Prediction of Swirl Effects on Fan-OGV Interaction Tones
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Noise levels predicted for the fan-OGV interaction tones generated by modern high and ultra
high bypassratio aircraft engines aresignificantly changed when swirl in theinterstageregion
is included in the modelling. An analytical prediction method is used to predict interstage
interaction tonal noise levels for an annular duct with uniform flow or swirling flow. It is
predicted that swirl effects alter the range of modes that are cut-on, and their corresponding
sound power levelsin the upstream direction. Results confirm that theinclusion of swirl effects
in the modelling of fan-OGV interaction tones is important to improve the prediction of the

sound power levels of the upstream propagating modes.

Nomenclature

A = Ductarear(r3—r?)

) = speed of sound

b,b = vanesemi-chord, half of vane semi-chord/tip vane semi-chord
B = number of blades
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[. Introduction
HE need to meet increasingly stringent aircraft noise regulations, and the development of new ultra-high bypass
Taircraft engines, demand reliable methods for noise prediction and control. To control the noise, the ability to
adequately account for various noise mechanisms in the noise prediction is very important. Development of methods
for the estimation of noise levels from various aircraft noise sources, and the improvement of existing methods, tools
and technologies are on-going tasks in the aviation industry.

This article focusses on the prediction of the tones generated from the interaction of the fan wakes with the down-
stream outlet guide vanes (OGVs) or engine section stators (ESSs), which is one of the many aircraft engine noise
sources. More specifically, the article examines the significance of having the effect of swirl incorporated in the
prediction of fan-OGV interaction tones.

It is noted that various studies have been carried out on fan-OGV or rotor-stator interaction noise in past research
activities over many decades. Among the notable works are those of Tyler and Sofrin [|1], Ventres et al. [2], Meyer
& Envia [3] among others. To predict interaction tones analytically or semi-analytically, methods which have been
explored previously include those pertaining to the characterization of the wakes shed from airfoils and fans/rotors,
response of the blade row to impinging vortical gusts/wake [14], and Green function models for annular ducts [12, 13].

The main advantage of analytical prediction methods is to be able to quickly determine changes in the predicted
noise, and to carry out parametric/design sweeps at very low computational cost. An adequate rotor-stator interaction
tone prediction for future aero-engine architectures using analytical and/or empirical methods must be suitable for the
novel architectures of fans, stator vanes and engine ducts. Furthermore, such methods must be able to examine the
effects of variation in rotor blade or stator vane count, and the axial gap between the fan blades and the stator vanes.

Presented in the article are the results from such a prediction method with particular focus on the comparison
between the output modal sound levels for cases where the flow is regarded as uniform flow to those where the swirl
effects have been included in the calculations. In the article, first the assumptions and simplifications of the modelling
are discussed. In the subsequent sections, an overview of the method is presented. This includes modelling the fan
wakes, upwash, cascade response and unsteady lift for stators. Additionally, duct acoustics theory is used to model the
sound field in a rigid, hard-walled duct in terms of a tailored Green function constructed from Fourier—Bessel modes.

The output of the prediction method is evaluation of the sound power in the cut-on modes propagating upstream and



downstream of the stator vanes. Outputs are thereafter compared for test cases and against representative fan rig engine

test data.

Il. Assumptions, idealization, geometry and coor dinates
Employing methods that are mainly analytical or semi-analytical satisfy the requirements for a low-cost, low-
fidelity prediction method. Two-dimensional theory for thin airfoils is the foundation for the analytical work. This
approximation allows the velocity field downstream of the rotor to be used to represent the mean flow. Unsteady
components which are convected to the leading edge plane of the downstream stators are used to evaluate the upwash
velocity, while imposing the necessary boundary conditions on the interaction surfaces. A streamtube approach, where
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Fig. 1 Referenceblade/vane coordinateswith lean and sweep

the rotor, stator and duct space are regarded as annular strips and unwrapped at the radius that describes each strip,
forms the basis for the stator response model. This gives a two-dimensional cascade of blades or vanes. A further
simplification is that the blades and vanes are taken to have zero thickness (flat plates). Figure [Il shows a reference
blade and vane, their respective local coordinates (y1,z1), (Y1, Z1) for the blade, and (y2, z2), (Y2, Z2) for the vane, with
stagger angles «, sweep s, lean |, and axial gap g. All the blades are exactly alike and any perturbations in the flow in
a strip are periodic and considered to be two-dimensional.

The acoustic perturbations in the subsonic uniform flow are considered to be small allowing the use of linear theory,
and the effect of thickness and camber to be neglected with the plates assumed thin airfoils or flat plates [14]. Hence,
these thin airfoils are set to operate at zero incidence. When uniform flow is considered, an inviscid flow assumption

is made which eliminates the need to consider the boundary layer at the solid boundaries.



For rotor-stator predictions, the axial distance over which the wakes convect from the fan blades’ trailing edges to
the stator leading edge, the stagger angle of the stator vanes, the frequency of the wakes, and the angle of incidence of
the mean flow are all important quantities. These influence the magnitude of the unsteady lift, and, hence, the response
of the stator vanes, and, directly, the noise that is generated. Although the effect of the geometry of blades and vanes
can significantly affect predictions depending on the operation conditions, the focus on analytical methods necessitates
reasonable simplifications. Various previous studies [2,13, 5] have shown that these simplifications provide useful and
reliable predictions.

Using the annular strip approach allows variations in all geometric parameters with respect to the radius including
the axial distance, blade/vane chord, sweep and lean. These are specified with respect to their values at the hub. Simi-
larly, simplification of the duct geometry is carried out to enable analytical methods to be used. The duct is considered
to be an annular duct where each strip is defined by a radius. The presence of the engine section stators (ESSs) and
the outlet guide vanes (OGVs) is simplified, as shown in figure [21 This together with the strip approach allows that the

different axial distances to the OGV and ESS and their radial spans can be carefully modelled. Additonally, this set up
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Fig. 2 [lllustration of the simplified duct geometry

allows for a ‘switch-off” of any of the stator rows in order to evaluate the contributions of OGVs or ESSs separately.

[11. Fan Wakes
To determine the unsteady lift fluctuations on the downstream stator row, the incident wake field must be properly
defined. This is only possible when the character of the wakes in the velocity field is represented realistically. Many

wake models are primarily developed from recorded velocity measurements [I6]. A general wake character is then



modelled in an expression that closely matches the measurements at various axial distances from the point of genera-
tion. General wake models integrate the drag coefficient, width, and wake centreline velocity deficit, together with the
axial direction, into expressions giving the overall velocity deficit in the wake.

The wake models in the prediction method are mainly based on characterization of the centreline velocity deficit
and width, and are mostly semi-empirical. For a better representation of modern fans, wake prediction models in
references [6, [7] have been included. Geometry and flow effects of the wakes are added as downstream swirl or wake
skew [8], and this may significantly alter the harmonic amplitudes when the wake is decomposed into its Fourier
components.

The predicted wakes are convected downstream to the stator vanes where the annular wake field at all the leading
edges at each radius is calculated. It is notable that the general assumptions for the fan blades may be lifted for the wake
prediction, for example, by incorporating wake data directly from CFD calculations or experimental measurements,

instead of simpler wake models, thus reflecting the complexity of the wake field.

I'V. Predicting therotor-stator interaction tones
In this section, methods used for the determination of the fluctuating lift on the surfaces of the stators in the

downstream blade row, and the in-duct sound power levels, are presented.

A. Upwash, response, loading on vanes and duct acoustics

The response of a downstream cascade of a blade row containing thin airfoils to an incident gust or wake or
disturbance has been developed previously, for example, the works by Smith [|9] and Whitehead [10]. The two-
dimensional approximation avoids the additional complexity introduced when the shape and geometry of a blade are
considered. Here, the velocity normal to the chordline of each blade in the cascade is required for the blade response.

The velocity normal to the surface of the reference downstream blade when sweep and lean are considered is found

to be
va = -BU,sin(e1 + a») i Cl—cdlexp{ikz(sz—g)—iky (gsinas — 1)}
44 Anrcosay 2 !
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where B is the number of fan blades, U, is the relative velocity incident on the fan blade, ¢; and ¢, are the blade and



vane chords, and C is the drag coefficient of a fan blade at radius r. The integer q denotes harmonics of the incident

upwash, normal to the vane along the chordline. by, is the wake half-width, and the frequency

w = +(qBQ, 2

for angular velocity Q of the fan, and wavenumber components

igB .
Ky, =
YT rcosay sinay . ©)
_igB .
z = r cosar Sln(w]_ + a'2) . (4)

The implementation of the cascade response methods developed in references [19, [10] for the prediction of inter-
action tones is clearly presented in references [12,13], and is not repeated here. Moreover, in order to develop a code
to evaluate the acoustic modes in a duct, a number of different boundary conditions are applied to the linear wave
equation for particular duct configurations. These boundary conditions ensure the right solution is obtained for that
particular duct type. In this case the duct is considered to be a rigid, hard-walled annular duct. The details of the meth-
ods for the solution of the wave equation for annular ducts is available in many acoustic texts, for example [[11,12].

The pressure field in an annular duct can be expressed in terms of Fourier—Bessel modes as

PO Zt) = > > Ph, Yy (Kpnn) €m0 Ko ). 5)

m=—oco p=1

Azimuthal and radial orders are represented by m and n with the corresponding wave numbers k 7 and «,,,, mode

shapes ¢ ,,,,, and modal amplitudes P}, .

B. Green functions
For uniform axial flow in the duct, the inhomogeneous convected wave equation is defined as
9%p . 29%P

(—+2U—+U

ot2 axat ax2) a7, ©

where 7 (x,t) is the source distribution, U is the mean axial velocity, and a is the speed of sound. Writing p = p,e’«?,

equation (&) reduces to the convected Helmholtz equation. The solution of the inhomogeneous convected Helmholtz



equation for a point source gives the frequency-domain acoustic Green function. For a point source in a rigid, hard-
walled duct, the tailored Green function for a point x = (r, 8, z) and integration point X o = (ro, 80, o), can be expressed
as [3,112,112]

kZ_ﬁZ 2

T’wu—zm}exp{imw—@o)} @)

G(x|xo) = 2I_A _Z Zl w’”"(K'”"r):pm"(Km"rO) exp {ik:—;m(z —20) +

Iy — mn

where area A = 7(1 — h?) (non-dimensional), x m, = /K2 — 82«2,,/8% and k%, = FKM + yi . The pressure
field is given by the integration over the blade surface of the product of the blade pressure distribution and a derivative

operator acting on the Green function,

B(x) = fs VGAp, (x).AdS(x) , (8)

where S signifies the surface of a vane. Substituting equation ([7) into equation (8), after some manipulations and

taking integrations in the chordwise and radial directions separately [I3,113], this gives

_ poV !

P
mn 2A b

* m .
VgUrthp, (Kmn) - COS @2 + Ymn SiN @2

c2 H 2 _ p2,2
xf fqexp{ima+'[k'v'i V['; B K]Z}drdz, ©)
0

where f, = pﬁg‘r"v’q is the gth harmonic of the Fourier series for Ap. For the gth harmonic, the pressure loading on the

jth vane is

Apj(g) = povgU, fe 2BV (10)
Further manipulations as explained in [3] then yields,
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where

Nmng = jo‘czf exp {|m6+ V,B - BK? Z} . (12)

Green function with Swirl

For the case when the swirl in the interstage is considered, the methods developed in the works by Posson &
Peake [14], and further developed by Mathews [|15, |16] are used. The acoustic analogy is a rearrangement of the
Euler equations into a single linear differential equation for the pressure (represented by the differential operator # ¥),
with source term containing the nonlinear and viscosity effects and the rotor-stator geometry. The flow is taken to be
inviscid, and is comprised of the base flow and small perturbations, with negligible variations in the radial direction,

and can be expressed as

(U, v,w) = (U (r),0,Up(r)) . (13)

For a rigid, hard-walled duct (which is the case considered here), the normal velocity at the wall is zero, which is
equivalent to the condition,
ap

—_— = = = 1. 14
ar 0 r=handr=1 (14)

In Mathews’ acoustic analogy [15], the mean pressure, density and speed of sound are

! DUS(rs
pir) = p(a) - [P

s

po(r) = [a2(r)]"" (15)

a2(r) = a2(1) + (y - 1)[ olts) g

with the base flow in the axial direction U, (r) and in the circumferential direction Ug(r). Modifying the result by

Mathews by eliminating the entropy terms, the analogy becomes

7 (p) = S (16)



where 7 is the differential operator given as
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The source term S

D,14 ;8 Uy Uy 0 D[, 8 D Upyd D
SP = RS (——— -U,— - (= 9 )S" —[ZU 2(—) == ]".
RS + D,(r ) (72 + )ae * 20z D,+(r)86D,+u981 @0)
The pressure can be calculated using a Green function where for the source S, only an approximation of S is used in
the calculation of p. The simplified geometry introduced previously in section [[lis used. Non-linear terms are ignored,
surface terms taken to be insignificant and volume source terms are discarded. The full derivation and expressions for
source S can be found in Matthews’ analogy [115].

In order to find the Green function G,, the analogy is written in short form as

( o)

FP{Gu} = 6(z - 20) 5(6 - o) . (21)

With the entropy a constant, the acoustic analogy is simplified, giving a Green function of the form
1 & ) .
G = gz ) Gl eI, (22)

where G,, is calculated in the methods explained clearly in references [[14-17].

For the particular case of fan-OGV interaction, the focus is on the upstream direction where swirl is considered,
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and
i

Gm (r|r0) = (27T)2rOCmn D,, (rO)Agn (ro)aK/a')’('ymn’ rO)

‘pmn(r)'ﬁmn(rO)' (23)

On non-dimensionalizing by the duct radius r 4, the non-dimensional radius h < r < 1. Representing the upstream

direction by +, the terms in the expression for G ,,, are given by

Conn = Tr¥mn (0 )7, (1), (24)
D = A2, - 222 L (ru). (25)
rg dro
Ay =kU, + 0, (26)
ro
and
Dm(rO)
OK/By(y* ro) = po(ro)
070 T0) = 4 o (0D ()
82ﬁGm i 6f)Gm mUe(h)U (h)
. ,07) + Bk () —== (v, ) = 2——"—"PG.m (Vihas D) |- (27
[ 1) + B () =52 () = 2= 55 2506 (i )] @)

argdy

Note that PG, m (r) = Ymn (r)/¥mn (1) satisfies the boundary condition at the outer wall r = 1. The pressure field in
an annular duct with swirl is as expressed earlier in equation (&), and for integration over the blade surface with the

Green function in an annular duct with swirl, equation ([8) yields the modal amplitude for the swirl case as

\4 o 1 co o 1 ¢
P =Ze2mfm/th fo Sj;,n(w,r)qu=Ve2’”Jm/th fo S} (w,1)Ap,drdz, (28)
j=1

where from [118]

Smn(@1) = 5 e 6K:;8y(y+ )
m . D, (r) 2sinaUg(r) [ dyrpmn(r)
{(? COS a2 + Ymn SIN 02) m‘pmn(r) - A, (r) dr + Bm(r)lpmn(r)]} > (29)
and
2muU, U2
B (F) = A”;rg - é . (30)
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In expanded form,

Pun _ oV fl(&)zv 1
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(r)w’"” r Ak (1) dr

X exp {i [(=YmnX2)oc + my2/r] —iqB[oc(y1 + y2)/r — z1tan 1 + 23, tan ayy, |

Bm,k (r)wmn (r):| } 6Nmn,q

m Y
{(? COS @2 + Yy SIN az)

—iqB[ocb(sin @z + cos o tan a1)/r] }dr . (3D

The two alternative Green functions are implemented in an in-house interaction tone prediction code for both
uniform flow and swirl flow in an annular duct. The in-house code, based on the theory outlined in this article,

incorporates sections of codes written by Whitehead [l4] and Mathews [15,116] (‘GreenSwir’l).

C. Sound Power Level

Having calculated the modal amplitudes P,,,,,, the in-duct modal sound power is

Py = ﬂ-(r h) Z Zwmn|Pmn|2 (32)

m=—oco p=1

where
TM?2B4(qBQ/U)Kpmn
(qBQ/ag + MKy, )2

mn —

(33)

with the upper sign denoting upstream propagating waves, and the lower sign denoting downstream propagating waves.
In order to use modal amplitudes of the form in equations ([IT)) and (31I), reference [3] suggests non-dimensionalizing

by 2poU3Mr?2 to give
2
Pmn

3p0U2

= 27 (r3 = r2)Wop,
3|\/|4I’ Z Z Ml’g (34)

m=—oco p=1

It is important to note that this formulation for the sound power is only valid in the uniform flow areas - downstream

of the OGVs and upstream of the fan.

V. Test Cases and Comparisons
In order to test the output from an in-house code that implements the theory in Sec. [\ a series of test cases are

examined. The rotor-stator test case is for 18 rotor blades and 40 stator vanes. A generic geometry is utilised with
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Fig.3 Test cases: (a) Axial, freevortex and rigid body velocity profiles, (b) Realistic velocity profile.

some variations in the blade sweep, stagger angle, and lean over the radial span. The axial Mach number is set to 0.3
for the uniform flow case, and for the test cases with free vortex swirl or rigid body swirl. An additional calculation is
performed for a realistic shear and swirl velocity profile. All the flow profiles are shown in figure

Tables[Iland 2] show the predicted modal amplitudes for the cut-on modes at 2BPF (Blade Passing Frequency) and
3BPF for both the upstream and downstream directions relative to the stator. For this test case, at 1BPF there are no
rotor-stator interaction modes that are cut-on. The rotor’s rotation speed is set equal to 2,800 revolutions per minute,
and the duct radius is equal to 0.5m.

These preliminary test results show how the effect of swirl flow alters the predicted modal amplitudes compared to
calculations without swirl flow included. Significantly, some otherwise cut-off modes are cut-on with the inclusion of
swirl flow, notably at higher frequencies. At 2BPF, with uniform flow only two radial modes are cut-on for azimuthal
order -4, but on introducing either free vortex or rigid body swirl, the third radial mode, (-4,3), is additionally cut-on.
This is also observed for the case with the realistic flow profile. At 3BPF, with uniform flow only azimuthal order 14 is
cut-on, but with the inclusion of the swirl, additionally azimuthal order -26 is cut-on. However, only one radial order
is cut-on for the free vortex swirl, whilst three radial orders are cut-on for the rigid body swirl. Finally, it is noted that
at 3BPF, the second radial order of azimuthal order -14 becomes cut-off when the swirl is introduced.

Table [Blshows the number of cut-on modes for predictions with swirl and without swirl (uniform flow), based on
an example for a rig-scale engine case. In this case, there are 20 blades and 42 vanes. A fan wake model from reference

[2] has been used for the predictions. Subsequent studies will employ the measured wake data. Other information is

13



Tablel Upstream Modal amplitudes for test caseswith different flow profiles

Uniform Free vortex Rigid body Realistic
s | m | n| Modal amplitude Modal amplitude Modal amplitude | Modal amplitude
real imag real imag real imag real imag
2| -4 |1]|-32250 1.3640 |-0.4967 -0.1018 |-0.2391 -0.4384 |0.3150 -0.8462
2| -4 | 2| 22541 -0.0430 | -0.0622 0.7348 |-0.6566 0.2121 |0.2801 0.9550
2| -4 |3 - - 11994 -1.4032 | 0.3185 1.5569 | 1.3502 1.1309
3|14 |1|-1085 -8.1276 |-0.0796 -0.0077 | 0.3297 0.3840 |0.0558 -0.0167
3|14 | 2| 05277 -2.9618 - - - - - -
31-26 |1 - - 1.0962 0.6239 | -0.6145 -0.0228 | 0.5898 -0.6525
31-26 |2 - - - - -0.6919 0.6652 | 0.6711 -0.7189
31-26 |3 - - - - -0.3929 -2.2175 - -
Table2 Downstream Modal amplitudes for test caseswith different flow profiles
Uniform Free vortex Rigid body Realistic
s | m | n| Modal amplitude | Modal amplitude | Modal amplitude | Modal amplitude
real imag real imag real imag real imag
2| -4 | 1] 39147 3.3243 | 0.0063 -0.0475 | 0.0422 -0.0423 |-0.0407 -0.0294
2| -4 |2]|-87129 0.5936 |-0.0237 0.0432 |-0.0301 0.0104 | 0.0594 0.0517
2| 4|3 - - 0.1979 -0.8420 | 0.4592 0.2367 | 0.2611 -0.5125
3114 | 1| 13915 -1.0858 | 0.5237 0.0747 | 0.7412 0.5579 |-0.4714 -0.2484
3|14 | 2| 19314 0.8651 - - - - - -
31-26 |1 - - 0.1034 -0.8819 | -0.3048 0.0376 |-0.3883 0.2295
31-26 |2 - - - - -0.2824 0.5545 | 0.8828 -0.2878
3|-26 |3 - - - - -1.2750 -3.0360 - -

14




Table3 Number of cut-on modeswith and without swirl

2BPF 3BPF
mode number of radial orders mode number of radial orders
without swirl | with swirl without swirl | with swirl
-2 4 4 18 5 4
-24 4 6

proprietary.

Comparisons of the predicted sound power levels against measured rig-scale engine data are shown in figure [41
The sound power level is shown plotted against the modes that are cut-on at 2BPF and 3BPF, for the upstream (figure
[ (a)) and downstream propagating modes (figure [l (b)). It is important to note that the power levels are summed over
all cut-on radial orders for each azimuthal order. These results are the early development stage outputs generated from
the prediction model outlined in this article.

In the upstream direction, at 2BPF the predicted results both have the same number of cut-on radial orders, but
comparisons with the measured data shows that the inclusion of swirl significantly reduces the predicted power levels,
generally closer to the measured levels. At 3BPF, for the mode 18, the inclusion of swirl also provides an improved
prediction compared to the uniform-flow case. The predictions for the -24 mode show larger variability. It is important
to point out that the measurements were carried out upstream of the fan, and with acoustic liners installed, whereas the
predicted results are for a hard-wall calculation, and the predicted power levels are the interstage levels. Hence, proper
comparison can only be done when the fan blockage effects are added to the predictions.

In the downstream direction, comparisons between the measured data and predictions (with swirl) show good
agreement at 3BPF for both the 18 and -24 modes. However, at 2BPF the level of the mode -2 is over-predicted when

swirl is included, and under-predicted without swirl included.

V1. Conclusion
An overview of the theory for the prediction of Fan-OGYV interaction tones with the inclusion of swirling mean-flow
has been outlined. Preliminary results for a series of test cases show predictions of the modal amplitudes comparing
the results for uniform mean-flow with mean flows that include swirl. The inclusion of the swirl alters the rotor-
stator interaction modes that are cut-on. Comparison with measurements show relatively good agreement at higher

frequencies especially in the downstream direction where appropriate comparisons can be made.
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Fig.4 Sound power level comparisons of experimental measurementsagainst predictions (without swirl [Pred.
Uni] and with swirl [Pred. Swr]) (a) Upstream (d) Downstream

Full validation will be carried out to assess the predicted modal powers upstream of the fan (in the inlet duct) and
downstream of the stator vanes (in the bypass duct). For upstream propagating sound, it is planned to also include a

fan blockage method, to account for the transmission of the inter-stage modes through the rotating fan blades. This

study will be presented in a subsequent article.
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