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Subscale model tests and a numerical investigation are performed to predict and attenuate 

acoustic level of the Epsilon launch vehicle at lift-off. Requirements for the subscale model test 

to predict a full-scale acoustic environment are investigated, and then, the scale size of the 

model test is set at 1/42. The launch pads employed herein are designed to attenuate reflection 

of the Mach wave radiated from the free jet and the acoustic wave due to the jet’s impinging 

on the flame deflector. When comparing the acoustic result taken at the fairing location with 

that at three different altitude, 9De, 14De, and 22De, where De represents the nozzle exit 

diameter, the acoustic level observed at 14De is the highest and exceeds the design requirement 

at all frequencies. It is revealed from the numerical analysis that the reflection of Mach waves 

radiating from the free jet within the flame path is dominant acoustic sources. A front cover 

is attached to the vertical flame path to shield the Mach wave radiation, and 3 dB attenuation 
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in overall sound pressure level is achieved. The design methods and the knowledge obtained 

in this study are valid for the design of the launch pad to attenuate lift-off acoustics. 

Nomenclature 
C = speed of sound, m/s 

C* = critical speed of sound, m/s 

D = diameter, m 

f = frequency, Hz 

H = distance of the nozzle exit from the ground, or ground plate, m 

L = length scale, m 

M = Mach number 

ሶ݉  = mass flow rate, kg/s 

N = Fresnel number 

P = pressure, Pa 

ΔP = pressure fluctuation from the ambient value, Pa 

R = radius of microphone arc, m 

Re = Reynolds number 

St = Strouhal number 

U = velocity, m/s 

Uc = convective velocity of vortex structure, m/s 

W = overall acoustic power, W 

Wref = reference acoustic power, 10-12 W 

Xc = core length of jet from nozzle exit, m 

Xp = location of sound power peak from nozzle exit, m 

γ = specific heat ratio 

δ = difference of acoustic propagation path 

η = acoustic efficiency 

θ = angle from free jet axis, degree 
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λ = wave length, m 

μ = molecular viscosity, Pa·s 

ρ = density, kg/m3 

Subscripts 

a = ambient condition 

e = nozzle exit condition 

full = full-scale 

j = fully-expanded jet condition 

o = chamber stagnation condition 

sub = subscale 

 

I. Introduction 
ROPULSIVE power generated by rocket engines is so strong that exhaust jets emit an intense pressure wave. 

The pressure wave propagates to the launch vehicle, causing severe acoustic loading. Prediction and reduction of the 

relevant acoustic levels is an important design challenge in developing a launch vehicle and a payload. The retired M-

V solid launcher generates 3,700 kN of thrust at lift-off, and the overall acoustic power reaches 197 dB. The measured 

acoustic level outside the fairing was roughly 158 dB in overall sound pressure level (OASPL). [1] The development 

of the Epsilon launch vehicle to succeed the M-V requires reduction of the acoustic levels. The standard configuration 

of the Epsilon is composed of a three-staged solid rocket, and can launch a 1,200 kg payload into low earth orbit. The 

required acoustic level outside the fairing of the Epsilon is 147 dB in OASPL, even though the overall acoustic power 

generated by the 1st-stage solid motor with the thrust of 2,000 kN is 194 dB, only 3dB lower than that of the M-V. 

Moreover, Epsilon launches will need to reuse launch pad components from the M-V such as the rocket assembly 

tower and the boom, as shown in Fig. 1. This requirement also implies that a water injection system for noise reduction 

cannot be employed. 

 NASA SP-8072 [2] has been referenced to predict the acoustic levels of launch vehicles during lift-off. NASA SP-

8072 describes an empirical method based on flight data and firing tests. Acoustic parameters, such as source power 

distribution, frequency distribution, and directivity, are modeled based on the characteristics of the free jet. They are 

distributed along the jet flow over the launch pad. It is evident that the acoustic mechanism is not the same as that of 

P
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the free jet, when the exhaust jet impinges on a flame deflector. In NASA SP-8072, the effect of jet impingement on 

the flame deflector is included in the acoustic efficiency calculation. Many studies have been carried out to improve 

upon the method described in NASA SP-8072. Varnier reports that the length of the jet core proposed by Eldred et al. 

should be reduced, based on acoustic measurements. [3] On the other hand, Horne et al. and James et al. have recently 

shown the validity of Eldred’s modeled jet core length. [4,5] Jet core length is directly correlated to the source power 

and frequency distributions, so that modeling the jet core length is one of the key issues in NASA SP-8072. However, 

the discussion remains open. Directivity is also a key parameter with great impact in NASA SP-8072. Haynes and 

Kenny compare the measured directivity of static firing tests using a full-scale solid motor and the model of Eldred et 

al. [6] Considering the effects of the flame deflector, Varnier implements the empirical model in the case of jet-plate 

interaction. [7] Koudriavtsev and Safronov propose another empirical model based on detailed measurements of the 

jet’s impingement on practical deflectors. [8] Acoustic propagation is another issue for consideration. Spherical wave 

propagation from each point source distributed along the flow path is assumed in NASA SP-8072, but it is difficult to 

evaluate the effect of reflection and diffraction caused by complex launch pad structures. Plotkin introduces both the 

effects of reflection and diffraction into the sound propagation model within NASA SP-8072. [9] Casalino et al. 

employs Computational AeroAcoustics (CAA) to evaluate acoustic propagation from the noise sources by an 

empirical method. [10] 

 Even though all these studies have been conducted to improve the prediction accuracy of the empirical method, 

the prediction accuracy so far demonstrated is insufficient, because the acoustic mechanism is not yet clearly 

understood. Acoustic measurements using subscale models are essential for the development of the launch pad. [11-

15] 1/20-scale tests are performed in the development of the Ares I, Ariane 5, and VEGA launch vehicles. In addition, 

simplified model tests using a hot jet generated from a hydrogen-air combustor are conducted for the Ariane 5 and 

VEGA at the MARTEL facility. Since each test at the MARTEL facility can be conducted easily, the flame duct and 

water injection system are designed. [13,14] Recently, phased array having several tens of microphones is used to 

identify the acoustic source distribution. Such result also supports the design of the launch pad to attenuate acoustic 

level at lift-off. [13,15] Tsutsumi et al. apply Computational Fluid Dynamics (CFD) based on an implicit Large-Eddy 

Simulation (LES) to investigate the acoustic generation mechanism for the Japanese launch vehicles. [16, 17] Acoustic 

waves emanating from the jet that impinges on the deflector are also studied numerically, and the shape of the deflector 

to reduce the acoustic level is discussed. [18] Nonomura et al. investigate the acoustic mechanism for a cold jet having 
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Me=2.0 impinging to a 45-degree-inclined flat plate by using implicit LES. [19, 20] Tsutsumi et al. and Akamine et 

al. also carry out both numerical and experimental studies in order to understand a Me=1.8 cold jet impinging to 

inclined flat plates. [21, 22] CFD is a useful tool for analyzing the mechanism of acoustics, and is extensively 

employed in the development of the Epsilon launch vehicle. 1/42-scale model test is also conducted for obtaining an 

acoustic level with sufficient accuracy. This study discusses requirements for the subscale model acoustic prediction 

test, as well as methods to predict a full-scale acoustic environment based on the subscale result in section II. In the 

section III, setups for the test stand and measurement system are briefly explained with a discussion of error 

estimations and the reliability of acoustic results. Based on findings in the previous studies, launch pads tested in this 

study are designed to decrease the acoustic level of the vehicle. In section IV, ideas to attenuate acoustic waves 

propagating to the vehicle are proposed. The CFD tool employed in this study is shown in section V with a validation 

study using experimentally obtained microphone data. In section VI, the acoustic field is discussed based on the 

microphone results, and further techniques for acoustic attenuation is analyzed by with CFD and is examined 

quantitatively in the subscale test. 

 

II. Requirements for Subscale Tests and Prediction of Full-scale Acoustics 

A subscale model test is necessary for obtain an acoustic level with sufficient accuracy, but requirements for the 

subscale test, such as scale size, are not obvious that will generate the same acoustic spectrum as that of the practical 

launch environment. Acoustic generation and propagation should be considered separately to clarify the requirements 

for the subscale model test.  

The Reynolds number and the Strouhal number based on the nozzle exit are a key parameter for the acoustic 

generation, and should be made identical between the subscale test and the full-scale environment in order to obtain 

the same acoustic features. 

Re ൌ ௘ߩ ௘ܷܦ௘ ⁄௘ߤ                (1) 

St ൌ ௘ܦ݂ ௘ܷ⁄                 (2) 

However, the relationship between the nozzle exit velocity, Ue, and the nozzle exit diameter, De, indicates that the 

same Reynolds number and Strouhal number cannot be obtained in the subscale test and the full-scale environment. 

The acoustic spectrum can be normalized by the Strouhal number, if the Reynolds number for the subscale test is 
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chosen carefully. The shadowgraph of a cold jet with Me=2 is shown in Fig. 2. The figure displays clear Mach wave 

radiation. The Mach wave radiation is one of the dominant mechanisms for acoustics during lift-off of the launch 

vehicle. [16,23] Troutt and McLaughlin show the effect of the Reynolds number on the acoustic spectrum of cold jets 

having Me=2. [24] The result of the lowest Re number (7900) shown in Fig. 3(c) shows a distinct peak at St=0.2 since 

the vortex structure corresponding to that size becomes dominant. Comparing the results of higher Reynolds numbers 

shown in Figs. 3(a) and (b), almost identical spectra are obtained. The comparison shown in Fig. 3 indicates that the 

Reynolds number of the subscale motor should be greater than roughly 105. Acoustic diffraction and reflection due to 

launch-pad structure and ground surface are major issues for consideration. Maekawa’s thin screen acoustic shielding 

model is well known for effective acoustic diffraction. In that model, the attenuation level due to diffraction is 

normalized by the Fresnel number, N ൌ ߜ2 ⁄ߣ , where δ represents the difference between the directed and diffracted 

acoustic propagation paths. [25] It has also been shown that perfect reflection of the acoustic wave can be normalized 

by the Fresnel number. [26] Therefore, the following equation is derived from the Fresnel number in order to equalize 

the same characteristics of acoustic propagation between the sub- and full-scale models. 

௙௨௟௟ߜ ⁄௙௨௟௟ߣ ൌ ௦௨௕ߜ ⁄௦௨௕ߣ              (3) 

Therefore, the following relationship is derived. 

௙݂௨௟௟ܮ௙௨௟௟ ൌ ௦݂௨௕ܮ௦௨௕             (4) 

Note that difference of the path, δ, is replaced by L, representing the length scale of the model. Comparing Eqs. (2) 

and (4), it is derived that the exit velocity of the subscale motor should be equal to that of the full-scale motor when 

the acoustic spectrum can be normalized by the Strouhal number. 

Directivity is another issue that should also be considered in designing the subscale test. The directivity angle of the 

Mach wave from the jet axis can be derived from the convective velocity of the vortex structure and the ambient sound 

velocity.  

ߠ ൌ cosିଵሺܥ௔ ௖ܷ⁄ ሻ            (5) 

The convective velocity is expressed as ௖ܷ ൌ ܭ ௘ܷ where K is a constant and estimated to be between 0.5 and 0.7. [27] 

Assuming that the constant K is the same value regardless of the size of the motor, the Eq. (5) indicates that two jet 

having identical exit velocity result in the same directivity. Therefore, requirements for the subscale model test are as 

follows; 1) the Reynolds number based on the nozzle exit exceeds 105 and 2) the exit velocities of the jets are equal.  

 According to Varnier [3], overall acoustic power level is estimated with: 
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ܹ ൌ ߟ
ଵ

ଶ
ሶ݉ ௝ܷ

ଶ              (6) 

The acoustic efficiency is evaluated based on following equation. [3, 28] 

ߟ ൌ 0.0012 ቀ
ఊೕ
ఊೌ
ቁ ቀ

஼∗

஼ೌ
ቁ
ଷ
ቀ
஼∗

௎೐
ቁ
ଶ
          (7) 

According to Eq. (7), keeping acoustic efficiency constant depends on the propellant and combustion conditions, such 

as chamber pressure, chamber temperature, and the area ratio of the nozzle being the same between the sub- and the 

full-scale motors. Moreover, Uj will also be equal under the above conditions. The following relationship for the 

overall acoustic power level results. 

௙ܹ௨௟௟ ൌ ቀ
௠ሶ ೑ೠ೗೗
௠ሶ ೞೠ್

ቁ ௦ܹ௨௕           (8) 

The ratio of the mass flow rate can be reduced to the square of the length scale ratio. Therefore, Eq. (8) can be rewritten 

as follows: 

௙ܹ௨௟௟ ൌ ቀ
௅೑ೠ೗೗
௅ೞೠ್

ቁ
ଶ

௦ܹ௨௕           (9) 

Assuming that the acoustic wave propagates spherically, sound pressure level (SPL) is evaluated from: 

SPL ൌ 10 log ൬ ௐ

ௐೝ೐೑
൰ െ 10 logሺ4ܴߨଶሻ         (10) 

 The second term in the right hand side of Eq. (10) indicates the distance law of the acoustic propagation, and the 

difference between motor scales is expressed as 10 log൫ܮ௦௨௕ ⁄௙௨௟௟ܮ ൯
ଶ
. Consequently, Eqs. (9) and (10) show that 

SPLsub is equivalent to SPLfull. According to Eq. (4), which is valid for subscale tests having appropriate Re and exit 

jet velocity as discussed above, a relationship for the frequencies is derived easily as follows: 

௙݂௨௟௟ ൌ ൬௅ೞೠ್
௅೑ೠ೗೗

൰ ௦݂௨௕            (11) 

Equation (11) explains that the acoustic wave measured from the subscale test has a higher frequency-to-scale ratio 

than that of the full-scale environment. The derived Eqs. (9) and (11) agree with Dougherty and Guest’s findings in 

their study of the space shuttle environment based on a 6.4% scale model test. [11] 

 In order to predict the full-scale acoustic environment based on the subscale results, the error associated with the 

difference between sub- and full-scale conditions should be estimated. When the acoustic wave propagates in air, 

acoustic energy is absorbed due to the viscosity of the air. According to Eq. (4), the wave length for the subscale 

model is shorter than that of the full-scale model, thus larger attenuation appears in the subscale test. The effect of air 

absorption estimated based on reference [29] is shown in Fig. 4. Propagation distance is set to 60De here, and 
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attenuation levels between full-scale and 1/42-scale environments are compared. At St=0.5 (ffull=790 Hz), for example, 

the attenuation level of the subscale model is estimated to be 1.8 dB larger than that of the full-scale environment. 

Ambient temperature distribution causes non-uniform speed of sound in the air, resulting in the refraction of acoustic 

waves. [30] The refraction may also be a source of error, and the effect is remarkable in higher frequency regions. 

Target frequency in the full-scale launch vehicle reaches 2 kHz. Considering a 2 kHz acoustic wave propagating 40 

m in the air with a gradient in the speed of sound of ±0.3 1/s, the difference due to refraction is estimated to be roughly 

3 dB. Therefore, the effect of acoustic refraction is not negligible. In reality, temperature distribution of the ambient 

air around the launch vehicle is too complicated to estimate analytically because of the convection and radiation from 

hot exhaust jets. Much care should be paid to the error attributed to the acoustic refraction when the full-scale acoustic 

level is predicted based on subscale measurements. [28] The discussion here shows the examples of the error. Further 

discussion will be carried out when the subscale results is compared with the flight data. 

 

III. Subscale Model Test 

The Subscale Measurement for Acoustic Prediction (SMAP) testing campaign is conducted at the Noshiro Rocket 

Testing Center. 15 solid motors are used during the SMAP testing campaign. Figure 5 shows a schematic of the test 

stand. A subscale solid motor representing the 1st stage of the Epsilon launcher is attached to a load cell to measure 

thrust, and then, the load cell is attached to a hydraulic cylinder to change the motor height. The hydraulic cylinder is 

suspended from the ceiling of the stand. A subscale launch pad is mounted on the square steel plate with 50De×50De 

size representing the ground surface. Acoustic absorption material is wrapped around the test stand, the hydraulic 

cylinder, and microphone arcs to prevent reflection.  

A. Specifications of Subscale Motor 

Subscale motors having similar propellant to the 1st stage motor of the Epsilon are employed in the SMAP testing 

campaign. Considering the requirements for the subscale motor, the nozzle is designed to obtain the appropriate exit 

velocity. A motor scale of 1/42 is selected. The Reynolds number based on the nozzle exit results in 2.2×105, which 

meets the requirement discussed in section II. Jet parameters are listed in Table 1. Typical time history of Po and thrust 

are shown in Fig. 6. Working time is roughly 2 s, and the acoustic data is extracted from 0.25 s to 2.0 s where Po 

nearly shows a plateau. The thrust shown in Fig. 6 shows a similar profile as the Po, and the thrust at the plateau region 
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is roughly 1 kN. Based on Varnier [3], the core length of the jet of the subscale motor is estimated to be ܺ௖ ൌ

௝൫1ܦ1.75 ൅ ௝൯ܯ0.38
ଶ
ൌ  ௘, and the location of the sound power peak supposed to originate in the Mach waveܦ6.7

radiation from the free jet is calculated to be ܺ௣ ൎ 1.5ܺ௖ ൌ  ௘. [2] Note that change of the nozzle exit diameterܦ10.0

during the firing of 2 s is negligible, so that De is fixed to the designed value in this study. 

B. Acoustic Measurement Setup 

1/4 inch condenser microphones, GRAS 40BP, are employed with rain protection caps, GRAS RA0127. Locations 

of the microphones are shown in Fig. 7. Far-field acoustics are measured with a microphone arc of 6 microphones 

separated by 10-degree increments at a radius of 60De from the impingement point. An additional 3 microphones are 

located 11De upward from the nozzle exit plane to measure the acoustic environment around the faring of the Epsilon 

launch vehicle. These three microphones are distributed circumferentially to the west, south, and east directions. 

Figure 8 shows a typical Power Spectrum Density (PSD) plot. A bumpy spectrum appeared at frequencies over 30 

kHz. According to the preliminary study in the anechoic chamber, this spectrum must be attributed to the rain 

protection cap, not the physics of the system. Therefore, the measured acoustic spectrum up to 30 kHz, corresponding 

to 710 Hz at full-scale, is considered for the discussion below.  

Error included in the obtained acoustic data is discussed below. The surface of the microphones are located parallel 

to the direction of acoustic wave propagation in order to minimize error due to the incidence angle of acoustic waves. 

According to the data sheet for GRAS 40BP, the error at the maximum fsub = 30 kHz is roughly ±0.5 dB. Figure 4 

shows that error originating in the acoustic wave propagation through the air is 1.5 dB at St= 0.46 (fsub = 30 kHz). 

These two errors total combine to be about 2.0 dB. 

Since the SMAP testing campaign is conducted in an open field, the repeatability of the acoustic results must be 

verified. During the SMAP testing campaign, an additional two tests are conducted. In these tests, a 45-degree-inclined 

flat plate is located 10De downstream from the nozzle exit, and far-field acoustics data is measured by 14 microphones 

separated by 6-degree increments at a radius of 60De from impingement point as shown in Fig.9. These two tests are 

conducted day by day. Difference of the OASPL and the 1/1 octave-band SPL between those two tests are compared 

in Fig. 10. The difference observed is 0.8 dB in OASPL, and 1.2 dB at St=0.008 in 1/1 octave-band SPL. These results 

show that the acoustic measurements reported here have sufficient repeatability even in open-field tests. Therefore, 

only one firing is done for each condition in the SMAP testing campaign. 
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C. Verification of Acoustic Measurement 

Acoustic data for the free jet condition of the 1/42 scale motor is measured, and it is compared with results from a 

static-firing test of a 260-kN solid motor having roughly 1/3 scale [31] to clarify that the 1/42 scale motor is sufficient 

for acoustic testing. The 260-kN solid motor is set on the ground, and the jet is exhausted horizontally. 5 microphones  

are located at a radius of 63.5De from the nozzle exit as shown in Fig.11(a). However, the 1/42-scale motor is lifted 

up vertically by the hydraulic cylinder to 50De above the square steel plate, and the jet is exhausted downward. The 

configuration of the microphone arc for the free jet case in the SMAP testing campaign is different from Fig. 7. As 

shown in Fig.11(b), 11 microphones are attached with 10-degree increments at a radius of 60De. The result taken in 

the static-firing test of the 260-kN solid motor is scaled to a radius of 60De with Eq. (10). A comparison of the OASPL 

distribution is shown in Fig. 12(a). Except for the microphone at θ=20 degree, the difference in the OASPL turns out 

to be roughly 3 dB, and the location of the peak values appearing at around θ=50 degree agree reasonably. It is deduced 

that the effect of the jet deflected by the square steel plate located 50De downstream from the nozzle exit as shown in 

Fig.11(b) appears in the result of the microphone at θ=20 degree. The PSD spectrum at θ=50 degree is compared in 

Fig. 12(b). Though the result of the 260-kN solid motor shows higher value at St=0.005 to 0.1 due to ground reflection, 

the peak of the spectrum appears at St=0.02-0.4 in both results, and the general characteristics of the spectrum agree 

reasonably. The comparison here proves that the 1/42-scale motor employed is acceptable for acoustic measurements 

to predict full-scale conditions. 

 

IV. Acoustic Design of Launch Pad 

Preliminary design of a launch pad for the Epsilon launch vehicle is described below, based on knowledge obtained 

from previous studies and CFD. As described in section I, the Epsilon launch vehicle is required to reuse the launch 

pad components of the retired M-V, such as the rocket assembly tower and the boom, as shown in Fig. 1. Within the 

restrictions due to this existing launch complex of the retired M-V launcher, preliminary design of a launch pad for 

the Epsilon begins with the configuration shown in Fig. 13. It is similar to that used with the Minotaur I launch vehicle 

at the NASA’s Wallops Flight Facility. The launch vehicle is set on the launch deck. Impinging on the flame deflector, 

the jet flows downstream on the ground. Figure 14 shows the dominant acoustic sources analyzed from the previous 

studies. When the vehicle is close to the flame deflector, acoustic waves radiated from the jet impinging on the flame 
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deflector and the Mach wave radiation from the wall jet, as shown in Fig. 14(a), are dominant. [17-22] The acoustic 

wave due to the jet impingement propagates omnidirectionally from the vicinity of the impingement region, and 

determines the acoustic environment surrounding the vehicle. On the other hand, the Mach wave radiation from the 

wall jet has a strong directivity at roughly 50 degree from the wall jet axis, so that the effect on the vehicle must be 

small. As the vehicle climbs, Mach wave radiation from the free jet becomes relevant. As shown in Fig. 14(b), the 

Mach wave propagates obliquely downstream, and impinges on the ground. The Mach wave then reflects from the 

ground back onto the vehicle. [16] Xp in the present subscale motor is 10.0De, so that H=10.0De is considered to be 

the boundary between the acoustic waves due to the jet impingement and the Mach wave radiation from the free jet. 

In the following discussion, distance of the nozzle exit normalized by the nozzle exit diameter, H/De, is used to 

distinguish which acoustic source is dominant. In order to reduce the acoustic waves due to the jet impingement to the 

flame deflector, the inclination angle of the flame deflector should be steep for the region where the jet impinges, and 

rapid change in the contour should be avoided. [18,21] The surface area of the launch deck should be minimized in 

order to reduce the reflection of the Mach wave radiation from free jet. In addition, the launch deck should be located 

as high as possible from the ground surface in order to increase the propagation distance of the Mach wave. Parametric 

study using CFD for preliminary design is conducted to investigate sensitivity to the height of the launch deck. [32] 

The deflector shape and configuration of the launch pad are determined as shown in Fig. 15. The launch deck is 

changed to a ring-shaped mount to minimize surface area. The height of the ring shaped mount is set to 8De due to the 

limitations of the existing rocket assembly tower shown in Fig. 1. The boom to which the vehicle is attached is also 

pictured in Fig. 15. The flame deflector of the M-V launch vehicle is redesigned to have an initial inclination angle of 

14 degree from free jet axis, with the contour smoothly changing to meet the ground. Detailed design begins with the 

baseline configuration of Fig.15(a) having an open flame path, while front cover is attached to other configuration 

shown in Fig. 15(b). The rationale for effect of the front cover will be discussed in the section VI. 

 

V. Numerical Method 

Since it is difficult to understand the acoustic mechanism from the experiment and the empirical methods alone, 

CFD technique based on a cell-centered finite-volume method on a multi-block structured grid is employed. The 

turbulence modeling is an important issue for the aeroacoustic simulation, and a zonal hybrid of LES and Reynolds 
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Averaged Navier-Stokes (RANS) methods is employed in this study. The turbulent boundary layer on the solid wall 

is modeled by the RANS based on the Spalart-Allmaras model [33], and the off-wall region is computed by the LES 

using the standard Smagorinsky model. The eddy viscosities evaluated separately by the RANS and LES models are 

blended smoothly with a hyperbolic-tangent function. Since the time step is limited by the smallest grid size on the 

solid wall and the low-frequency wave of 31.5 Hz in the 1/1 octave band is focused, an implicit method based on the 

Matrix-Free Gauss-Sidel scheme [34] is used for time integration with Newton-Raphson sub-iteration. Second-order 

temporal accuracy is guaranteed by the three-point backward differencing formula. Since the target is aeroacoustics 

but the flow contains shock waves, a higher-order scheme with shock-capturing features is required for the convective 

terms. 6th-order compact differencing scheme [35] is used with a 10th-order low-pass filter [36]. Shock waves are 

detected by the method proposed by Visbal and Gaitonde [37], and then those regions are evaluated with the Simple 

Low-dissipation AUSM (SLAU) scheme [38] using 2nd-order Monotone Upstream-centered Scheme for 

Conservation Laws (MUSCL) interpolation in place of the compact differencing scheme. The Ffowcs Williams-

Hawkings (FW-H) acoustic analogy [39] is employed for calculating the propagation of the acoustic wave to the far-

field.  

Validation and verification of the computational code are performed extensively by comparing the measured 

results of the Me=1.8 perfectly expanded cold impinging jet taken by Nakanishi et al. [21,22,40], and measured results 

taken in the SMAP testing campaign for the free jet, impinging jet on the 45-degree-inclined flat plate, and practical 

launch pad configurations. In this report, a validation study using the microphone results measured of the practical 

launch pad configuration shown in Fig. 15(a) is only discussed. The validation study is conducted at H/De=14. The 

computational grid has about 100 million points, and the acoustic cut-off frequency results in St=0.48 (ffull=740 Hz). 

It took approximately two months using 1280 cores of JAXA’s supercomputer system, Fujitsu FX1, to resolve down 

to St=0.012 (ffull=20 Hz). The OASPL and PSD spectrum taken from the far-field microphones (Fig. 7) are compared 

in Fig. 16. According to the discussion in Section III B, error bounds of ±2 dB are superimposed in Fig.16 (a). Both 

results show a peak in the OASPL at θ=150 degree, and the features of the plots are in good agreement. The prediction 

accuracy is found to be 4 dB in OASPL. PSD spectra are compared at M2 (θ=120 degree) and M5 (θ=150 degree) as 

shown in Figs. 16(b) and 16(c), respectively. General features of the spectra agree reasonably at both locations. Both 

numerical and measured results at M2 show a near-plateau profile at St<0.23, and decrease at higher frequencies. At 

M5, the microphone data and the numerical analysis show a peak at St=0.045 and 0.023, respectively. Although the 
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numerical result shows good agreement with the microphone data, the predicted acoustic level overestimates at all 

microphone locations. According to past CFD studies on the free jet, numerical results tend to show higher level than 

the microphone measurements especially at the major acoustic emission direction. [41-43] If the resolution of 

numerical method and computational grid are insufficient, turbulent structure of the jet shear layer contains higher 

energy at low frequencies than the physics, and obtained acoustic level results in the overestimation. According to 

Cacqueray et al. [41], simulation of a high-Mach number hot jet should be taken into account the non-linearity in 

calculating acoustic propagation. Without considering the non-linear propagation effect, obtained acoustic level tends 

to show higher level. Therefore, the overestimation observed in Fig.16 is caused by the insufficient resolution of the 

present computation and the FW-H method used for calculating the propagation. 

 

VI. Acoustic Results and Discussions 

A. Acoustic Field of Free Jet 

The acoustic field of the free jet at far-field arc locations taken in the SMAP testing campaign as shown in Fig.11(b) 

is discussed before going to the analysis of the acoustic environment around the practical launch pad. The OASPL 

plot at R=60De is shown in Fig. 12(a), and the PSD spectrum at θ=30, 50, 90, and 120 degree at R=60De are in Fig. 

17. Figure 12(a) shows that the peak of the OASPL appears at around 50 degree, which indicates typical characteristics 

of the Mach wave radiation from high-temperature and high-Mach-number supersonic jets. The PSD spectrum at θ=30 

degree shows peak value at St=0.015, and the peak location increases to higher frequencies as the angle from the jet 

axis increases. At θ=90 degree and 120 degree, the PSD shows a near-plateau profile and features of the broadband 

shock-associated noise are not observed. 

 

B. Effect of Distance from Ground on Far-field Acoustics 

Acoustic results obtained by the far-field microphones for the baseline configuration of Fig.15(a) are compared in 

Fig. 18. In this figure, the distance of the nozzle exit from the ground plate changed from H/De=9 to 22. At H/De=9, 

the nozzle exit plane is so close to the flame deflector that the dominant acoustic source is the acoustic wave generated 

from the jet impingement and the Mach wave radiated from the wall jet, as explained in Fig.14(a). On the other hand, 

the Mach wave radiation from the free jet, as shown in Fig.14(b), is dominant at H/De=22. In the case of H/De=14, 
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those two acoustic sources are mixed, since Xp for the present subscale motor is estimated to be 10.0De. It is observed 

from the OASPL plot in Fig. 18(a) that the case of H/De=9 exhibits the lowest OASPL value, and that the OASPL 

value increases as the solid motor goes upward. Peak of the OASPL at H/De=9 and 14 appears at around θ=140 degree 

to 150 degree, because the dominant acoustic source in these two cases is the Mach wave radiation from the wall jet 

whose directivity is 50 degree from the wall jet axis. On the other hand, no notable peak appears for the case of 

H/De=22, where the Mach wave radiation from the free jet is the dominant source of the acoustic wave. PSD spectra 

observed at θ=150 degree, the M5 microphone, at different distances from the ground are compared in Fig. 18(b). The 

H/De=14 case shows higher values than that of the H/De=9 case across all frequencies. At the highest altitude case, 

H/De=22, the PSD level is higher than the result of H/De=14, except for lower frequencies (St<0.003). A notable hump 

in the spectrum is observed at 0.02<St<0.05 in the results for H/De=14 and 22. The free jet result shown in Fig. 17 

indicates that the peak of the Mach wave radiation appears at St=0.01 to 0.05. Therefore, this hump is considered to 

be related to the reflected Mach wave radiation from the free jet. 

 

C. Acoustic Field around Fairing Location 

The measurements for the baseline configuration at H/De=14 taken by the three microphones, M7-M9, that are 

located circumferentially around the fairing location are compared in Fig.19. The M7 is to the west, where the jet is 

exhausted onto the ground plate, and the M9 is opposite side to M7. The M8 is located to the south. It is observed that 

the PSD level observed at M7 shows highest value across all frequencies. The lowest level appears for M9, except for 

the tiny peak appearing at St=0.012. The result of M8 is in the middle. As shown in Fig. 15(a), the flame path is open 

on the west-facing side, and the jet is exhausted to the west. This explains why the PSD level measured at M7 is 

highest among the three microphones. It is also observed from Fig. 19 that notable differences related to the 

microphone placement are observed at higher frequencies, St>0.02, because acoustic waves with higher frequencies 

are affected by obstacles, such as the launch pad and the vehicle itself. Acoustic tests for the payload fairing are usually 

conducted in the acoustic diffuse field, but the result shown here indicates that the acoustic load is not circumferentially 

uniform in practical conditions. In the following discussion, result from the M7 is focused on, because the highest 

acoustic level among the three circumferentially placed microphones is obtained from the M7. 
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D. Acoustic Level Attenuation 

1/1 octave-band SPLs among three different heights, H/De=9, 14, and 22, for the baseline configuration are 

compared in Fig. 20. Result for the configuration with a front cover as shown in Fig. 15(b) at H/De=14 is also included 

in this figure. The black line in Fig. 20 is the required acoustic level defined during the development of the Epsilon 

launch vehicle. Results of the subscale tests are scaled to ffull according to Eq.(11). Comparing the three different 

altitude cases, the highest acoustic level is obtained at H/De=14. It is observed from result of the H/De=9 case that SPL 

levels at 31.5, 250, and 500 Hz are almost equal to those for H/De=14, but a notable difference in SPL is observed at 

63.5, and 125 Hz. When the nozzle exit is at a height of 22De from the ground, the SPL is lower than the other two 

cases at all frequencies. OASPL levels among three different heights for the baseline configuration are listed in Table 

2. Result for the configuration with a front cover at H/De=14 is also included in this table. The case of H/De=14 shows 

the highest OASPL value of 149.1 dB. The lowest OASPL value of 141.3 dB is obtained at H/De=22. The H/De=9 

result is in the middle of those two cases, and the OASPL is 147.7 dB. Note that the features observed at the fairing 

are totally different from the far-field acoustics shown in Fig. 18(a), because the highest acoustic level is obtained at 

H/De=22, and the lowest is at H/De=9. The H/De=14 result is in the middle of those two cases. It is observed from 

Fig.20 that the acoustic levels obtained at H/De=9 and 14 do not satisfy the design requirement. In particular, the SPL 

at H/De=14 exceeds the required level at all frequency range. The maximum difference is 3.6 dB at 63.5 Hz. It is 

essential to understand the detailed acoustic mechanism in considering techniques to reduce the acoustic level, so the 

CFD analysis is applied to the baseline configuration for H/De=14. Figure 21(a) shows the flowfield at the symmetry 

plane visualized by the mean Mach number plot. The thick black line superimposed on this figure indicates the sonic 

line. The jet exhausted from the nozzle impinges on the flame deflector, and then the wall jet flows downstream. It is 

found from the sonic line that the wall jet is still supersonic. The Turbulent Kinetic Energy (TKE) plot in Fig. 21(b) 

makes clear that the free jet shear layer shows higher TKE levels than the wall jet shear layer. The free jet shear layer 

will then emit major acoustic waves. Figure 21(c) shows the pressure fluctuation at the plane of symmetry. The Mach 

number plot is also superimposed to visualize the jet flow. It is observed that the free jet shear layer radiates the Mach 

wave propagating roughly 50 degree downstream from the free jet axis. Because one of the side panels is open in the 

baseline configuration as shown in Fig. 15(a), the Mach wave also radiates from the free jet within the vertical flame 

path. The Mach wave propagating obliquely downstream is reflected off the ground, and then turns back to the vehicle. 

The acoustic wave due to the impinging jet must be one of the acoustic sources, however, it is difficult to find it in 
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Fig. 21(c). It is deduced that if the Mach wave radiation from the free jet is shielded, the reflected wave propagating 

upward to the vehicle will be attenuated and the acoustic levels around the fairing reduced. Therefore, the launch pad 

shown in Fig. 15(b) has a front cover that aims to shield the Mach wave radiation from the free jet shear layer within 

the vertical flame path. Effect of the front cover is quantitatively investigated in the subscale model test at H/De=14. 

Figure 20 shows that, compared with the result of the baseline configuration, successful attenuation by 2 to 4 dB at all 

frequencies is obtained. It is also found from Table 2 that the OASPL at H/De=14 without the front cover is 149.1 dB, 

while it is reduced to 146.2 with the front cover. As a result, successful attenuation by 3 dB in the OASPL is achieved. 

Comparing with the required 1/1 octave-band SPL of the Epsilon launch vehicle, the obtained result by the launch pad 

with the front cover meets the requirement for H/De=14. The PSD spectrum is compared in Fig. 22. Acoustic levels 

of the launch pad with the front cover are lower than that of the baseline configuration for H/De=14 at all frequencies. 

Notable decrease is observed at St=0.07 in particular. These results indicate that the simple modification of the launch 

pad can attenuate the acoustic levels once the detailed mechanism of acoustic is understood with the help of the CFD 

analysis.  

 

VII. Conclusion 

A subscale model testing campaign and numerical investigation for the prediction and reduction of acoustic levels 

for the Epsilon launch vehicle at lift-off are reported. In order to predict a full-scale acoustic environment based on 

the subscale measurements, this study clarifies requirements for subscale model tests: 1) the Reynolds number based 

on the nozzle exit of the subscale engine is larger than 105 and 2) the exit velocity of the subscale engine is the same 

as that of the full-scale engine. According to these two requirements, solid motors having 1/42 scale are employed in 

the testing campaign. The methodology for predicting a full-scale acoustic environment from the subscale model 

measurement is investigated. Design of the launch pad is discussed to attenuate the Mach wave radiation from the free 

jet and the acoustic wave generated due to the jet impinging on the flame deflector. It is found that features of the 

acoustic field change as the nozzle travels upward. Comparing the obtained acoustic data with three different altitudes, 

H/De=9, 14, and 22, acoustic levels observed at H/De=14 are the highest, and exceed the requirement of the Epsilon 

at all frequencies. Numerical results show that the reflection of the Mach wave radiated from the free jet is a dominant 

acoustic source. In order to attenuate the acoustic level, a front cover is attached in order to shield the Mach wave 
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radiated from the free jet within the vertical flame path. Successful attenuation is obtained to a degree of 2 to 4 dB in 

1/1 octave-band sound pressure level at all frequencies. The acoustic level obtained satisfies the requirement of the 

Epsilon launch vehicle with only a slight modification of the launch pad. The design methods and the knowledge 

obtained in this study are valid for the design of the launch pad to attenuate acoustic levels of the launch vehicle at 

lift-off. 
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Fig. 1 Schematic of the M-V launch pad. 

 

 

Fig. 2 Shadowgraph of a cold jet with Me=2.[23] 
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Fig. 3 Effect of the Reynolds number on the acoustic spectrum in the major acoustic-emission direction. (a) 
M=2.0, Re=2.6×106, (b) M=2.1, Re=7×104, (c) M=2.1, Re=7900.[3] 

 

 

Fig. 4 Comparison of the air absorption effect between full-scale and 1/42 subscale conditions. Propagation 
distance is 60De. 
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Fig. 5 Schematic of test stand. 

 

Table 1 Jet conditions. 

Me Mj Ma Po/Pa To/Ta Pe/Pa Re γj γa 

3.7 3.3 8.6 89.1 12.0 0.5 2.2×105 1.2 1.4 
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Fig.6 Time histories of chamber pressure and thrust. 

 

 

Fig. 7 Placement of microphones. 

 

 

Fig. 8 Typical acoustic data. 
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Fig. 9 Placement of microphones for measurements with a 45-degree-inclided flat plate. 

 

(a) OASPL. 
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(b) 1/1 octave-band SPL at 14 microphones. 

Fig. 10 Difference between two tests for checking repeatability of acoustic measurements. 

 

 

 

(a) 1/3 scale motor having 260-kN thrust. 
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(b) 1/42 scale motor in this study. 

Fig.11 Schematic of test configurations and microphone layouts for free jet measurements. 

 

 

(a) OASPL. 
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(b) PSD at θ=50 degree. 

Fig. 12 Comparison of acoustic results between 260 kN solid motor and 1/42 scale motor at R=60De. 

 

 

Fig. 13 Preliminary configuration. 
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(a) Acoustic sources when the vehicle is close to deflector. 

 

(b) Acoustic sources when the vehicle climbs. 

Fig. 14 Schematic of acoustic sources. 
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(a) Baseline configuration. 

 

(b) Baseline configuration with front cover. 

Fig. 15 Configuration of subscale launch pads. 
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(a) OASPL plot evaluated at 0.012 < St < 0.48. Offset of measured levels by ±2 dB is shown by dashed lines. 

 

 

(b) PSD at M2 (θ=120 degree). 
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(c) PSD at M5 (θ=150 degree). 

Fig.16 Comparison of microphone measurement and numerical result. 

 

 

Fig. 17 PSD spectrum of free jet measured at R=60De microphones. 
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(a) OASPL. 

 

(b) PSD at θ=150 degree (M5). 

Fig. 18 Effect of distance from ground on far-field acoustics. 
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Fig. 19 Comparison of circumferential microphones at fairing location in the H/De=14 case. 

 

 

Fig. 20 Comparison of 1/1 octave-band SPL measured at M7. 

 

Table 2 OASPL levels measured at M7. 

 OASPL dB 

H/De=9 147.7 

H/De=14 149.1 

H/De=22 141.3 

H/De=14 w/ Front Cover 146.2 
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(a) Mean Mach number plot. Thick black line is the sonic line. 

 

 

(b) Turbulent Kinetic Energy (TKE) plot. 
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(c) Pressure plot with the jet flow visualized by Mach number. 

Fig. 21 Numerical results for the baseline configuration at H/De=14. 

 

 

Fig. 22 Effect of the front cover at H/De=14. 
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