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ABSTRACT

The stability of flow in air induction systems for boundary-layer suction
has been studisd as a continuation of the theoretical and experimental work re-
ported in WADC TR 53-189, In these suction systems. the dynamic head of the
boundary-layer air can increase the pressure in the suction system, causing
dynamic and static instability. The theoretical work reperted here extends the
previous analysis to include the effects of wave motion in the exit section of
the suction system. The experiments include tests with both a turbulent bound-
ary layer and an artificially produced laminar-like boundary layer, obtained oy
air injection through the tumnel wall. The static instability is evidenced by
the eppearance of unequal flows in ostensibly identical branches of the system.
Inserting splitter vanes in the slot and diffuser sccents this instebility, the
flow confining itself to separate sections of the diffuser for moderats sustion
rates. Several devices to remove the static instability were unsuccessful, bub
the use of the laminar-like boundary layer has a strong stabilizing effect. The
dynamic instability occurs in the form of regular oscillstions in the flow. It
was shown in WADC TR 53-189 that the system could be mede dynamically stable by
introducing large losses in the suction slot. In the present report four stabil-
izing effects are investigated: small plenum volums, laminar-like boundary layer,
large-chord entrance slot, and low tunnel speed. Conditions for dynamic stability
are investigated theoretically, and s stability criterion is compered with the
experimental results. The experiments with the dynemic instability include meas-
urements of the amplitude and pheses of the oscillations in various places in the
suction system. An expression is derived for the frequency of oscillation in
the case of dynamic instability. The calculated frequency agrees with the exper~
imental measurements for large plenum volume, but is not in agreement for meas-
urements with the small plenum. The energy balancs in the dynamically unstable
systom is investigated theoretically and these results are compared with exper-
iment,
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INTRODUCTION

Alroraft induction systems which ingest air from a boundary layer often
encounter flow instability. The most common cases of this kind of instability
have occurred in engine air intakes, and the instability in such ceses has
usually been eliminated by diverting the boundary-layer air from the intake or
by bleeding it off ahead of the intake. Recently, there has been renswed in-
terest in the use of boundary layer suction systems to improve the maximum 1ift
and the minimum drag of aireraft (Refs. 3, 4, 5, 6). For such systems, prac-
tically the entire mass of air being taken into the system is boundary-layer air,
and careful attention to flow stability in such systems is necessary. The
earliest theoretical study of flow ingtability in boundary layer inlets seems to
have been that of Smith and Roberts (Refs. 5 and 8). They showed that for flow
rates less than those necessary to suck the entire boundary laysr, the total head
of the air entering the system may have a positive increase with incresse of
volume flow. This system characteristic is known to be associated with flow in-
stability in the phenomens of compressor surge (Ref', 7), supersonic diffuser "buzz ",
and twin duct instability of jet engine intakes (Ref. 9). In Refererce 1, the
stability of a boundary layer suction system was considered in greater detail,
and it was shown that the criteria for ingtability depended not only on the char-
acteristics of the inlet, but also on the characteristics of the entire duct
system following the inlet,

In Reference 1, results were reported on tests conducted with a suction
system taking turbulent boundary-layer air from the 16-inch wall of the C.A.L.
3 inch x 16 inch subsonic wind tunnel. When & single wide slot (13,75 in.) was
employed, flow instability of both the static and dynemic types was encountered
simultanecusly. The static instability manifested itself in the form of a non-
uniform flow across the inlet with greater than average inflow at one end and
outflow at the other end. - At the same time the system exhibited dynamic insta-
bility in the form of regular oscillations. By dividing the slot into four
smaller sections, with splitter plates, the oscillations could be eliminated,
but the static instability remained, as evidenced by the nonuniform distribution
of flow among the four sections. Attempts were also made to investigate a sya-
tem ingesting a laminar boundary leyer on a model airfoil mounted in the same
wind tunnel. No instability was, however, observed in the airfoil model system
with either laminar boundary layer or turbulent boundary layer (induced by a
trip wire on the airfoil). Two possible causes for the stability of the airfoil
model system irrespective of boundary-layer profile were geen: firast, the smaller
scale of the slot and inlet might have produced higher losses than were encoun-
tered with the tunnel wall suction system and second, the decreased system
volume might have been sufficient to meke the system stable as indicated quali-
tatively by theory. The dynamic instrumentation of these tests was inadequate
to allow any correlation of theory with experimental results, since the tesgts
were only exploratory in nature, and were originally aimed primarily at the in-
vestigation of static instability.

The present program was aimed at amplifying the results obtained in Ref=-
erence 1, and in particular at investigating the effect of boundary-layer
profile on the flow instability. Also, effort was directed to obtaining suf-
ficlent data under ocscillatory conditions to allow correlation of the results
of dynamic theory with experiment., Since it did not appsar convenient to ob-

Manuserirt released by the authors in August 1055 [or publication as a WADC
Technical EKeport. '
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tein & true leminar boundary layer on the wind tunnel wall, an artifice first
developed by Wieghardt (Ref. 2) was employed to obtain & thick laminer-like
boundary-layer profile. This involved bleeding air through a perforated sheet
into the boundary leyer shead of the inlet slot. Measured velocity profiles
showed that a practically linear velocity distribution through the boundary
layer could be obtained in this way. Tests carried out with this laminar-like
boundary layer showed no dynamic instebility and very little evidence of static
instability. These results correlated well with the theoretical stability ori-
teria, since the laminar-like boundary layer had a substentially lower slope of
the curve of inlet total head versus volume flow than the turbulent boundary
layer. It was also found that the reduction of system volume necessary to make
the gystem steble with turbulent boundary layer inflow was in good agreement
with theoretical predictions. This also accounts for the observed stability of
the airfoil model suction system with turbulent boundary layer reported in Ref-
erence 1, In order to carry out a quantitative comparison between theory and
experiment for dynamic stability, it was necessary to carry out a more complete
analysis of the exit duct (which consisted of & long pipe) than was given in
Reference 1. This analysis, which is presented herein, takes account of acoustic
wave propegetion in the pipe and the losses in the venturi at the end of the pipe.
An energy enalysis for the oscillating system could then be carried out in which
the input of energy from the inlet was balanced by the dissipation of energy in
the exit duct. The messured emplitudes and phase angles for the flow in the
inlet and exit duots were in fair agreement with the analytical results.

It appears in general that the methods employed in this inveatigation may
find wider application to many kinds of duct systems. In partiocular it is sig-
nificant that, at least under the conditions of these tests, the inlet charac-
teristiocs measured under nonoscillatory conditions could be applied under
osoillatory conditions, On the other hand, the determination of the exit duct
cheracteristics under oscillatory conditions from dynamic total and static pres-
sure measurements also demonstrates the feasibility of measuring component dynamio
characteristics, and with improved techniques of instrumentation and calibration
may well offer acouracy comparable with the static measurements. The exit duct
characteristics are then obtained in the form of en impedance (ratio of pressure
to velocity at the entrance) versus frequency, and perhaps amplitude if the sys-
tem were highly nonlinear. This then would completely define the dynemic char-
acteristios of the system with respect to other elements to which it night be
coupled, and would allow dynsmic metching of ducts to inlets, plenum chambers,
exhaust pumps, or even engines end other mechesnical or aerodynamic components.
Such sn approach might, for instance, allow the surge characteristics of an inlet,
duct system, and suction pump or engine to be computed from element tests long
before a completed aircraft could be available for test.

WADC TR 55-318 2



THEORETICAL ANALYSIS

Boundary-Layer Characteristics

In Reference 1, the total head recovery from a flow of air originating in
the boundary layer was discussed on the basis of the total energy of the flow,
Actually, due to mixing losses, the total energy of the flow is not a good
index of the available total head. A better index is probebly the total head
which would be recovered from the nonuniform entering stream if mixing took
place in a long duct of constant section. In such mixing the total momentum of
the sgtream is constant, Thus, if the partial boundary layer depth from which
the flow is taken is 4" , the duct is assumed to be of dimension d* also.

If U, denotes the uniform velocity after mixing and (/ denotes the nonuniform
velocity before mixing, the equation of continuity gives

;[
UI:TIU@/’%

The momentum equation is

"
/—2+0T{f/(/2ﬂ(?/:€+/0(/,2

since the pressure /; 1is constant through the boundary layer. The total head
after mixing is

2
H, = P +-2!—/U,

On substituting from the energy and momentum equation for A end U, we
have

H -5 =J<‘f;02'¢7"2/_/0(°"_/)2 Ufwﬂz

This result may be nondimensionalized by dividing by 4,2 (,° , where U,
is the stream velocity outside the boundary layer, to give

H- A 2 vy IV Ty ¢

soue " 7 L)y @) | @)y

2/0 U‘ o (/0 o 0
It is seen that the total head given by this formula depends only on the bound-
ary layer profils, (//Us . Aotually, of course, there are additional losges in
the inlet duct which reduce the resoverabls total head below this value. For
somparisons of streams of different profile, however, the value given by this
formula should indicate generally the relative magnitudes involved. Caloulated
ourves of (4,-R) /4 ~ U,* are given in Fig., 13 for typical turbulent end
laminar-type velocity profiles encountered in the present investigation. It may
be seen from this figure that the turbulent profile leads to oonsiderably higher
pressure recovery for a given volume flow then the laminar profile.

WADC TR 55-318 3



Dynamic Characteristics of the Exit Duot

The snalysis of the inlet and exit ducts given in Reference 1 was based
on the assumption that these ducts were short emough relative to the acoustio
wavelength of the oacillations which might ocour so that the air in them
might be congidered to be moving in essentially incompressible flow. This
led to & description of the plenum chamber plus inlet and exit ducts as a
Helmholtz resonstor with two necks. In many applications this will not be the
caee, partioularly as regards the exit duct. It is therefore desirable to
investigate the characteristics of a long pipe with an orifice or other device
producing a loss of head at the end. This can be done by means of the usual
equations of acoustics for flow in ducts. In the experiments to be discussed
herein, the mean flow velocity in the duct was low enough so that the mean
flow effects can be neglected except as they affeot the head loss at the end.
If this is not the case, the more general equations for unsteady one~dimensional
compressible flow should be used. These are somewhat more complicated, but
would not alter the fundamental method of analysis in any important way.

The one-dimensional equation for the welocity potential, ¢ » in a duct
is given by (Ref. 11}

_a_l+/é2¢ =0 (1)

o’

where 4 is distance along the duct and #£=w/a , w being the frequency
and @ the velocity of sound. The osocillatory veloeity, « , in the duct
and the oscillatory pressure, £/ , in the duct are given by

__2p

pz —iwp (3)

the oscillatory motions being described by

Uty = ue “°F
and . (4)
-<wt
P t)= 7
also
Swt) = ¢ e Tt (5)

The duct to be anmlyzed will be assumed to have a presoribed pressure oscilla-
tion A = 7@02‘4‘03 at the end -0 , &and a flow metering devioce at
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¢=,£ . The flow metering device can be described for small oscillations in
torms of a linear relationship between the pressure 7% and velocity U

name ly _
ﬂ = OCC(,Z . (6)

The system is as shown below

l
2% 2
Uy “y |/\
% |
K Z >
The general solution to Eq. (1) is
¢ = A cov by +8M£¢ (1)

where A wand A5 are oconstants to be determined from the boundary oconditions.
From Bqs, (2 ) and (3 )

P = —LWPA (8)
Uy = ~ A8 (9)
py, ciwp [Acowht + Banbt] (10)
Uy = BAsin L KRB cos bl . (11)

The boundary condition at .¢ =_f from Bq. (6 ) gives
A [-u;w,cw/@,é _ A Aaw,aéljl [,Lw,aéw,él- Ko WA@[] .

Solving this for B gives
(AL - 0t) sin bl ool s b

B=A 3 (12)
L =K ow z,é,g - wiain AL

A~

WADC TR 55.318 b



Substituting for A and £ from Eqs. (8 ) and (9 ) gives

R W Aa
u - #p | T4 /ofi -a)),dm,é,&,coa/,,éla- - J )

e A *oc W,ﬁ,ﬁatw,&éwz,’é,é

A concept often used in acoustice is that of impedance, Z , whioch is
simply the ratio of the oscillatory pressure to the oscillatory wvelooity at
A =0 o This is easily obtainsd as

/0

thmé,hw 2coa’ d L (i")

(Ax- )AMmﬁéawllfa PEZ:

Z = :,(//Dd

Imofnr as the remainder of the system is oconcerned, 7 gives all the neces-
ary dynsmical information about the exit duct. TIf the duot is relatively
lhor'b so that £/ <</ , and the damping is neglected (o¢c—>0)

Zz-ipakl--ip0l (15)

which desoribes the reaction of the duoct as that of a mass of air of length y/ .
being accelerated at & rate ~<w« . This was the description of the exit duot
used in Reference 1 except that a small damping loss oC was included. If the
demping is sssumed finite but small so that _£,%“ is negligible compared to

w? , thers results from Eq., (14), for small 4.4 ,
Z = —bpwd o - (18)

This is identioal to what was aotually used in Reference 1 for the exit duct
characteristios,

If, on the other hand, A is very large compared to <« , the impedance
becomes A

2 =ipacol bl (17)

whioh exaotly ocorresponds to the well-liown result for a tube with a ocloged
and at 4 = .&y (Ref, 11), This is reasonable since if there is enough resis-
tance to flow at 4 =.Z , the tube should behave as if it were effectively
closed, If _4.4 1is small at the same time, Eq, (17) reduces to

_ ,/a,z ca’
Z""a).& =Py (18)
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which can be interpreted as meaning that the duct is acting as an air spring
subjected to displacements ¢ equal to U

*

In general, the interpretation of the duct impedance is not so straight-
forward as for the cases discussed above, since the duct acts simultaneously
as mass, air spring, and demper. The special case £/ =77~ for integer 7
ia of great interest, since 4cn £ ¢ is then zero and

L= o - (19)

This meens that the duct is acting effectively as a pure damper without mass
or spring action. This case is of importance in the experiments to be des-
oribed herein, since it provided a simple means for measuring o¢ under
dynemic conditions without using an exit duct so short that flow measurements
were questioneble.

Coupling of Exit Duct to Inlet and Plenum

The equation of motion for the inlet and plenum system is taken direotly
from Reference 1 as

/’ngs L v _ ¢ _
e Sty [t n [t o o

where ¥ 1s the rate of volume flow into the inlet, %« 4is the rate of vol-
ume flow from the exit, .J, is the length of the inlet duot, A, 18 the oross-
seotlional area of the inlet duct at the entrance to the duet, 2 is the air
density, end 5%+ is the slope of the ourve of total head at the emtrance to
the plenum cha.mi%r versus volume flow rate. The factor &, is a correction
factor on the mass of air acoelersted in the inlet duct to account for duect
taper, and is given by

Z =I’M (21)

A/,
K 1is the plenum chamber spring constant, and is given (Ref. 1) by
2
K=2Z2 . (22)

This equation is based on the assumption (which is usually valid for inlet
duots) thet the duct is short compared to the acoustic wavelength of the oscil-
lations, so that the flow in the duct is inoompressible. The air in the duct
is therefore oconsidered to be accelerated without compression, and the simple
equation of motion presented above results. It is worth noting that for a
straight duct (Cs-'- / ) s the eagsumptions made ere equivalent to those made
in the derivation of Eq. (16) from Eq., (14) for a short duct, namely .4/ small.

WADC TR 55-318 7



__c:) o

The results are, in fact, identical to Eg. {18} if ? = ’45 4 and ———= - W
- Cy [ &3

are substituted in Eq. (20), and if it is recozaized that 275 corresponds

'tO D(/As o 8?5

The treatment of the exit duct in Reference 1 was identical to the treat-
ment of the inlet duct, and resulted in a similar equation of motion. The exit
duct will here no longer be considersd short so that a new equation for the
oxit duct must be obtained., The exit duct is subjected to the plenum chember
pressure, £ , variation so that

Wa. Z. (23)

where (({. is the oscillatory flow velocity at the duct entrance. From Refer-

ence 1

2 Kftfs,dt—/rfsze,dt , (24)

Cambining Eqs. (23) and (24)

t
Z o lp +/(ft2;¢,¢t—/(f?«5/ait =d . (25)

Let i‘ e
E = AT = T
5.‘5 f‘ j"s gs € :
[#]
and _ t clwt (26)
E.=| f A =5 e
Then ¢
/4 _ _ age _ ‘_/('wg —l.cdg
e e = ﬁ'c = oF - € (27)
The equation of motion is
4 .
—,oa)fge_*L»‘( ge"“K§S=O . (28)

In order to uge the simple form of the impedeance concept, this equation had
to be derived on the basis of harmonic motion. This is not a serious limita-
tion since in stability investigations the margin between positively damped
and negatively damped motion ls always charaocterized by harmonic motion.
Actumslly, in the case of lightly demped motion it is often permissible to make
the assumption that 7 . is applicable and is e function only of the frequency

of the motion and not of its rate of growth or decay in that case, the approx-
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imate equation of motion is

2 (R)
-z, )2, | 7. 9% . -
- e e - K = (29)
(Q)Ac> Qtz + Ae at +KS@ Kbs O

where Z‘g has been split into real and imaginary parts to give
R I
- . . (30)
Le 3L + 2L,

If /. for amall 4£4€e is substituted from Eq. (16), the above squation be-
comes identical with that derived for the exit mass in Reference 1,

For calculation of the undamped natural frequencies of the system, the
motion to be considered is of ocourse harmonic, and the use of the impedance
formula is exactly correct if the oscillation amplitude is small enough., The
impedance is then necessarily pure imaginary., The equations for undamped nat-
ural frequency which replace the Helmholtz resonator formula Egq. (32) of
Ref. 1 are

oA, 90 &
Ai ot? *KE-KE =0
_ z.5 N 2% ) (31)
( a)Ae) 'atTf/(ge KES-O
Z; is obtained from Eq. (14) as
(155;;-—/ _Aéﬁb,@,fc.cvaajéjfe |
z ez ,
Z, = »a v {32)

T oy an bl ot B,

Ar

L.

Since this result depends on the pressure loss coefficient, o , at the end

of the exit duot in an essential way, it may appear questionable whother the
"undamped” frequency has any real meaning in this case. It can, howsver, easily
be realized that while the magnitude of the losgs coefficient almost completely
determines the behavior of the exit duct, it need not necessarily provide a
large dissipation of energy of the system as & whole to be important. The un-
damped natural frequency results from the solution of

L
(-5t ke, x5 -0

5

[z (33)

(e rK) b - Ke, =0

The determinant of these equations must be rero for undamped oscillation, and
this leads finally to

(w®- cof) + Qje (;5) W =0 (34)
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where

z A4
Wg = /K (35)

have been used to simplify the results.

Pure Damping at the Plenum Exit

In the case where the exit duct imposes only deamping resistance on the
plenum chamber (for instance, when ,é,fe 2~ 7 s 88 discussed above), the

equatioms of motion assume a simple form, since the exit impedance is given by
Z= ]:See Eq. (19)] o The equatiors of motion are

ohss, 2%, M 3E

As TR TIEL AL AL =0 (37)
Spe D& e
22. at + S AL =0
;ﬁé o
where has besn substituted for ——
At Ag
let
_2% s ' 38
bs afs /,gs ;5 ( )
! - afe A.s
be - S AT, (39)
R A - (40)

Also substitute the solutions

‘E - Pt
T (41)
= Pt
g, =& =
to give . 2 2
(Prrbgprw)E, - & =0
2 , 2 (42)
""‘05 §s+(bep+a-)5)gc =0
Setting the determinant of this system equal to zero leads to
2 /
Pl (2 *‘f’sb°) p v o (bfte) <o (13)
b Z,
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of which the solution is

2 / 1712 /
P = _ | tbsbe * “J_sz“_b.z,_ée_ ~w? _’bs_i’bi_ . (44)
b 284, S be

For oscillation, the quantity under the square root sign must be negative, and
for instebility, the amplitude must increase in time, so that the real part of
F must be positive. Thus the condition for instability is that

& +hb! <O - (45)

This is equivalent to the more general stability criterion given in Refersnce 1
when the exit duct maas and stiffness terms may be neglected. The oriterion
for instability may be restated as

z
v 9?5 2o A s T,
The frequency of the motion is given by

2 / /.2 5 \2
> /w AL A , (47)
s 4 (be' < )
The frequency formuls is intereeting in that the demping plays an important
rols. Tor instance, 1f 5 .= (no inlet negative damping)

<0 - (46)

D2 2
W = 7/602—-—-/— 48
- be) (48)
and ne oscillation will cocur wmless
A
be > 5 - - (49)

This is the oritlcal value of damping coefficient in the usual sense. 4 sys-
tem in which & single mass is restrained by a spring and damper would not
oscillate if the damping coefficient were gremter than this quantity. On the
contrary, the present system will not oscillate unless the demping ococeffioient
is greater than this quantity. The mechanical analogue of the present system
is shown below

INLET

MASS
L
— Lt NP [~
_J_/
PLENUM EXIT
SPRING DAMPE R
NEGATIVE
/4' DAMPER
ENERGY
FROM
AIRFLOW
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It is obvious in this system that with low enough exit damping the spring will
be relatively unrestrained and no oseillation will oococur.

Energy Relationships

If it is assumed that the stiffness terms in the equations of motion are
linear in displacement, & simple relation between the amplitude of the motion
end the damping coefficients may be obtained. This was done in Reference 1
for the single degree of freedom system consisting of the inlet and plenum
chamber only. For the two degrse of freedom system consisting of inlet and
exit ducts, the equations of motion may be written as

2
Lot o, B KE - KE,

H

(50)
&2 A5 ,ad
Maa ,d,tz"‘"azz ,dzt' ""/(g K%;O
where for convenienoce ,Z C
"=
Z
Moz = L e
Ae
DH, (51)
<, =
97.5
A - _....&
22 ;7e
are used,

<&,
and the second by and integrating

AE
Multiplying the first equation by 468'5

over the period 7 gives T
T AE, A'E ~<E, &°* 7
£ 77?,/ ,dﬂt' /dt‘ ’d IMZ.? At dt ,Gét
r AE, AE_ A&, L,
-F —m— ¢
+£K|:5,dt e 5w Eeze |”

el

The firat two integrals are exact differentials and may be integrated so that
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-

>E -y 6]

A }
+£T0,,(/z§‘ 2 f 23( ),dt =0

For periodic motions, the values of E and— are the same at o and 7

so that
H,dt f “H’” 0.

At the gtability margin for </, and .,, constant

T

E :| & «n (Wt s )

where @ 1s the phase angle between E.amd E . Thus if ., and C,,
are gonstent <

= Ay

gslzfrww wt At
o]

: 2 T,
= oy, ' gel f wWoerat Wt rP)at
o
The two integrals give the gams result so that

-~y Igslz = g

or —[_-l_é‘] = + )’Z:z = 70//9//"' . (52)
/
.

If the demping is not constant the differential equation is nonlinear and the
terms <, A%, and ,o“%gn. must be replaced by /,ts(?‘) "/s(?'s ) and

Pe(Fe) — Pel’ 7-e,) TOSPectively. Here 2; and Fe, are the flow rates cor-
responding to the nonoscillatory flow. The requirement for periodic motion is

- _L-T["’[s(f's) - A (f’sa)] Fs ~t
- £TE?°‘¢(7’:> - Pe (f’co)] f’e'dt '
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Returning %o Egs. {(50), it is possible to derive an expresgsion for the fre-
quency of any periodic motion of the system in terms of the relative empliftudes
snd phase angles. To do this simply, however, it is necessary to assume that the
damping term is linear and that the motion is sinusoidal. The first of Egs. (50)
is multiplied by gs and the second by &

©e - Adding the resulting equations
and integrating over a period, there results

7 2 T 2
a2’ A,
Lmn A gsdt*“Lsz /aﬁz"' g,._.’édt

T ZE 4 A E
+£ ’oﬂ ,aJ/z-s 55 ’Cét‘ # f’ozz ﬁt‘:‘-’ ée 'éd a2
(/]

+fTK§:pét—2£TK§S§e,¢t +rf<§:ﬂ£t g -

The terms in ., and ,C,, are exact differentials and with an integration over

a cycle are identically zero. To evaluate the remeining integrals, the substi-
tutions

gs = ]g;] dirns w T

ge = lic\ ,4L¢pféx?é'-5ﬁ)

are made as in the previous discussion. This leads to

2
) < 2
—_ + - Ao
a),z gs [gs 2 gs lg‘:‘ ¢
< 2
), I 2 2
- + -
wzz Sh ge ge 0
whore the substitutions
2 K
W, = -
M”
2
OF K
2 s

have been made. These represent the "uncoupled" or independent frequencies of

the inlet duct plus plenum chamber and the exit duct plus plenum chamber, respec-

tively. Finally, 2
/=< 2 W¢ L |gc lz
0t g 2] ,
a)lz - “)/2 )s— T (53)
!+ 2,7 E? z

s
This provides & relationghip between the frequency of the coupled system and the
frequencies of the component parts of the system in terms of the relative ampli-
tudes end phases of the motion iIn the two compoments.
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DESCRIPTION OF MODELS AND EXPERIMENTAL APPARATUS

The experimentel work in this program was performed in the Cornell Aeroe-
neutical Laboratory 3 in. x 16 in, subsonic induction tunnel. This tumnel is
powered by the 600 hp Nash pumps used for pressurization of the C.A.L. 8-1/2 ft
. x 12 £t Varisble Density Tunnel. The test section pressure distribution for
this tunnel, for the tunnel empty conmdition, is given in Reference 12,

A slot 14 in, wide was cut in the tunnel wall for the removal of the
boundary-leyer air. This slot was followed by a 12° diffuser making an angle
of 30° with the direction of tunnel flow and emptying into a large plenum cham-
ber, The plenum chamber was comnnected to a 40 hp Kinney positive displecement
vacuum pump by & long 4 in. diemeter pipe. The pipe was equipped with a venturi
tube for measuring the suction rate and a large gate valve to control the suc-
tion.

Upstream of the suction slot, a seotion of the tunnel wall was replaced by
8 18 in. x 16 in., porous sheet, Air was blown through this sheet in thoss ex-
periments where a modified boundary layer wes desired. The sheet was covered
by a plenum chamber attached to the compressed air lines. Figure 5a shows &
cutaway view of this apparatus.

The diffuser was designed to provide good pressure recovery and to be easily
adjustable in width. Three downstream sections of the diffuser were provided
so that by chenging this section, slot widths of 0.5, 1, and 1,3 in., could be
obtained. The diffuser angle remained 12° for all three slot widths. Tt was
necessary to curve the diffuser in order to avoid the piping supplying the jet
drives of the tunnel.

Total head tubes, reverse total head tubes, and static taps were installed
at four points amcross the diffuser to give pressure and velooity measurements.
These tubes can be seen in Fig, 3, This picture also shows the movable bound-
ary layer rake that was ussd to obtain boundary-layer-profile data. Several
statioc taps were provided in the tunnel wall immediately ahead of the slot, and
two taps were installed in the suction plenum. Measurements in the exit pipe
were obtained from static and total head probes 14 in, from the plenum.

The oscillating pressuree in the system were measured with two Stathem
dynamic pressure pickups recording on a two-pen Brush oscillographer. The two
plokups were vented to various points in the system in such a way that phese
relations between any two points could be obtained. These pressure transducers
can be seen in the general view of test equipment, Fig. 1.

_ In some of the tests it was desirable to divide the suction slot into sep-
arate sections, all entering the common plenum. For this purposs a set of
three splitter plates, held in place by specing rods, was inserted in the dif-
fuser. A cutaway of this installation is shown in Fig. 6. The splitter plates
are also vigible in Figs. 2 and 4. Figure 7 shows the arrangement which pro-
vided a two-slot system. The top and bottom slots of the diffuser were closed
by blocks, these blooks fitting flush with the tunnel wall. All these changes
could be made by removing the plenum cover plate, as indicated in Fig. 2,
and/or by removing the opposite tunnel wall, &as shown in Figs., 3 and 4.
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EXPERTMENTAL RESULTS AND DISCUSSION

Modification of the Boundary layer by Air Injection

The first experimental work in this program was concerned with modifying the
normal turbulent boundary layer in the wind tunnel to obtain a velocity gradient
less severe than that in the turbulent layer. A true laminar boundary layer could
be obtained in the tummel with a small airfoil model and with low tunnel speed.

Tn this case the boundary layer would be very thin (~0.05 in.} and the suction
slot width would necessarily be of this magnitude. It was suspected (Ref., 1),
however, that stability results from small-scale suction models (with the attendant
high losges) and from low tunnel speeds (with low dymemic head). Since both of
these sffects are stabilizing, a method was employed to modify the boundary layer
by introducing air through the tunnel wall. The general method is described by
Wieghardt in Reference 2. The main difference in the experimental arrangement is
that in these experiments the air was introduced through a perforated sheet in a
flat portion of the tunnel wall, while Wieghardt used a model of a wing nose,
formed with perforated sheet, The results, however, were substantially the same.
The boundary-layer profile downsiream of the perforated sheet showed a thick laminar-
like profile, Figure 8 shows a comparison of the normal turbulent boundary laysr
and the laminar-like layer obtained with bl . These measurements were taken
sbout 1 in. downstream of the perforeted sheet (see Fig. 2) and directly in front
of the suction slot., At four to five inches dowmstream, the boundary layer began
to return to the turbulent profile, and at 10 in. the effect of blowing had largely
disappearad.

The porous tunnel wall used in these experimeunts wes Erdle IT 20% open per-
forated brass sheet (Erdle Perforating Company, Rocheater, New York). The sheet
was Titted to span the entire width of the tunnel (16 in.), end was 16 in. long.

To obtain the desired boundary layer, it was neceasary to go o high blowing

rates (about 10 fts/%ec), although it is possible that the 15 in. length of sheet
could have been reduced to half that value and the dlowing rate decreoased pro-
portionally., The sheet is shown schemetically in Fig. 5 and appears in the pictures
in Pigs., 2 and 3.

In referring to the turbulent and leminar-like boundary layers, the boundary-
layer ghape paraqgter /7 has been used as an index, where /A is defined by
H= 6/9 . &7, the boundary-layer displacement thickness, and & , the
boundary-layer momentum thickness, are defined by
L() U o
“)u “F

5"~ - & )ty o[-

where ¢ is the thickness of the boundary layer. The shape parameter 4 was
calculated from the measured boundary-layer profile.

Static Stebility Investigation with Turbulent Boundary Layer

When suction was applied to the slot-diffuser system shown in Fig. 5, static
instability was observed in the form of unequal flow rates at points across the
gpan of the diffuser. The instability observed was the same as that described
in Reference 1, including negative flow in some parts of the diffuser (£low into
the tunnel) at the lower suction rates.
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Inserting splitter vanes in the diffuser, so that it is divided into sep-
arate svotions, acocents this instability by cutting down on cross-flow effects.
The resulting suction flow is characterized by large velocities in one section
of the diffuser with small negative flow in the other sections., If the suc-
tion rate is increased, a point is reached where the flow pattern suddenly
readjusts, and roughly equal flows are obtained in two sections, with small neg-
ative flow in the rest. Further increase in suction increases the flow in these
two sections, until finally there is another readjustment, and & third slot
becomes operative. This pattern repeats until ell slots are ingesting roughly
equal amounts of flow.

The experimental arrangement for studying this phenomenon is illustrated
in Fig, 4. Four slots wers used, and later, to study means of alleviating the
instability, a two-slot system was employed (Fig, 5). The instability dis-
cussed above is illustrated for the two-slot system in Pig. 9.

With the four-slot system, velooity measurements were made in the diffuser
sections to determine the separate flow rates and pressure recovery in the
plenum wag measured as a function of total flow rate, Total head tubes were
available for flow measurement in both direotions in the diffuser.

Since the tunnel wall suction affected the tunnel veloocity (and therefore
the measured pressures), all pressures were referred to tummel static preg-
sure. These effeots are illustrated in Fig, 14, where plenum pressurs and
tunnel statio pressures are plotted relative to free stream. The difference of
the two ourves is plotted at the top of the fii e, showing the ohange in plenum

pressure without the tunnel veloocity invelved o This curve shows that the
pressure reoovery is higher with the splitter vanes inserted than without, probe
ably because of their "straightensr" effect on the diffuser flow.

In Fig, 10 (and in several other graphs) the zero net flow stability ocon-
dition is shown to oorrespond to oconsiderable recovered pressure in the plemum.
In this partioular case there is a large positive flow in one of the diffuser
slots and small negative flow in the other three sections. This is the type
of result that would be expeoted according to the discussion of a two-slot sys-
tem, given in Refersnce 1. Unfortunately, there is an srror in the figure on
page 8 of Reference 1, since the addition of ourves IV and V should result in
e ourve VII which indioates a positive pressure recovery for gzero net flow

. However, the acoompanying discussion in Reference 1 is correct, and since
t 1s rather lengthy it will not be repeated here., For the four-slot system,
the three slots with negative f'low oan be oombined and represented by curve IV.
The single slot with positive flow can be represented by curve V. The result~
ant flow ylelds a pressure reocovery in the plenum of 12% of the dynamic head
available in the tunnel and zero net sustion. For inoreased suction the vel-
oolty in the single slot continues to increasse, until a suction rate of

This cheange in tunnel velocity with suction rate corresponds to the addi-
tional power supplied to the tunnel by the suction apparatus, and keeps the
flow through the tunnel ejector Jets essentially constant, Sinoce tunnel
flow at 200 ft/heo is 67 fts/hac, and the maximum suction rate was

7 fts/heo, the maximum velooity inorease was about 10% (20 ft/sec). The
effect is shown graphically in Fig. 8.
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257 fts/%ec is reached, This is sufficient suction to remove twice the bound-
ary layer immediately ahead of the operative slot, The flow rate as measured

in the diffusers, however, shows an inflow of 4.5 ft3/590 in the operative
slot, and an outward flow of 0.6 £t3/sec in each of the other three. Thus

this slot operates alone until it draws three times the available boundary
layer from the stream. The corresponding plenum pressure recovery is indicated
by the dotted line in Fig. 10.

A small increase in suction rate now rearranges the flow, so that diffu-
ger sections #2 and 3 divide the incoming flow, and negative flow remains in
the other two sections. There is a large corresponding increase in plenum
pressure when this occurs. From the curves of page 8, Reference 1, it is not
surprising thet such a discontinuous jump in plenum pressure can occur, but it
is not consistent with the fact that such higher pressures were not measured
with only one section drawing., This secondary increase to higher pressures also
occurs with the two-slot system, and sesems to indicate that the pressure recov-
ered from each diffuser section of a multiple-slot system depends to some exbtent
on factors other than the net flow in the particular section.

The results of the two-slot system, shown in Fig. 9, offer an excellent
comparison with the theory discussed in Reference 1 for a two-aslot system. For
example, the zero net flow condition corresponds to & finite pressure recovery
in the plenum, as discussed in Reference 1 and above, Comparison of Fig. 9
(solid line) with the figure on page 8 of Reference 1, shows that as suction
increases in one of the two slots, the plenum pressure also inocreases. Further
increase in net suction decreases the magnitude of the negative flow in slot
"ClH of Fig. 9, with an attendant decrease in plenum pressure. This corresponds
to curve VII(b) of Reference 1, page 8. Still greater net suction causes un-
equal inflow in the two sections, as indicated by curve VII(a). It is inter-
esting to notice in Fig. 9 that the two sections have interchanged roles at
this point, section C ingesting the major fraction of the air. This feature is
observed as & discontinuous change, and indicates the geometrically identical
nature of the two slots so that & perturbetion cen intershange their roles in
the instebility. An increase in sustion beyond this peint causes equal inflow
in both slots, and finally a pressure decrease correspending to curve VI. The
two=slet system described ebove was investigated with the 0.5 in. slot widtho.
For the four-slot system, both & 0,5 in. and 1.0 in. slot width wers used, bub
the results in the two cages were the same. The graphs of Figs. 10 and 14
refer to the 0.5 in. slot.

Several modifications of the two-slot system were made in an attempt to
remove the static instability. In the first attempt, a one-inch-diameter tube
was connected between the two operative sections of the diffuser, since a
static pressure difference existed between the two gections under conditions
of unequal flow rate. This interconnection is illustrated in Fig. 5¢, and
had been suggested in the initial proposal of this work. There was, however,
no measurasble effect on the static instability. It was then thought that a
direct diversion of & part of the flow would be possible, and accordingly two
half-ineh flow diverters were installed between two adjacent slots. This
arrangement is shown in Fig. 5e, and was similarly ineffective in stebilizing
the system., With the idea that the 1/2 in. diverters were too small to trans-
fer an appreciable portion of the flow, a one-inch diverter was installed
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(Pig. 5d), reaching ome-third of the distance across the operative section. This
still had no effect on the measured flow pattern. In a final attempt at chang-
ing the unstable flow, a 40% open perforated sheet was installed in place of

the solid wall separating the two sections. The configuration still behaved
exactly as a two-slot system. The pressure recovered in the plenum chamber with
these arrangements is shown in Fig. 11, The two-maxima curve, characteristic

of the two-slot system, prevails in all cases.

Static Stability Investigation with Laminar-Like Boundary lLayer

The injection of air through & porous wall of the tunnel results in a
laminar-like boundary-layer profile at the suction slot, as discussed previously
in this section. The dynemic head available from this air for a given increase
in flow rate is less than that for the turbulent boundary. This is discussed
in the section on Boundary-Layer Cheracteristics and is illustrated in Fig. 13.
Since this fact seems to present a method of attacking the static instability,
each oonfiguration that showed poor velocity distribution in the suction diffu-
ser was tested with this laminar-like layer. The tests were made at the same
tunnel speeds as with the turbulent boundsry layer, and with the same range of
suction rates. The result in each ocase was a marksd trend toward uniform span-
wise flow distribution, as would be expected from Fig. 13. The effect of the
leminar leyer on the pressure recovered in the plenum is illustrated in Figs. 9,
10, 12, 14, and 15. The clearest experimental comparison can probably be ob~
tained with the two-slot system, and is illustrated in Fig, 9. In this figure
the relative airflows in the two diffuser sections (B and C) are shown in insets
for various suction rates and for both turbulent and laminar-like boundary
layers. 1In the turbulent case, the two sections do not remove air at the same
rate unless the total amount removed exceeds about twice the air available in
the boundary layer ahead of the slots (four units of suction). With the laminar-
like layer the plenum has reached its maximum pressure at 1.6 units of suction,
and the flow rates in the two slots have become equal, With further increase in
suction the diffuser losses cause & rapid decrease in plenum pressure. Thus ons
can say that static stability is obtained with considerably lowser suction rate
with the laminar~like boundary layer, since the destabilizing effect of the large
dynamic head is not present,

This same general effect is obtained with the other models, such as the
four-slot system shown in Fig. 10, This figure shows the discontinuous changes
in section flow rate that can occur with the turbulent boundary layer. Thus a
flow rate of two units can be obtained either with large positive flow in one
slot and small negative flow in three slots, or with positive flow in two slots
and small negative flow in two slots., With the laminar-like boundary layer
this static instability is much less pronounced and, at a suction rate of two
units, three diffuser sections are operative, The diffusers without dividing
splitters show a more uniform spanwise velocity with laminar-like boundary
layers, as well as being dymamically stable. This static stability was reported
in Reference 1 for experiments with an airfoil model with laminar flow, but in
that case other stabilizing effects (such as small suction slot with high
losses) were suspected of being primarily responsible for the static stability.
These experiments show that the laminar-like layer is, of itself, capable of
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increasing static stability. In cages of static instability with the leminar-like
boundary layer, profile measurements were made in front of each of the separate
sections. These profiles were found to be essentially the same, independent of
whether or not the particular duct section was operative.

Dynamic Stability Experiments

When boundary-layer air was removed from the tunnel wall through & single-
slot diffuser, dynamic instebility was observed. The instability was indicated
by regular pressure fluctuations in the plenum and in the entrance and exit
ducts. These variations in pressure were recorded with two Statham dynamic pres-
gure pickups connected to & two-pen Brush oscillograph. The pressure pickup
points are indicated in Fig. 5a, including the tunnel static pressure, diffuser
total and static pressures, plenum pressure, and exit pipe total and static pres~
sures. The various measurements were made separately, using the second pen to
record & reference pressure in the system (usually plemum pressure), In this way
the phase relations of the various points in the system could be compared. Soms
of the oscillograph traces are shown in Figs. 17 and 18. TFigures 17a, 18a, and
18b represent & dynamically unstable system. It was noted that the static insta-
bility was present at the seme time in the form of nonuniform suction across the
entrance slot,

Since the resonant frequency of the inlet-plenum system was calculated as
FS = 26,8 cycles/%eo, cere was taken to keep the pipe length away from A/# =
10,6 ft,, where A is the wavelength of the acoustic oscilletions in the pipe.
A total length to the venturi throat = 13 ft was used.

Preliminary experiments with laminar-like boundary layers showed that the
best profiles obtained were of the order of 1.5 in. thick. In deciding on the
width of suction slot to use, this figure was used as an upper limit. The slot
sizes chosen were 0.5 in., 1.0 in., and 1.3 in., They were obtained by inserting
differsnt size blocks to form the aft end of the suction diffuser (see Fige 5b).
Tn this way the 6° half angle of the diffuser was preserved for the three slots,
but the retio of outlet to inlet area of the diffuser changed from 8.0 for the
0,5 in. slot to 30 for the 1,3 in, slot.

Dynemic instability wes observed in the tests with the small slot (065 in.),
with tunnel velocity of 200 ft/sec and with turbulent boundary layer. These ex-
perimental measurements are listed in Table I, lines 1 through 6. The other lines
in the table represent tests where the flow was dynamically stable, or very nearly
g0, Column 3 gives the suction rate, meagured, as in the graphs, in terms of
the flow rate to remove 1/4 of the total boundary layer. This unit of measure
was found convenient in deseribing the experiments where the slot was divided
into four equal sections, and was preseryed throughout the report., This unit
corresponds to & suction rate of 1.25 fts/boo for & tunnel speed of 200 ft/sec.

Colwmn 4 lists the behavior of the system as regard dynamic stability. In
cages where the oscillation was transitory, the column is marked "some oscilla-
tion." TIn these cases it was not possible to meke quantitative measurements on
other thean the frequency because of the irregularity of the pressure variations.
A typical Brush recording for line 8 is shown in Fig. 17b.
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Column 5 lists the value of |§5— §c| obtained from measurement of the
amplitude of the plenum pressure, and use of formula (24)

LR =K (%) - o

The values of §5 and ;e are proportional to the maximum oscillatory quanti-
ties of flow in the inlet and exit ducts respectively.

Column 6 contains the value of ‘§e| calculated from dynemio measurements

in the exit pipe, The error limits are the mean deviation for about ten sepa-
rate readings. |E.| oan be calculated from the relation 3 =-1.-i:}- > and
column 7 gives the ratio 3 |' Ige . < €
£

Column 8 gives the absolute value of the impedence of the exit pipe in units
of ©2a ., These values were oalculated directly from dynmemle measuremsnts of
plenum pressure and exit pipe velocity. Column 9 gives the phase angle between
the quantities, obtained from the same measurements. This angle & is defined
as the angle by which the plenum pressure leads the velocity in the pipe. The
frequency of the oscillation is given in column 10, Column 11 gives the average
slope of the plenum pressure vs, flow rate curve, -g-i » This is obtained from

the statlc measurements for steble flow, end is giveh in units of 1b/Pt2/£43/sec.

In Teble I, coluwmns 4, 5, 8, 9, 10, and 11 are the results of independent
measurements. In particular, columms 5 through 9 are obtained from measuremsnts
of the pressures (static and total) in the exit pipe and the pressure in the
plenum chamber, including the relative phases. The first two of these define

the exit pipe veloocity Z‘ listed in column 8. The measured phase angle between
this and the plenum pressure is column 9, and the magnitude of the plenum pres-
sure variation gives column 6. Columns 7 and 8 can then be obtained from 5 and
6, In the discussion that follows, these quantities are caloulated theoretiocally,
using as & basis the measured value of |Z| end f from line 2. In a aseries

of tests having to do with nomoscillating systems, the test reported in Table I
is the one which should be most likely to oscillate. The other tests in each
geries were, of course, also steble. Tests where stabilizing effects were in-
troduced with originally stable configurations, such es the 1.0 in. slot with
laminer-~like boundary layer a.nd/ or small plenum volume are not listed in the
table, sinece the flow wes dynamically steble in these cases and no new dynamic in=-
formation was obtained.

Using BEq. (14) in the theoretiocal development one can obtain an expression

for the magnitude of the impedance of the exit pipe in terms of the exit loss
coefficient <« , +the frequency w-.sz , and the pipe length ./ . This

relation is ; }/é’%)z.,.(/— a;:)zm,,&,( sin AL
“27‘ ) () ains L+ cow bt

where A&:-% , and @ 1is the velocity of sound.
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From this equation and the wvalues of IZ, and « from line 2 of Table I,

~¢—°~C-was fixed at 1,5. This wvelue was used for subsequent calculations, since the
properties of the exit system were not changed. There is here the implicit assump=~
tion that o is not a function of the mean suction rate. Since <« arises from
losses in the exit pipe and venturi, it is clear that this is not examct, and this
procedure amounts to & lineasrization.

R e
With this value of o« , one can compute 7 and ./ from the relations

zf . Zo 2% &) 1] coatt snts
- . 2 2 a T osec V2 2 z

-2 8
and the phase angle & , defined by Z=|Z| e is given by
z

'/&/ﬂ/g:_g,e .

This calculation gives the value 6=4,7° for all suction rates with the large
plenum coni‘:.gura.'tlon, Column 9 of Table I shows that this angle increases from
4 to 8° for low suction rate to something less then 30° for high suction rate.
This change indicates that the assumption concerning constant o¢ is not valid
over & large range of suction rates. Indeed, if a larger value of o¢ is used,
the phase angle increases while [Z| decreases, in keeping with columns 8 and

9 of Table I. For =% = 2.5, we obtain |Z|= .48 and 6 = 13° . This average
valus for oc¢ is probably better for the description of line 4, Table I. For

the sma.ll suction plenum, using f = 28,6 from line 8 of Table I, and agein
using a/- 1.5 , the valus of 6 is calculated as 21.,2° and |Z| = 0.86.
The experimental valus of & is shown as less than 40°, The uncerteinty here is
associated with the irregulearity of the oscillation for this near%y stable con-
figuretion, and the correct value could be anywhere from 20 to 40°, If one uses

2222,5 1in the calculation, & is given as 45° and |z] = 0.76. It was not
possible to measure |Z| with this irregular oscillation.

The next calculations concern the ratio —g— as regards both magnitude and
phase. The formula used wes

Y [a,,qg_+ ZI} . z~
ge T a2A_ wY & p ap

which can be obtained directly from Eqgs. (28) and (30). This calculation is use-
ful in determining a theoretical walue for the frequency and in constructing a

phage diagram of the flow. The wvalues of J—E-L for the large and small plenum

are 4,23 and 2,16, The phase eangle ¢ definsd by —g’—: -—%—L e el can thus

be computed, and has a value of 81.6° for the large plenum and 85.5° for the
= 1950

small plenum. Again these calculations are based on a,
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With this information one cen construct a diagram for the unstable flow,
showing the magnitude and phase of the oscillation in the various parts of the
system, The information in line 3 is used in the example below.

Consider a representation where the flow into the exit pipe is teken as
the reference (with zero phase angle)

Z, = lfe, &

Because of the minus sign the diegram will rotate clockwise with increasing time.
The exit flow rate, 4. , leads £_ by 90°, being given by

. Z
[ — 2
E = ~<wf, = wi =
while ;s will lead ge by the angle #

R R P

[ il
¢ | %
Taking the value of _5' e from Table I and the information from the text

above, we obtain the diagram

~ oiRecTION OF §, (= «_)
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A similar diagrem relating to the small plenum, line 8, appears as

SCALE: [E

d

O/RECT IOV OF
Ee (:' “e)

The socale in the sescond diagram is arbitrarily taken as IE |= 1 . In the ex-
periments, éc was too small to be measured accurately. ¢

The frequency of cscillation can be calculated from formula (63), providing
a check with the experimental wvalus that was used in the ocelculation of o< .,
The value for the large plenum oscilletion (Refs, 2, 3, and 4) 1is 24.8 cycla/soo,
in excellent agreement with the meagured 24,6 cycles/sec. For the small plenum,
however, the calculated frequency is 37 cycles/"syec, considerably higher than the
measursd 28,6. This discrepancy has not been explaimed, and using a larger value
of o¢ does not appreciasbly change the calculated frequency. This is what would
be expected from the constant measured values of the frequency in lines 2, 3,'and
40

In the text there is derived & criterion for the stability of the system,
where the mass of the exit system is neglected. Although this condition is not
exactly satisfied here, the criterion evolved describes the stability quite acou-
rately. Prom Eq. (46) we have, for dynamic stability

S M ;%ﬂ& Ag / >0 .
a;‘S afﬁ ,£$ Cs (q'f)z

1=V
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The valus of this quantity is listed below, along with the observed stability,
copied from Column 4 of Table I

Reference Experimental Stability Reference Experimental  Stability

Number Stability Measure Number Stability Measure
1 No 0OSC. ~0.4 8 No 08SC. 0.8
2 0sC. - -2,0 7 No 0O8C. 0
3 osC. ~1.8 8 Some 0OSC. -0.3
4 Some 03C. -0,6 9 No OSC. +0.1
5 No 0ScC, 0 10 No 0SC. =0,5

The stability measure should be positive in cases of no oseillation, and
inspection of the table shows that this is the case in all but lines 1 and 10,
where a small negative wvalue is obtained. In experiment 1 the system could be
put into oscillation by & small increase in suotion rate. Line 10 (for the
1,0 inch slot) represents a cese where there was no oscillation, but inoreasing
the tunnel speed from 200 ft/heo to 250 ft/sec caused the oscillation to begin.
The effect of tunnel speed on pressure recovery in the plenum is shown in
Fig. 12, The curve for & tunnel speed of BO_ft/ueo (for line 6 of Table I) is
saimilar to thatifor 200 ft/soc tunnel apeed, when pressures are plotted in
units of jéyﬁdg and suotion rate in units of boundary layer flow, but the
actual value of EV&/QB?% in 1b/r4%/r43/sec 1s correspondingly lower for lower
tunnel speeds. For this reason, increasing the tunnel speed to 250 ft/sec in
line 10 can cause instability by virtue of the attendant increase in af049?1 .
Line 9, with the 1.3 inch slot, shows & still lower value for plenum preasure
recovery rate, In both this and the 1 inch slot, the static instability wes
very pronounced, including nonuniform flow distribution both spanwise and chord-
wise in the slot. It is concluded that these large flow asymmetries reault in
corresponding pressure losses, thus reducing the pressure recovered in the
plenum.

The stability in line 7 results from a different cause, namely reducing the
pressure available to the plenum chamber by changing the boundary-layer profile
in the tunnel, When air is introduced through the tunnel wall ahsad of the
suction glot, the boundary layer in the tunnel tekss on & laminar-like profile
(see Fig. 8). The head available to the plenum is thereby reduced, as shown by
the celculation of aveilable head assuming no momentum loss. These graphs are
shown in Fig. 13, end were calculated from the measured profiles. The experi-
mental value of the head recovered in the plenum is graphed in Fig. 12. It is
seen that the wvalue of af@/Aa % is only slightly greater than zeroc, result-

ing in dynemic stability. As discussed in the section on Static Stability, this
change in boundary layer also resulted in more uniform velocity distribution
aoross the slot,
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Finally, the energy balance for ocscillatory systems can be checked by

Eq. (52)
& | _ )/ﬁc_@h .
ALY

A

In deriving this equation, it was agsumed that %&— and gﬁ‘— are constant over
the cycle of oscillation, From the measured a.mpl’zscude of gé’cillatory flow and
the graphs of plenum pressure recovery, it is clear that this condition is not

satisfied for -5 ., 1If this is neglected and the comparison mede using an
average value fof —gﬁf—(avera.ged over the cycle as indicated in equations on
page 13), one obtains :

Reference No. i %@}_e_
§; =;ﬁ%/57%
2 4,2 5.4
Large PFlenum 3 4.2 5.5
4 4,2 7.4
Small Plenum 8 202 5,0

The value of ) oomes from the csloulation described on page 23 using the
phage diagram. o(‘f ap 18 teken as 1l.5(z0)/Ae , a.::éd %—% is given in column 11
of Table I. For the small plenum, we notice that must be smeller than for
the large plenum, although the values of Jg, /97.3

and D4, /72, should be the
same for the two systems. This fact causes the small plenum z; oscillates only

at high values of &4, /57, ¢ » 8nd then with small amplitudes, giving a larger
value for the aversage ;M//; + This decreases the ratio )/géﬁ . It ap~
s 4 ”5/5 ]

pears that for this small oscillation, our relatively coarse measurement of 9#3/9;,

rather underestimates the proper value. However, it is this energy condition that
determines the amplitude of the oscillation, all other conditionms being concerned
only with ratios of the oscillation in various components of the system. In
order to appreciate this, it must be realized that 3#5/9}5 is actually a func-

tion of is » 8o that ag %. becomes larger the "effective" value of 57//5/9?.5
becomes smaller and will eventually change sign.

During the early measurements of dynamic instability, a strong, high fre-
quency oacillation ocourred, completely masking the normal oscillations desoribed
in this section. The frequency of this oscillation was measured at 176 cyclu/sao
end it caused a violent vibration of the plenum walls. It was found that if the
plenum walls were held firmly this oscillation disappeared, and the normal osocil-
lation returned. It was concluded that this difficulty was &ssociated with the
natural frequency of the plenum walls, and calculetions (desoribed briefly below)

WADC TR 55-318 26



bear this out. Accordingly, the sides of the plenum were braced with 3/4 inch
angle iron, and the high frequency oscillation 4id not recur.

In the calculation of the natural frequency of the walls of the plenum, it
was known that the internel length of the plenum {(from the end to the diffuser
blocks) was 3,0 feet, or very close to 1/2 wavelength for standing waves of the
high frequency inside the plenum. PFurther, it was lmown that bracing the side
walls of the plenum stopped the oscillation. Thus the suspected mode of oscil-
lation was one where the side walls of the plenum vibrate with the first mode in
the short dimension and the second mode in the long dimension. In this case the
vibration of the walls is similar to the pressure vibration, allowing a coupling
between the two. The boundary conditions are those of a clamped plate, since a
twisting mode of vibration (corresponding to simply supported edgss) does not
allow for a volums change in the plenum. This volume changes is similarly re-
quired for ensrgy to be tranasfered between the air and the walls, The mode isg
illustrated in the sketch below:

PRESSURE |-—--—-> - —

WALL s . l
DEFORMATION - §

P I
\‘_-"7
—_—

] DN

/ \ \ !

! 1 H {

{ J ! \

\ / S
74 B

"~ -

To caloulate the natural frequency, the walls were first considered as
simply supported plates. The frequency contribution from each dimension was
then oorrected as one would correct for the corresponding uniform beam. The

resultant calculated frequency is 193 oyoles/seo, compared to the measursd value
of 175 oycleu/ueo.
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CONCLUSIONS

The following conclusions have besn arrived at as a result of the present
investigation. These supplement those of Reference 1.

(1)

(2)

(3)

(8)

(7)

The dynemic instability encountered in the tests described in this
report (regular oscillations of the flow in air induction systems
ingesting boundary layer air) could be eliminated by reducing sys-
tem volume. The criterion for maximum system volume allowable for
dynamic stability could be predicted with fair accuracy theoret-
ically, using inlet characteristics measured under static conditions.

For the systems tested in this investigation, reduction of the slope
of the curve of total head vs. volume flow produced by change of the
boundary-layer velocity profile from turbulent to laminar-like was
sufficient to produce dynamic stability and eliminate system oscil-
lation., The critical value of this slops could be predicted theoret-
ically.

The slope reduction referred to in (2) was aslso sufficient in the
present systems to practically eliminate static instability (unequal
flow rates in identical parallel branches of the system).

With a turbulent velocity profile, none of several simple schemes of
interconnecting twin ducts described herein was capable of elimin-
ating static instability.

Measurements of inlet characteristics made under nonoscillatory con-
ditions proved adequate for calculation of dymemic cheracteristics
as evidenced by agreement between several calculated and measured
results for ocscillatory conditionms,

Structural deformation of the duct system may be coupled to the air
in the duct system to produce violent ozcillationg of the duct walls
at a frequency near the structural frequency under certain condi-
tions. This matter was not investigated in detail; the oscillation
was eliminated by stiffening the duct wall,

When regular oscillation of the duct system occurred, it was at a
frequency generally in good agreemsnt with acoustic theory. The
simple Helmholtz resonator theory is adequate when all ducts are
short compared to 1/4 the wavelength of the sound waves involved
in the oscillation. For longer ducts, such &8 that used as an exit
pipe in the present tests, the more complete theory of wave propa-
gation in tubes must be applied.
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Figure | — GENERAL VIEW OF TEST EQUIPMENT

Figure 2 — SUCTION PLENUM WITH COVER REMOVED
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FIGURE 5b DETAIL OF SLOT AND DIFFUSER GEOMETRY
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Figure 6-SPLITTER PLATE
INSTALLATION - 4 SECTIONS OPEN
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Figure 7 - SPLITTER PLATE
INSTALLATION - 2 SECTIONS OPEN
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