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FREQUENCIES OF RESONANCE IN WIND TUNNELSWITH VENTILATED WALLS

AND PLENUM CHAMBER

1. NOTATION AND UNITS

A amplitude of oscillatory disturbance

a speed of sound

b width of slot
>
g D diameter of perforation
g d depth of plenum chamber
=
3 F eometric slot parameter, see Equation (3.7)

g p q
>
© f frequency of oscillation
(%]
g G fall in Bp as 2kT/h increases from 0.1 to 0.7, see Equation (4.2)
§ g mode in plenum chamber
(]
- h height of tunnel
©
(3 i J-1
£
= k porosity factor, (1-o)/c
a0
s M Mach number
<y
; p eigenvalue for response frequency, ¥z2Ah
a
o Ap,, pressure difference across ventilated wall,
(plenum chamber pressure) — (tunnel pressure)

Q Mach number parameter in solution, see Equation (3.18)

T effective perforation diameter, (0.85D + Z sec6 ) or (0.85b + Z)

t time

\% velocity of stream

X streamwi se distance

4 thickness of tunnel wall

z upward distance from tunnel centre-line

o eigenvalue factor for x
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p (1-M%*

Y interpolation factor, see Figure 3

0 inclination of perforation axisto wall normal deg deg
A eigenvalue factor for z mL ftl
p density of stream kg/m3 slug/ft®
c open arearatio (open area/ total area of ventilated wall)

b velocity potential of stream flow m?/s ft%/s
v velocity potential of plenum chamber flow m?/s ft%/s
o circular frequency, 2xf or pda st st
Subscripts

Gmax denotes value corresponding to maximum in G

Bpmax denotes value corresponding to maximum in fp

0.1 denotes value corresponding to 2kT/h = 0.1

0.7 denotes value corresponding to 2kT/h = 0.7

INTRODUCTION

Wind-tunnel resonance is a phenomenon of wall interference for which it is impossible to make any
correction. Itisacharacteristic of subsonic flow, whereby transversewaves can developinauniform stream
asaresult of forced oscillations or buffeting at any one of a sequence of resonance frequencies dependent
on the tunnel geometry. In practice, it is the lowest such frequency that imposes an upper limit for valid
flutter testing and experiments on oscillating wings and control surfaces. It isimportant to know this first
resonance frequency when planning dynamic measurements in a particular tunnel, for example to avoid a
condition of resonance while the Mach number range is traversed and frequency is held constant.

In rectangular tunnels the phenomenon is essentially two-dimensional in character and concerns the roof
and floor of the tunnel with the model located in the central horizontal plane z= 0. Before the consideration
of ventilated tunnelswith slotted or perforated wallsin Section 3, the simple results for closed tunnelswill
be taken from Derivation 1. For wing motion out of the plane z= 0 the perturbation in velocity potentia is
antisymmetric in zand the circular frequencies are

3t 5

_ 2BVp _n 3n on
® == Wherep—z, 5 (2.1)
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For wing motion in the x direction, represented by sources and sinks, the velocity potential is symmetric
in zand there is a second set of frequencies given by Equation (2.1) with p = ©, 2, 3xn, ... The lowest
critical frequency istherefore given by

w:%’:%’", (22)

which istoo high to be of practical interest at low speeds, but it imposes an increasingly severe restriction;i
on test frequencies at higher Mach numbers. :

The basic theory for ventilated tunnels is taken from the work of Mabey in Derivation 6. His method is
outlined and the key equations are described in Section 3. The numerical results have been specialy
calculated in terms of Mach number, plenum chamber depth and a single wall parameter and are presented
and discussed in Section 4. After the Derivation and Reference two illustrative examples are given in
Section 6. Appendix A providesdetailsof acomputer program for calculating thefirst resonancefrequency.

3. THEORETICAL METHOD

To calculate resonance frequencies the two-dimensional model in Sketch 3.1 is used. The associated
oscillatory flows are either symmetric or antisymmetric in z. The region —2h < z<%2h contains the main
stream of the tunnel with undisturbed velocity V and subsonic Mach number M in the x direction and a
perturbation with velocity potential ¢ . The regions —(%2h+d) <z<—-4h and ¥2h<z< (*2h+d) comprise
the plenum chamber with still air V = M = 0 and perturbation velocity potential . The roof and floor,
z = t%h, are modelled as homogeneous boundaries which admit normal flow. The outer walls,
z = £(¥h+d), are solid.

ESDU Copyright material. For current status contact ESDU.

Outer wall
d Plenum chamber V=M =0 Potential v
_____ zy, ~ Homogeneouswal
h 0 y Stream V,M S — Potential ¢
_____________________ et
d Plenum chamber V=M =0 Potential
Outer wall

Sketch 3.1 Representation of ventilated tunnel
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For afull analysisof thetheory thereader isreferred to the Appendix of Derivation 6. The governing partia
differential equations are

22, 2% _2M?% M%) _
(1-M") 5 >N et 2 2 0 (3.2
ox 07 VvV~ ot

oy, dy 10wy _
2+ - 2—0 (3.2

for the plenum chamber flow. The outer boundary conditions are

%‘Zﬂ =0 onz=+(%h+d). (3.3)

At the homogeneous walls continuity of mass requires that

0¢ _ dy = 41
57 o7 on z oh, (3.4

while across them there is a pressure difference

vae 00 v

APy = p[ ox ot atJ

(35)

which can berelated to wall geometry. For aslotted wall the steady-flow homogeneous boundary condition
of Derivation 2 is extended, asin Derivation 3, to give

2
Ap,, = 7oV L onz = s, (36)
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where in terms of the ot width, b, and the open arearatio, &,
_2b o
F= thmloge[cosntec 5 J (3.7)

For a perforated wall the homogeneous boundary condition in Derivation 6 is based on research in
Derivations 4 and 5, from which for oscillatory perturbations the pressure difference can be identified as

= - 41
=+ J +
Ap,, _kaa ot ONZ= 2h (3.8)

in terms of a porosity factor

k=(1-o0)lo (3.9
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and an effective diameter of perforation
T = 0.85D + Zsech, (3.20)

where Zsec0 is the perforation length. When the expressions for Ap,, are equated, there are aternative
boundary conditions on the roof and floor

2
90 100 0w\, - 00 _
ax+v(at at)i/ZFhaxaz 0 (3.11)

for aslotted wall and

2
00, 1(00_oy) KT 0°¢ _
ax+v(at at) *V ozt 0 (312

for a perforated wall. The analysisin the Appendix of Derivation 6 then follows from Equations (3.1) to
(3.4), (3.12) and (3.12). Asregardswall geometry, band ¢ for slottedwallsor D, Z, 6 and & for perforated
walls are sufficient to determine the required parameters in Equation (3.7) or Equations (3.9) and (3.10).
The resonance mode of primary concern is of the form

X ot

¢ = Asin(A2)e e (3.13)

which would be excited by oscillatory motion of the model involving vertical displacements. Additionally,
it is possible that a symmetric mode

¢ = Acos(Lz)e ¥ (3.14)

could be excited by longitudinal motion of the model or unsteady flow in the tunnel. The three eigenvalues
A, o and o arerelated and, as found in Derivation 3, the resonance frequency satisfies the equations

ESDU Copyright material. For current status contact ESDU.

2
o=YBa_ VB (3.15)
M2 M

A compatible mode in the plenum chamber is of the form
v = g(z)e et (3.16)

The analysis then leads to the differential equation for g(2)

2
29_3%Q% = o0, (3.17)
0z
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where

M2 51"
o= {E_B} _ (3.18)

The form of solution depends on whether Q is pure imaginary, zero or real and positive, i.e. on whether
M<, = or>%(/5-1) = 0.618. (3.19)

For perforated walls the antisymmetric mode of Equation (3.13) is then shown to satisfy all the equations
and boundary conditions for the set of resonance frequencies given by the following algebraic equations:

tanp—(B%/|Ql)cot(2/Qldp/h) + pA(2kT/h)p =0 (M <0.618) (3.20)
cosp = 0 (M =0.618) (3.21)
and tanp+ (B2/Q)coth(2Qdp/h) + B2 (2kT/N)p = 0 (M >0.618) (3.22)
where p = ¥%2Ah (3.23)
and Q = (p2-MmZpY”. (3.24)

It is remarkable that these equations are of |dent|cal format for dotted walls, when the final terms in
Equations (3.20) and (3.22) are replaced by M Fp Equations (3.20) to (3.22) have to be solved for p,
which gives the resonance frequencies

f= % - "—j%? (3.25)

These form the odd set of modes, first, third, fifth, etc. The even set is obtained when Equation (3.14) is
used in place of Equation (3.13), but these are omitted as there does not appear to be any experimental
evidence of them.

Thetheory hasanumber of empirical aspectsincluding the rejection of the solution for slotted walls, which
is considered to be unrealistic because the final term M™Fp gives a result for M = 0 independent of slot
geometry. Instead, Equations (3.20) and (3.22) are used with an effective perforation diameter

ESDU Copyright material. For current status contact ESDU.

T=085b+2Z, (3.26)

where b is the dot width. Although the theory is approximate, Derivation 6 provides some experimental
support for the theoretical predictions of the odd resonance modes for both types of ventilated tunnel
including inclined perforations. The comparisons do not reveal any systematic error in the theory.

More recently in Reference 7 a finite element method has been developed for predicting the resonance
frequencies in slotted tunnels with plenum chambers, and thisis likely to be more accurate than Mabey's
theory. The only available comparisons in Figure 4 of Reference 7 indicate that his theory can give a
pessimistically low resonance frequency for a slotted tunnel. Nevertheless, in combination with the
experimental confirmation in Derivation 6, the comparisons are good enough to justify the detailed
parametric calculations for the important first mode in Section 4.
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4, CALCULATED FREQUENCIES OF RESONANCE

The lowest eigenvalue p has been calculated iteratively from Equations (3.20) and (3.22) for the full range
of three parameters, 0<M <1,0<2d/h<o and 0< 2kT/h< 0. The resonance frequency isthen obtained
from Equation (3.25),

_ aPp
f=2P. (4.2)

Hereisoneform of wall interferencewhereit is disadvantageousto use alarge tunnel; the greater the height
of working section, the lower the resonance frequency. The practical range of plenum chamber depth is
0<2d/h<4,whilethat of thewall parameter isset at 0< 2kT/h< 1. Larger values of 2kT/h correspond to
very small open area ratios for which the homogeneous boundary condition in Equation (3.12) becomes
unrealistic. The results are most conveniently presented in terms of Bp and Tables 7.1 and 7.2 show the
calculated values of Bp for 2kT/h = 0.1 and 0.7 respectively.

The most interesting variationsin Bp arethose against M. If thereisaplenum chamber (d=0), Bp either
increases from itsvalue at M = 0 or falls to aminimum value in the lower part of the subsonic range. The
resonance frequency peaksat aMach number intherange 0.68 <M < 0.82 beforefalingtozeroasM — 1.
The phenomenon disappears in supersonic flow.

16 : . . .

0.8

14 L .

12 F 4 0618

10} i
Pp 0.95

08} -

06 | i
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0.4+ Z—ET =0.3 05

0.2 ' '
0125 025 0.5 1 2 4

2d/h
Sketch 4.1 Resonance frequency against plenum chamber depth

In the absence of a plenum chamber p = %n. The effect of plenum chamber depth is illustrated in
Sketch 4.1. For M <0.618 the effect of increasing 2d/h is to reduce Bp; this seems to impose the most
serious limitation on test frequencies. At M = 0.618 the resonance frequency is invariant, with p = Yar.
At larger values of M the resonance frequency risesto an asymptotic limit as 2d/h increases. It is significant
that, as Mach number increases, thegrowthin Bp isprogressively more concentrated in the region of small
2d/h, until at M = 0.95 the asymptotic limit occursvirtually at 2d/h = 0.25, To compress the upper range of
2d/hit is convenient in graphical presentations to use the parameter tan ~(2d/h).
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Theleast interesting variations, and the easiest to handl e, arethose agai nst thewall parameter 2kT/h showing
either constant or smoothly decreasing functions. It is sufficient to consider the range 0< 2kT/h<1.

The quantity p can be determined from the graphsgivenin Figures 1 to 3 asafunction of M, tan_1(2d/ h)
and 2KkT/h. Firstly, for 2kT/h = 0.1, there is a carpet in Figure 1a for suitable values of tan “(2d/h) and
Mach numbersin thelower range M <0.618 . A fold inthe carpet for M > 0.618 makesit necessary to split
Figure 1b into two parts, for M<(M)g, . and M>(M)g .. where (M)g,, .o, decreases as 2d/h
increases. Secondly, to allow for the parameter 2kT/h, thereare carpetsof thefall in Bp as2kT/hisincreased
from 0.1t0 0.7 (Tables 7.1 and 7.2). Thus

G = (Bp)o1~(BP)g7 (4.2

which is plotted in Figure 2 against tan_l(2d/h) and M. In the range M <0.618 there are maximain G
against 2d/h, and Figure 2a is subdivided into separate carpets for 2d/h<(2d/h)g,., and
2d/h>(2d/h) g ay - FOr thehigher Mach numbers, M > 0.618 , therearemaximain G against M, and Figure
2bissplitinto two partsfor M <(M)gax @d M2 (M)g,ax - FiNdly, given the values of (Bp)g 4 and G
itissufficient to calculate

Bp = (BP)g1—7G, (4.3)

where (Bp)q , isgiveninFigure 1a, 1b(i) or 1b(ii), G isgiven in Figure 2a(i), 2a(ii), 2b(i) or 2b(ii), and y
may be taken as the single function of 2kT/h given in Figure 3. This procedure should give Bp to within
+0.01 of itstrue calculated value.

Asregardsaccuracy, theresulting valuesof Bp are subject totheapproximationsinthetheory. Theevidence
of the finite-element calculations in Reference 7 suggests that, for slotted tunnels, the values of Bp may
be somewhat pessimistically low. On the other hand, the experimental data in Derivation 6 for both
perforated and slotted walls suggest that the present calculations are just as likely to overestimate as to
underestimate Bp . Thelack of experimental evidenceintheregion M > 0.9 casts some doubt on the manner
in which Bp tendsto zero a M = |, and on the significance of the results at very high subsonic Mach
numbers. This adds to the uncertainties of dynamic wind-tunnel testing at near-sonic stream velocities. In
practiceit would seem prudent to alow for the possibility of an error of £10 % in predictions of resonance
frequency, or as much as +20 % at the higher Mach numbers (M > 0.8, say) . In particular, the calculated
frequencies of resonance are not expected to apply when suction is introduced to induce mass flow from
the working section into the plenum chamber.
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