
PARAMETRIC INVESTIGATION OF EESC-USP

AEROACOUSTIC FAN RIG

Rafael Gigena Cuenca∗ , Paulo Celso Jr.∗∗ , Bernardo Martinez Rocamora∗∗

∗Federal University of Santa Catarina , ∗∗University of São Paulo

Keywords: Aeroacoustics, Turbofan Noise, Metamodel, Kriging Method, Parametric Analysis

Abstract

In July 2016, a parametric campaign was con-

ducted at the EESC-USP low speed Fan Rig.

In it, was changed the parameters: shaft speed,

rotor-stator spacing and throttling. Over these

parameters were calculated the variables axial

Mach velocity, blade tip Mach number, advance

ratio J. The noise is defined over a parametric

curve fitted on spectra and a kriging surface re-

gression was used to better observe the noise pa-

rameter trends. The broadband noise level in-

crease with axial mach and mach tip, as expected.

The increase of RSS causes a reduction of BB de-

cay. The tones are modeled as exponential decay

(in tonal order), the first tonal level tends to de-

crease with advanced ratio, axial mach and RSS.

Its decay has a soft tendency to increase with RSS

and decrease with axial Mach and J.

1 INTRODUCTION

Over the last decades, the air transport operating

cost and increasing demand for long range fast

transport has made the very large aircraft more

popular, for cargo and passengers. That increase

in payload associated with the growth in airport

traffic tends to increase airport noise levels. At

the same time, the aeronautical authorities have

been, gradually, restricting the acceptable noise

levels. The first approach on aircraft noise re-

duction was applied to jet engines and that was

achieved by the high bypass turbofan engines. In

that way, others sources of noise of the airplane

increased on importance ranks. A good review of

aircraft noise is presented on Ref.[1].

As a consequence of the reduction of the ma-

jor noise sources on the airplane, the engine noise

is increasing again in importance, especially the

noise related to the fan of the high bypass en-

gine [2]. The noise related to the fan is a con-

sequence of the turbulent wake of rotor imping-

ing on the stator vane, resulting in broadband

(BB) and tonal noise (BPF). The localization of

the main noise sources is on leading and trailing

edge of blades and vanes, being the vane’s lead-

ing edge the one most influenced by wake inter-

action.

The experimental investigations on turbofan

engines are the focus of many research teams and

the industry. In the industry, real engine parts can

be used in the tests and, in the academy, scaled

models are used more often, even to measure the

spectra or modal structure of the in-duct noise.

In Ref.[3] shows a rotating rake used to perform

the modal decomposition in full scale and scaled

models. At academy there are some examples of

aeroacoustic fan rigs [3, 4, 5, 6, 7, 8, 9, 10], that

can be classified as short duct or long duct.

To allow the investigation of noise behavior,

a test campaign was conducted at the EESC-USP

Aeroacoustic Fan Rig, shown on Fig. 1 and de-

scribed on Ref.[10]. That equipment has a fan

model with the same geometry of the fan aeroa-

coustic test bed at NASA Glenn [3], with 16

blades and 14 vanes. The rig has the means to

change the RSS and a throttling device is used to

control the mass flow for different shaft speeds.

The throttle is a simple flow obstruction with a

defined blocked area, according to the ISO-5136
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standard [11].

Fig. 1 EESC-USP Aeroacoustic Fan Rig.

The parametric campaign was conducted in

July 2016 and the shaft speeds were: 3000, 3200,

3500, 3700, 4000 and 4250. The RSS, as a frac-

tion of blade chord, used on tests were: 0.43, 0.95

and 1.48. The throttle is defined as a fraction of

blocked areas and the following values were used

on tests: 0%, 24.3%, 37.7% and 52.2%.

2 Data Fitting and Regression

The data analysed was the average in-duct auto-

spectra measured by 14 microphones. An exam-

ple of that spectrum, been the frequency normal-

ized by shaft frequency, is shown in Fig. 2 and the

broadband and tonal components of noise can be

noted and it is observed, on linear scale of fre-

quency, a broadband with a practically linear de-

cay. For some of the spectra observed, the de-

cay behavior diverts from linear, so a form factor

is used on the broadband parametric curve. This

parameterization is defined by:

BB( f ) = Lp −A∗ f b +
n

∑
k=1

αke

(

f−k fb
σb

)2

(1)

where Lp is the BB level (dBs), A is the linear

decay (dBs/(Hz/Ω)), b is the form factor and f

is the frequency normalized by the shaft speed.

For form factor b = 1 the BB is linear, for b > 1

the BB curves down at high frequencies and for

b < 1 the curves up at high frequencies. σb is the

tonal width, adopted as 0.5. The summation com-

putes the tones represented by gaussians, been fb

the BPF frequency and αk the intensity of tone

above BB and it behavior are exponential with

frequency. Because the frequency is normalized,

the BPFs will always be multiples of B (blades

count). To define the BPF model, a first fitting

is performed on each tonal level above the BB

and then an exponential curve fitting is performed

in the BPF levels for each spectrum. The fit-

ting is performed using a non-linear least square

method, with no user inputs. The relation be-

tween the spectrum parameters and the rig vari-

ables are investigated using a kriging surface re-

gression [12] to make clear the function behavior.
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Fig. 2 In-Duct measured Noise and Parametriza-

tion Curve.

3 Experimental Result and Analysis

The aerodynamic data of the internal flow of the

rig were measured using a micronamometer and

a static pitot tube. The atmospheric data, as

temperature and pressure, was measured using a

portable meteorological station. This allowed the

calculation of flow speed and sound speed.

The use of the throttling device allows the

control of fan advance ratio, define by:

J =
Va

ΩD
(2)

been Va the fan’s axial air speed, Ω is the shaft

speed and D the fan diameter. Fig. 3 shows the
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advance ratio for different configurations of the

fan, calculated using Eq.2. First, it is possible to

see, with all the bars with the same colors having

the same height, that the axial speed of the flow

adjusts itself so that the advance ratio is main-

tained constant with the rotational speed changes.

This justifies the use of advance ratio instead of

throttling configuration or area restriction at the

outlet of the Rig. It is also possible to see that

the rotor-stator spacing (RSS) has almost no ef-

fect on the advance ratio, since the three blocks

of bars are almost equal.
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Fig. 3 Fan advance ratio J for different shaft

speed (each of the bars), throttling configura-

tions (each of the colors) and RSS (each of three

groups).

The Advance Ratio presented on Fig. 3 are

related only with cases that the fan is not stalled.

Using the data of stalled fan (throttle configura-

tion with higher flow obstruction) it is possible to

see in Fig. 4 that the advance ratio has not a lin-

ear relation with outlet area. But, as for the small

relative outlet area configurations and logarithm

regression shows a good trend.

The relationship between shaft speed and

Mach number allows a calibration of the Rig,

as well made on Ref.[13]. The analysis of the

data obtained in the parametric campaign shows

that this calibration is not quite affected by the

RSS. However, it is possible to obtain a calibra-

tion value for each throttling configuration using

a linear regression method (Fig. 5).
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Fig. 4 Fan advance ratio J for different relative

output area.

3.1 Broadband Noise Level

Aiming to better visualize the tendencies on

broadband level, a Kriging regression is applied

to construct a surface formed by the axial and

blade tip Mach number, advance ratio and RSS

data. The results are seen on Fig. 6, Fig. 7

and Fig. 8. The colors on the surface repre-

sents the estimated error of the regression. Ob-

viously, the regions with lack of sampling, the

errors are greater (in yellow) and the tendency is

not achieved.

On Fig. 6, it is possible to note the increase

of broadband with the advance ratio reduction.

This is the expected effect since the reduction in

the advance ratio means that there is an increase

in blade loading. At the lowest and highest ve-

locities, the regression does not maintain its ten-

dency, so more data is needed to represent the

noise behavior.

Fig. 7 compares the blade tip Mach number.

It is possible to see that there is tendency of SPL

to reduce for averages values of J and that the

increase of the broadband level with tip Mach is

maintained with less data dispersion.

Fig. 8 shows the regression of the RSS and

axial Mach number. It points out to a small de-

crease in the broadband level with increase in

RSS.
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Fig. 5 Linear regression of shaft speed effect on

axial Mach number.

Fig. 6 Kriging regression: J and axial Mach

number effect on broadband level.

3.2 Broadband Noise Decay

It was perceptible that the broadband level de-

cays with frequency, hence it was modeled with

a linear behavior to represent its decay. Fig. 9

shows that the broadband decay is very depen-

dent on the rotational speed for the smallest RSS

configuration and becomes less sensitive as the

RSS increased, in a manner that it is almost not

affected by the shaft speed for the configuration

with larger RSS.

Fig. 10 shows again that the decay factor de-

creases with the increase in RSS, but also indi-

cates that this effect is stronger for lower axial

Mach numbers, where the decay drops by one

decade in dB/Hz. Fig. 11 analyses the same ef-

fect, but for the tip blade mach number. Again,

as the RSS is diminished, the decay factor is de-

creased. Now, the data is better distributed and

the surface has lower error on its boundaries. The

decay drops up to almost two decades for larger

RSS and lower tip blade Mach number configu-

ration.

Fig. 7 Kriging regression: J and Tip Mach num-

ber effect on broadband level.

Fig. 8 Kriging regression: RSS and Axial Mach

number effect on broadband level.

The conclusion is that the broadband is more

flat (smaller decay) when the rotor and stator are

far and the speeds are lower, i.e. at high speeds

and short rotor-stator spacing the broadband de-

cays rapidly with the frequency.

3.3 Broadband Form Factor

The form factor represents a deformation the lin-

ear decay behavior of the broadband noise. If

its value is greater than one, the curve bends

down for the higher frequencies, and if its value

is lower than one, the curve bends up. The next

figures (Fig. 12 and Fig. 13) show that the form

factor is bigger than one in almost every setup.

But higher velocities bring the form factor close

to unity and the larger the RSS, the higher the

form factor and the scattering of the data.

3.4 Blade Passage Frequency

Fig. 14 shows the first BPF level of the exponen-

tial fit for the harmonic orders. It is clear that

the first BPF level decrease with the RSS and

with Throttle. The behavior with RSS is a conse-
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Fig. 9 Broadband decay factor with respect to

shaft speed for several configurations.
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Fig. 10 Kriging regression: RSS and Axial Mach

number effect on broadband decay factor.

quence of the form of blade turbulent wake that

gets wider with increase of RSS and the veloc-

ity deficit lower. The effect of throttle is related

with the increase of fan load for bigger blockage

of flow on the duct. That increases the amplitude

of the periodic forces on the blades and vanes.

The Fig. 15 shows the exponential decay for

the BPF. It is clear that the decay increase with

RSS and throttle and a soft trend with the de-

crease of RPM. This relation with RSS, noted

on figure, is because the form of blade turbulent

wake gets less sharp with the tone order [14]. The

relation with throttle can be related with the in-

crease of blade incidence, increasing the bound-

ary layer thickness, and so, the wake width, and

the relation with RPM can be related to the axial

velocity and the turbulent wake form. For lower

RPM the axial speed is lower, for the same throt-
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Fig. 11 Kriging regression: RSS and Tip Mach

number effect on broadband decay factor.
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Fig. 12 Kriging regression: RSS and Axial Mach

number effect on broadband form factor.

tle, and the wake gets smoother until reach the

vane. But a more detailed analysis is required to

confirm that hypothesis.

3.5 High Frequency Bubble Analysis

For this analysis the spectra are normalized so

that the frequency domain is changed by the shaft

order domain on the abscissa axis. The first fea-

ture that was observedis that the bubble center

is fixed to the 12th BPF, and, apparently, none

of the tested parameters are able to change this.

Fig. 16 shows an almost linear behavior of the

bubble noise level with respect to both axial and

tip Mach number. It also shows that throttling

shifts the curves up, increasing the level of the

bubble, and that RSS has small effects, but also

shifting curves up.
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Fig. 13 Kriging regression: RSS and Tip Mach

number effect on broadband form factor.
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4 Conclusion

The behavior of the broadband noise can be char-

acterized as a pink noise, i.e. its level decays with

frequency increase.

The level of the broadband at the lower fre-

quencies (Lc) depends on the axial Mach number

and the advance ratio of the fan. It gets higher

when the Mach or the throttling are increased (or

advance ratio decreased).

Further, the decay and form factors of the

broadband parameterizations are influenced by

the geometrical (RSS) and operational (axial

Mach) parameters. The higher Mach numbers

make the dispersion of the data smaller and, ap-

parently the decay factor less sensitive to rotor-

stator spacing. As for the RSS effect, when the

rotor and stator are far, the broadband tends to be

more flat and when at high speeds and short rotor-

stator spacing the broadband decays rapidly with

the frequency.

The form factor also showed a good correla-

tion with the RSS. The larger RSS, the higher the
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Fig. 15 BPF Decay

form factor. As the frequency goes up, the broad-

band curve bends down and for the higher RSS

configurations, even with flatter curve, the curve

bends more abruptly down. Axial Mach number

can reduce the influence of the RSS on the form

factor.

The use of Kriging regression makes the un-

derstanding of the spectral parameter changes

easier for the different experiment configurations.

The expected error shows that the regression

mimics the real surface quite well and points

out to further experiments with higher and lower

Mach numbers. Some behaviors indicate that

there is a need to better adjust the spectra.

The current study provides already a surro-

gate model for the broadband noise considering

the proposed parameterization. The model con-

siders axial Mach number and advance ratio for

the broadband level and Mach number and RSS

for the decay and form factors.
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