 2013-
4020 (2013). https:// doi. org/ 10. 2514/6. 2013- 4020

 43. Chaves, H., Bauz, F., Lopez, E.: Scaling of cavitation in nozzles 
depending on rounding of the inlet and on fuel properties using 
transparent nozzles. In: ILASS—27th Annual Conference on Liq-
uid Atomization and Spray Systems, Brighton (2016)

 44. Mohamed, M.A.E.-A., Abdel Hameed, H.E.-S., Shaltout, R.E., 
El-Salmawy, H.A.A.: Prediction of the impact of nozzle geometry 
on spray characteristics. ACS Omega 6(9), 6218–6230 (2021). 
https:// doi. org/ 10. 1021/ acsom ega. 0c057 67

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2514/6.2000-2026
https://doi.org/10.2514/6.2000-2026
https://doi.org/10.1260/1475-472X.7.3.223
https://doi.org/10.2514/1.J053078
https://doi.org/10.2514/1.43421
https://doi.org/10.2514/1.43421
https://doi.org/10.2514/6.2004-2976
https://doi.org/10.2514/6.2004-2976
https://ntrs.nasa.gov/citations/19710023719
https://doi.org/10.1260/147547203322775498
https://doi.org/10.1260/147547203322775498
https://doi.org/10.2514/6.2019-0633
https://doi.org/10.2514/6.2018-0519
https://doi.org/10.1016/j.apacoust.2008.12.001
https://doi.org/10.1016/j.apacoust.2008.12.001
https://ntrs.nasa.gov/citations/20020051137
https://ntrs.nasa.gov/citations/20020051137
https://doi.org/10.2514/6.2006-1338
https://doi.org/10.1115/1.483268
https://doi.org/10.7566/JPSJ.86.034401
https://doi.org/10.7566/JPSJ.86.034401
https://doi.org/10.2514/1.38542
https://doi.org/10.2514/1.38542
https://doi.org/10.2514/6.2012-3907
https://doi.org/10.1080/10407782.2014.885233
https://doi.org/10.1080/10407782.2014.885233
https://doi.org/10.2514/1.B34855
https://doi.org/10.2514/1.J054606
https://doi.org/10.1103/PhysRevX.8.031019
https://doi.org/10.1016/0360-1285(82)90009-0
https://doi.org/10.1016/0360-1285(82)90009-0
https://doi.org/10.1016/S0016-2361(96)00163-9
https://doi.org/10.1016/S0016-2361(96)00163-9
https://doi.org/10.13031/trans.12572
https://doi.org/10.13031/trans.12572
https://doi.org/10.2514/6.2003-3288
https://doi.org/10.2514/6.2003-3288
https://doi.org/10.1121/1.1914056
https://doi.org/10.1007/s11721-007-0002-0
https://doi.org/10.1007/s11721-007-0002-0
https://doi.org/10.1137/S1052623497325107
https://doi.org/10.1137/S1052623497325107
https://doi.org/10.13031/trans.12064
https://doi.org/10.1006/jaer.1996.0055
https://doi.org/10.2514/5.9781600866760.0019.0103
https://doi.org/10.2514/5.9781600866760.0019.0103
https://ntrs.nasa.gov/citations/19760023196
https://ntrs.nasa.gov/citations/19760023196
https://doi.org/10.2514/6.2013-4020
https://doi.org/10.1021/acsomega.0c05767

	A design strategy for water-based noise suppression systems in liquid rocket engines firing tests
	Abstract
	1 Introduction
	2 Methodology and models
	2.1 Description and validation of the Q1D model
	2.1.1 Simplified atomization model
	2.1.2 Sound propagation model

	2.2 Optimization procedure
	2.3 Design strategy
	2.3.1 Injectors
	2.3.2 Toroidal manifold


	3 Results and applications
	3.1 Parametric analysis
	3.2 Results of the optimization procedure and preliminary design

	4 Conclusions
	References




