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PlOW PROPERTIES OF SLOTI’~1) WALLS PUl 1BAhSONIC 1tST S~~ flONS
Suna 1$. Berndt end h ans ShrnnieSn

The Aeronautical Research ln ,tj tute of Sweden (PTA)
S—1 61 i i  h$ro.imia i i  , Swe.I.’it

SUP~IAR Y

A theoretical and experimental .tudy is in progress or t h e  flow th rough slotted walls
under a variety of conditions. The ultimate objective is to make possible accurate no—
,merical computation of transon ic flows around models in slotted too t section.. This
paper is concerned with a s lot flow confi gur at ion typical of two—dimensional, low lift
tc~ t~ at hiij t t subsonic frau stream Mach nti nbors. With the test sec t ion empty the slot
flow is outwar ds, into the pleatsa chamber, and this remains true over a large part of
t h e test section when the model is introduc tv l. From oil flow pictures and prosali rn inca—
suremeitte in and around the s lot s it in conclud ed for thin cot if igu rat ions invest igated
th at the slot flow is slightly influenced by the presence of the wall boundary laye r ,
that the flow within the slot is attached and approximately invis c id although influenced
by boundary layer formation , that the flow enter s the plenam chamber as a thin tree jet
and that the t ransverse velocity in the jet and slot is too large for a linear pressure
drop equation to be sufficiently accurate. When the slot flow turn s back over the rear
end of the model it may admit stagn sn t air from the plenom chamber into the test sec-
tion; the ability of the slot to maintain a pressure difToronce across the wall i.
then iiecessaril.y reduc ed. Based on these observat ions a tentat ive f low model is pro-
po sed , yield ing a relationship between the pre.~sure differ o,,co across the wall and th,.
t ransverse veloc ity through the slots. It agrees well with the measurements ca far as
they go. The corresponding homogeneous wall boundary condition is of the classical in—
v isc id type with an added quadratic cross-velocity tens in the manner of W .V. Wood. Im-
proved expressions for the coefficient of the streamline curvature term are obtain ed ,
accounting for the depth of the slot and the presence of a jet. The new boundary cond i-
tion has been demonstrated to be com patible with computing namertoally the transonic
flow field around a model in the test section.

1 • ThE BACKgROUND

Recent deve lopnen t in numerical methods for t rwzs on lc flow fields has made it feasible to com-
pute the wall interference in trauso nic test sections with high accuracy. This new potent ial for
designing better test sections and for improving inter ference correction procedure s ha~ not been
used much so far , due to the fact that we do not know the str ucture and pro perties of the wall flow
well enough to define accurate wall boundary condition s for the teat section f low field. It i.
fair to say that not much progres s has been made in this respect ,ince about 1960, when the first
deveto puent period of transonic test section s came to an end (Rats . I, 2 and 1).

Two technique s for allev iating tho wall inter ference in transonic wind tunnel, have coninonly been
in use si l ica thorn (i) ventilation through i slanted~ perfo rations and (ii) ventilat ion th rough
longitudinal s lots. In distinctly sup ersonic flow only the perforations are efficient , while at
sonic and h igh sub sonic tr im stream Mach numbers the slots seem superior , so the two tecluiique. may
largely be con s idered comp lementary . At very low supersonic Mach ntsnbers , however , none of them
does a sat isfactory job. In addition , there are many indications that in extreme condit ions , such
as prev ntt with large models at high angles of attack , ventilated wall . produce interference effects
wtili:hi c~uuto t be sat isfactori ly elim inated by wall correction , based on convention al idea. about the
wal l flow. in view of the need for hig h Reynold s number testing at transonic speeds, a rather cost-
ly need to satis fy , there are great potential saving, in deve loping traneonic test sections to admit
larger model, than at present.

Much effort (Rots. ~e , 5 and 6, as well as papers at this syrnposii.n) is ,,ow going into devising
t.~st ~n’etton walls which can be adjusted for zero wall interference as defined on the basi, of flu—
.w’rical flow lipid ccznputat to .is . Such walls must permit accurate control of tha streamline slop, or
t h e  pressure (or a combi nation of them) in the neighbourhood of the wall , in accordanc e with require..
sent, defined in a complicated way by the free stream Mach number and by the .t~., shape end att..t ude
or the model — these requirement, includ ing preferably the ability to absorb ehock wave.. Thu calls
for wall s of continuously controllable flow prop erties , such as flexible solid wa ll., ventilated
walls of variable slot width or hole size, or porous walls with contro llable , distr ibuted suction
(see also Ref. 7). The result. so far are clearly encouraging , al tho ugh much work no doubt remains
to be done before practical sol ution . are reached .

in the meant ime, in order to make progres. towards improved trensonic test section. , it is nece~—
sary to acquire a better understanding of the fl ow at test section wa ll, of different type. sad undCr
different wo rking cond itions. As f or slotted walls , which are the subject of the present inve etige..
tion, our understanding of th. flow i. far from complete, as has become incr,aajpgly obvious in ra—
cent year..

2 • ThE PIE& DIS

The classical method of analysing the flow in a slotted test section ia to postulate asall, in—
viscid perturbation. of a ho.ogeneou. free stream and to requi re as bowidary condition, at the wall
(t ) that the pressur , perturbation vanish., at the boundary between the •lot and the plenem chamber
and (it) that (he normal velocity vanteh.s at solid parts. Asa~~tng a large nember of slot. and
applying the slender bedy approximation locally at the wall, those mixed boundary coudth.lons are
ths,i iassliy changed, by cross—flow averaging as it wore, into en equivalent humegenouus housalary
condi tien, which producas at the centre of the test section approximately the eam. solution as the
original set (Ret.. 8..hl), With the x-azts in the flow direction, the simplified boundary condition
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for the perturbation velocity potent ial p 1. of the fo rm

— 0 , ( I )

where K is a pos itive constan t determined by the geometry of the slots , while à/~n denotes d if -.
tcr. iit latton along the outward sioi”nal of the test section boundary. Taking the i~ fluonc o of the
depth of the atot ~ into account , the value of IC for the geomet ry of f ig. I can b. obtained approx-
imately (Refa . 8, hO and 12) from Eq. (2)*
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TEST SECTION
Fig . I. Slot geometry

(~~ e . t joii ,.oz’mal. to flow direction).

lb. . hii~nogenoous bouzidary condition is essiontially a balance equation in the inca,, be t ween the pres-
sure difference across the wait (proportional to —op/ax in a linear appr oxi mot to ,,) nail t he centr i-
fuga l force ilue to stre nmitiie curvature in unit near the slot (proportional to ~

2tpJ~n~x) ,  no K is
in effect a m.’aaore of thin longitudinal niomni,tum flux vi thin tim region or Lii,. slot ( low.

A lt hiougli it is believed (Hers. I .usl 2) that tim v.,ll interference ~iredi led by ( s ) ,  ,isizq: value.f ront (
~ ) for K , in of t h i n  correct nnigiiitwlu wheat tile s lo ts  are not too le tr r ow , tim “xporinwuih.al

~~ t ,i.itcc , largely t’&’om eubsonic Flows, is not reaLty Conclusive. ThL~ ta because t i lean (mcii .~ slnonpract ace to tienign tr.uisoaij c Lest sections and models empirically no as to eltmtn~ te bloc ks,ge intor~fer eric e at sonic speed (whe re , unt il recent ly , the interference could not i.e computed), leading to
such sm all models as to make the subsonic interference (which could be computed ) too email to tie mea-sured accurately. As already mentioned , however, at extreme conditions of model size and lift, de-viation s are believed to occur.

It should be Stressed that any large errors inherent in (1) are likely not to arise from theaveraging (as long as the number of slots is reasonably large), eince , in fact, the niondor body
approximation , when applied locally as in the present cane , is known to be particularly accurate attrwisoriic speeds (alttiougtt not sufficiently accurate, very likely, to account for shock waves reach-
ing tim wail), For similar reasons the accuracy of’ (i), in spite of it s linear form , is fully con-sic1 o il. with its use (In a boundary condition wi Lii t.iin rioji—Linear partial ‘Ilfft,ront.ial equation of
lr.uaso,, (C anal L porl.urbn t ton thuory (cu though Lb is  was perhaps riot alto go thimtr ci oar in (.110 originaldorm v ,iL I ohu~). lb is loaves us to vi  ow with cciu I ion 1.1w rcmcth,, hu g assiinpt b u s  of lu ,y j scjd  flow , anallperturt.atitnw wsi couustitiut prcssiiro ( ianpiy ing t iuj esco uti air)  ii, the plonumn chnmber.

Quite oarly Li. wus suggustaiti (Ruir. 9) lied , thin homogeneous boundary condition should be augmentedby a thtnl term — auialogouue to tho Lenn expre ss luig thu linearized visco us prosn uro dro p across aporous wall — so as to account for vi,cpue ofl i in (hue slotsi

(~ )

The constant ‘ porosity ’ P was assumed to be determined by the wall geometry and the free—stream
Mach number (while , in con trast to K , there is no method available for competing it a priori). It
is far from obvious, however, that if viscous effects in the slots were important they would giverise to a linear cro ss— flow tens in the boundary conditioni one would rather expect a quadratic one ,of course . In Ref. 2 oxp erimen tal evidence is quoted which show s a clearly linear deponuluncu (in
addition to a weaker quadratic one); the set—up is such, however, an te seiko it imprnhuatul.e that vi e.ColiC ef fects are Imporiwit at all unt ior the circum stance s tested . This matter should obvio usly belooked in to , it is  also notew orthy that alth ough many att empts have ev idently boost made to corr o—liii ” (j ) with ihev iat i on e from ( i ) ,  none has been reported su ccessfu l, it ue.~ms , thor efora , that the
kit. ..,,. moitvuting the linorar poros it y tons In limo boundary cond ition are proba bly ~~ Lgr ~s,ernlL y valid(al th,uugh there might of course still be a pressure drop acros s the wall , due to viscous cross flo w ,wimi elm is nut nct,ouu,tetk for I,, ( i ) ) .

It  1. uesc,it.lal for ti me validity 01’ b arium (2) that the flow leav ing thu slo t is aL~~ciied;if it  ,se’pwcriuttis at the slot edge. to tons a fre e jet inside the slot (Fig , 2), tho u (Jun (cnn i/attitottl. t 1w idisisit, isuil the slot wo uld ho expueteit to be such less efficient in maintaining a pressured if’fi’r.sice betwoeuu thin teat. sucttom i and the plummaim chamber. It seem, that many poop lo have t aken itfor grnuited that the flow is separated and, In consequence , have left out the term 1/a even whenIt would dcmlnnto the first one , were the  flow attached. The fac t that En suc h circumstances t he
slots appear to Ito maclu morn effe ct ive than expec ted from the computed value for K with I • 0(Rots. 1), lIe and is ) , is a st rong indicat lo,, tha t the .101 flow is in fac t, attached . The matter
should of course be sotUed by direct observation .

f t  the slot flow , whether separa ted or not , pene~triutc.m into tim. pl.raa. chamber as * jet, as indicated
in ?tg. 2, then this is bound to sat up a secondary
fl.Q,L laJJma..pIelia~~ chamb.~ . Obviously what is La- 

~~~~~~~~~~~ ,.~~
..  

,,,, , .
po rt .ult , as tar a. the (low In the test section, is ‘// / ~ /J // ~/ A ______conmerued, is whithor this secondary flow cain change , J Jtile $,rvsi.ure around (Ji., omeu~rinr jot. to

11w nauteiption of emaIl perturbation. (under— fig. 2, Doos thu f low into LU. piontei chamber
lying the linear boundary condition.) ed#lt sa.tly tons a free j. t ins ide the slot s~ th
be violated inside the alots wien they are h arrow. (a) , or ~~~, a. in (b)?
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since the cross —flow velocity in them Is th ou bowpl to be very much larger tl,wm in thin lost nioction,
This fac t wa, realized at an early stage (Ref. 9) and its effect on the wail pressure was sub sequent-
ly anatysed by W.V . Wood (Ref. 16). ito bowel that, it can easily bo iiCCuUjuLtsI fm,r by i,icluiliuug lii
the florutou,lli equation thu ii aIrojjc c.ra yrJ £ty.iczm when sat isfying (is, condition of centj, uuuous
pressure at the boundary between the slot flow and the plenum air (in doing so lie assum ed thu.. 1’ low
to be separatod) , This results ii, a fu rth er term In tho boundary coistitiom, (1), a tens proportional
to the square of the cross—flow velocity. GeneralLy speaking, there is nuthuing new or dtI’ficutt in
handling, within the slender body approximation , s ituations where locally the cr oss—flow veloc ity
is no large as to make it. square comparable to the longitudinal perturbation velocity. As we shall
see , the inclusion of a quadratic cross—flow tens in ( i)  comes quite naturally and is not mach of a
complication in the transonic case , shore we have to solve a nonlinear problem in any event. Whether
the quadrat ic to ns is important or not depend. of course on the experimental circumstance.. As it
tu rns out the term i. likely to be important in many practical cases , although it has in the pest
been rather unusu al to include it alien computing wall corrections.

None of the approaches to slot flow so far mentioned account for the presence of wall boundary

~gyn~~. The total cross—sectional area of the boundary layers in the test Sectio n of te,i is as large
as the c ross— sectional area of the model or even larger. It is possible , therefore, that time fluid
goiuug into the slots is to a conaidonable oxtont low momouuttan air from t he boundary layer rallier
than free stream air. If this is so, then the slot flow is bound to be less oi’Ibcimunt titan other-
wise iii uuathtatntng a pres sure difference between the test soct io n and the plenum chamber. It is
one of the main purpose, of the present investigation to determine the infLuence of thto wall bound-
ary laye rs on the slot flow.

These considerations apply a fo~ tio ri to a region where the slot flow passes into the test sec—
tiouu from the plenum chamber with its more or less glaguanLajj . In the extreme case of vanishing
longitudinal flux in the slot region there will be negligible pre ssure difference and the wall will
appear to the test section flow as a free—jet boundary at the plenum pressure. Inflow or st.agnnnt
air is likely to occur as eoon there is a model in the te ,t sect ion unless the walls have boon ad-
justed to generate a sufficiently high outflow through the slots from the empty teat section. The
risk of extended regions of inflow of stagnant air is of course particularly great with large models
at hig h lift , and this is perhaps the explanation of why conve ntional wall correct ions have been
found unsatisfactory in this kind of situation, It is remarkable that the idea of treati ng a region
of inflow as a free J~ t boundary , although suggested early on (Ref.. I and 8), doe , not seem to have
been exploited in any scheme for computing the wall interferenc e in transonjc tes t .ect ions,

In addition to influencing the s lot flow , the wall boundary layer between slot s may contribut e
directl y to the wall interferenc e by changing its ~Jjplaccunont th~clateas in response to the pressure
variation set up by the model (Ref. 17) . Excep t where a shock wave reache s the wall, this effect is
likely to be small. Nevertheless , it might be of some importanc e when the cro a.—f low comp onent of
the perturbation velocity far from the model is much smaller than the Longi*.tztinat component (i.e.
whion the slots are required to be narrow) , as us the case with slender , sm all—aspect—ratio model. .

Altogether , the flow pro perties of slotted walls might well be rath er com plicated , very likoly
more complicated than consisten t with the simplifying ass lis plion . usuall y made in computing the
wall interference, Part of the complication is the great num ber of parameters involved , part do—
rivus from our not Iaiowtng what basic phenomena are important under what circmanstajmcos. However,
to a large extent the basic idea, required for describing those phenomena are available and have in
fac t bot,,m available for a long time , W)ua t is still lacki ng, essentially , in order to be able to
Integrato these ideas into a coherent description, is experimental evidence on a email number of key
issum.,.. IL is lhtO objec t ive of the present research to acquire such evid ence by investigating in
some tio ta it a rew typ loal case s of slot flow , end to establish, based on that evidence , a flow modal
capable of yielding aim improved mall boundary condition for the t,~t section flow . £ first case is
considered her., leading to the tentative definition of a flow model,

:3 • F~(P~~ ThIVITAL AMAM)1~lDrrS
3.1 Slot flow parumeeters

In order to huow what constitutes a ‘typical’ slot flow we mast defi ne non—dimensional parameters
which describe relevant local features of s lot flow. and then relaie those Lo global parumetors of
typ ical test sections aM models. In this way we might be able to devise a asall number of capon —ents to simala te, locally, sl ot blows typica l of a variety of applications.

The most import ant feature to be consIdered 1, whether the flow from ttue teat section fill s out
time sLot or not , anti thi. j~~ of course intj,.atoly connected with the geometrical shape of time clot.R.stricttng ourselves to thus geometry of Pig. I, we shall assume that by rounding the edges of the
entranc e we can inhibi t any tendency to edge separation, thus making the reiuiua of curvature of the
edges an additional parem.tsr to be controlled . Thi. kind of geometry, with the slot shape the s .
everywhere along the test section, is cosmuonly used in practice,

Pro, the discussion of Section 2 it would seam that among add itional feature s of slot flow to beconsidered are (I) viscou , effects in the slots , (ii) tim. quadratic cross —flow pressure drop, (iii)th. wall boundary layer going into the s lots , (iv ) the penetration of low momentum air from the p1.—ia ollember into the teat secti on and , perhaps, (v ) the flow structure iii Lii. plent chamber itself,Parameters describing the.e features have bee,, defined and analysed a. a basi, for selecting the con—figaratloiu. to be iimve.tigst.d. However , since the results u.ed in the present paper pertain to on.
particular test configuration, end since space is short , we shall not reproduce this analyst. hers.

flue cønftgiw~ t ion with which we shall he concerned is one typical at Lvo—d laommsion*l test s, Thes LOt width is somewhat ~~ u.r than the tliicluue,ss of the wal l boundary layer wim ilo largo euseughu to
avuknI st rung viscous effects in the slo t. . Time dopth ui Liii, slot. is large uswugt m fur Lieu ,wcoiudterm is, Eq. (a) to be someattat larger that,, ti,., first. term, h i., radiu, of curvature of the islet, edgesis as merit as m.ms considered practicable, h1~*, timtcknus~ trf the model (two—.uaonalunat wing, soreU n )  is somewhat ller than the thlcknus. of tim. mall boundary layer.. The resulting cre.e—fLowvelocity in the slot, t. expected to be large enough for its square to be important. The fr..-ssr.I~~oh um~~ sr, H, • 0.903, L. a. large ma pos.Lbl. without ahock wave. reaching the slot ted mal ls, The
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malls of the test section are parallel, so that with the test section empty the re is a flow cut
th rou~~r the slots in consequence of bosuld ary layer build -up along the malls.

3.2 ~oniomont
The tests were ~~ le in the 23 X 25 ~,,2 transonic blow-down wind tunnel (s3) of the PTA. The

,kstch in Pig. 3 shows the test section used in the present tests , including the model and slot ar—
rangassnt. The central slot of the bottom wall was selected to be the ‘ test slot’ and was according-
ly equipped with a m ber of pressure taps.

________ 
PLENUM CHAMBER ~~~~~~~~~~~~~~~~~~ ~j ___________

61. THICK CI RCULAR

_____ 
ARC PROFILE 

_____

________ - ( - _____________ - 250
CHORD :90 mm 1a6 rsO.

PRESSURE

_____________ 

__ __1~ 
— a

— 
- 23L •

Pig. 3. Experimental configuration. (lengths in we)

In widitiost to cc.wsnticmal pressure probes a special one has been designed for investigat ing the
flow from the test slot into the pleia chamber. It cons ists of a thin circular cylinder placed
clos, to the malt and perpendicular to the plane of symastry of the slot (.ee Pig. he). it has two
pres,w’e taps in a plans perpendicular to the axis and with an angle of 900 between them. By turning
the probe until the two pressures are equal the flow direction i. obtained; then turning the probe
43° give, the .tageation pressure in one of the tap .. The probe can also be moved across the slot
and along the slot , and all these manoeuvre, can be controlled from outside the tunnel while it is
r.—.i”g. The probe has been calibrated against conventional probes and found to be sufficiently
accurate.

CROSS SECTION OF PROBE

SLOI EXIT

Pig. 4. losable c~~~ in.d to tal—pressure sash flow-direction probe. (lengths in —)

4. ~~~ $~~~E1~~~ OV ~~~ SLOT fl. ~~
4.1 ~~ses,’utiem.

O,~~ most at th. test section — with the mod.l present as well aa absent — the flow throu&r the
slot• is outweid. , frem the test section into the plsam ol~~~,er. One expects the flow to enter tha
p1 ~~~

— - - -  e~14qualy a. a thin f ree jet, the thic~~~.. of which is not sasak different fren the
slot width. ~~~ is born ~t by the oil flow pictures of Pig. 

~~
. me picture (a) a obtained cm a

~~~a ~~~et to pL~~ ef i~~~stry of a slot , whil , the picture (b) mas obtained on a meet parpun-
4l~~ia’ to the pl~~~ of sp~~~tzy parallel to the j. t flow a. indicated in (a). _--~~~ deep pseatro-

ed - jet tat. pl~~~~ “~~~~~‘-~~ i. clearly visible, a. is a streng ..ccstary flow et mp in
- p1 *~ck_ by ~~ Jet, th... 4r matr 4’~~~.t ma mall as Uwcu a deflection at •- floor of the

-. Osma’ the seer of the model th. slot flow turns beck whil. the free Jet contimies em
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_

_

_  

gill//A

~~~~

‘

.~~~ U1IiijI(~~~~~ (b) In oblique plan.
ftxlicated in (a)

(e)  t~, test section wall close to slot

Pig . 5. Oil flow pictures of slot flow.

it .. ~- , nto th. interior , giving stagnant air fro , the plem chamber the opportuni ty to enter the
slot ~~ hence the test section. There is consequently an intermediate region of mixed flow in th.
slot consisting of both high o,entwe air , removed earlier from the teat section, and low moment~~
air from the plenom ch~~~er. The re-entering air , at least the high ,csaentom part of it , seems per-
hap. to form a j .t of a similar kind to that in the pleia chamber.

Ywth.r illomins tion i. furnished by the oil flow picture (c) • showing the flow over the test sec-
tion mall adjacent to the slot. Where the flow goes into the slot not .nch is to be seen. On the
other hsash, where stagnant air arrive s from the piesasa chember it is seen to spread laterally over
the test section wall in a may suggesting that the jet from the slot — if Indeed it is a Jot — is
deflected by the high cmentom air farther out in the boundary layer.

Other oil flow pictures have been taken on the interior walls of the slot .. As long as the flow
goes from the test section into the plem chamber it appears to be attached. If there is say flow
seperatien at the entrance edge of the slot it sust be restricted to a very short bubble. The pic~ture s leave little doubt that the flow i. for all practical porposes attached.

A preliminary survey of the total pressure of the flow at the centre of the slot has shown that
the air entering it from the test section has nearly the ful l total pressu re. However, when the
mall boundary layer wee thickened artificially (from 11 to 23 ma) • then there was a noticeable reduc-
tion of total pressure, indicati ng that the present ratio of slot sine to boundary layer thickness
is just about ll enough for the wsli bou ixlary layers to begin to make their presence felt. —

Farther downstream, ithere air fro, the plem chamber enters the alot , the total pressure was very
such lower , a. one would expect.
4.2 Measurements in the plenun chamber

Using the movable co,bined total-pre ssure and flow-direction probe, as well as conventional total
pressure probes, the jet emerging from the test slot into the p10mm, ch~~~er has be.n investigated
in acme detail • The interpretation of the data in terms of velocities depends upon the value of the
static pressure in the jet , and in view of the stro ng secondary flow in the plaism chmaber it was not
considered safe to take this pressure equal to the nominal plenimi pressure from the tunnel calibra-
tion, Indeed , the pressure on the slat in the plentm chamber (Fig. 6) i~ considerably lower close
to the jet than at the centre . Tharefor e the static pressure
in the jet was taken to be the pressure, p ,, measured on the
slat 1.5 — from the slot edge.

As pointed out earlier the action of a slot is intimately PLENUM
cosv,ect.d with its longitisithal mo,enttm flux . Part of this
flux 1. located at the Jet exi t a acconting to theo ry (see ‘ e~ ~~j
Appendix ) the ‘ ef fective ’ depth of this co—acting part of ~~~~ ______________

the jet is about 20 % of the slot width. For this reason
it was thought proper to make the measurements of the trans- TEST SECTION
verse velocity component at the corresponding distance
(0,8 am) from the wall • Therefore , since the movable probe o
cannot be operated as close a. that , the data obtained with
thi s probe have been translated obliq uely in the x-direc-
tic,, according to the measured flow inclination down to the a
att.mpt.d level. p

The transverse velocity component v thus determined — O.OL
at th. centre of the Jet is shown in Fit . 7. Smooth curves
have been drawn in to be used in the subsequent evaluat ion Cp
of the slot flo w. It is noteworthy that the influence of
the model (located between a a 0 and a a 90 set) i. felt ______ ______ ______

rather fat upstre sash that it does not add very such to
the outflow already present in the ~~~ ty test section . The ~ I ~~ mm
velocity level is clearly high enough in both cases for the
quadratic term in the pressure equation to be significant. Pig . 6. Pressure distribution in
At the rear of the model Vp approaches sore, making the pleram ch~~~.r on slat ,
flow-direction measurement useless as a deter mination of in plane through the lead—
th. flow direction inside th. slot. Oil flow pictures in— lag edge of the .odel.
dicste thst in the present case (which is somewhat differ-
ent from the cas, shown in Fig. 5) there is no, or only
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Fig . 7. Th. transverse velocity component Fig. 8. The total pressure at the centre of
at the centre of the Jet, the jet and slot (model present).

very sli ght , back—flow of air from the pienue chamber into the slot. The dotted part of the curve
has been drawn accordingly, as a very crude guess.

The distribution of transverse velocity across the slot exit was found to be practically the
same everywhere as long as the flow goes into the pieniss chamber. No ‘ inviscid core ’ is visib le,
nor is there any indication of flow separation in the s lot. With very little scatter the ‘effec t-
ive ’ width of the slot (transverse macs flux divid ed by the mass flux density at the centre ) comes
out as a ’ a 3.4 nun (or possibly 3.3 nun with the model present), i.e. 1~ % mealier than the geo-
metrical val ue a — 4.0 sun.

The total pressu re variation along the Jet with the model present is shown in Fig. 8. It is
seeli that th . air going into the slot (at the centre ) is effectively free—stre am air and that it
looses ve ry little sner5y on its way through t ue slot. In the Jet , on the other hand , the los . is
considerable and this is also true, of course , towards the rear where the transverse velocity in
the slot is reduced . When there is no model present the leve l of the to tal pressure s (not shown )
is somewhat reduced, while the losses towards the rear are absent . Altogether, this Confirms that
the slot flow under consideration is one with fairly enall effects of inflow from the well boundary
layer aaxl of visc ous stress in the slot , and also that a reduction of the cross flow in the s lot
(a. in three—dimensional tests) would soon make both these effect. import ant.
4.~ A tentati ve flow model

In order to arrive at a quantitative descrip - — — 
~~~~~~~~~~~~~~~~~~~~~~ 

iNn Jettio n of the slot flow — and in particular to fotm—
ulate a sati.factory wall boundary condition fof
the test section flow — we suet establi sh a flow
mo.t.~t whir.), is simp le onou~h to be amenable to
mui Ieanii~oI WU*Iyais , yet c omplete enough to
iu( 1uhlo ni l t h e essenti al feat u res or our observa—
t iouta . A Loutt ut ive empirical model to this end ASSUMPTIONS’
is indicated in Pig. 9. The flow pattern is as ( I )  Inv isc id f tow In centr al p~ t of slot .sugge.t.d by our observation.. In particular,
thea’e is ,iaueauod to be no separation inside the (ii) Tota l pressure on each central stream—
slo t , line entering from test section known

0 priori.
5. 105 Pi~ SS1JRE DIFFW.ZNCE ACROSS ThE WALL (iii) Pressure in je t emerging from slot

The proposed flow model implies a specific known a priori.
relationship b~twoen the pressure difference
ac ross tho wal l and the transverse velocity (iv ) Effective slot width a’ known a priori.
thuuugti the slo t ., a relstionahip wh ich can be Cv ) Longitud ina l momentum of air from
chu ,.ehusl ,ij~uinst mnanuansenuts, cud , if verified, the plenum chamber negl igible.givu.s tue bas is for a Iumoj~uuueo us wail boundary
coishtilun of th. classical t .pe. Th. relation — Pig. 9. Tentative flow model.Ship is easily derived by integ rating epproaL,,~state ly the mo,.ntcm equation along the path ijj(j) (

~
)

Specified i.e Fig . tO , leading from a point in the J.t
(or insid. the slot) where the pressu re first reach..
the plem pressure pp .  to th. point on th , wall where

the pressure p,, • Clearly (ds 5 element sion~ 
plsnwm f s!4’p I

5 ~~~d . c ~~~~d Y . f ~~~~d 5 , c ~~~~dl, 

_ _o
whew., neglecting the sheer stress along the path,

s - Q[(U+V)~~~+v 

~
} , s - Q{(U.u)~~~+v  ~~~.w 

~]. ‘ ‘~ W

Pig. 10. Integrutlon path in plane
a s constant.
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~~~~~~~ (u,v ,w) is the perturbation velocity relative to an average central longitudina l ve1oc~it y U
s u .  1 1,0 s lot region as specified in our model, Neglecti ng quadratic term s , except v 2 iii 1.1w slot
.uul t he  j et , and taking Q to ~e a cqnst ant mean dens ity in the alot region , we have approximat ely

g av lui 4t 
2

~w’
~~p 5 2 L!L.~~

_ (
~~—2\ ~~~~~~~~~~~1 2 U dX t U I~~~

Q U  .5 ~ .1 ~~.\  a!
2

whore

c . f ~~ _ - d Y _ f ~~ _ d z _ f ~~ _ d y  . (5)

O
P 

®
P ~~~~P

Thus our problem is reduced to est imating C . This is a reasonable task i ~~~~ of the fac
that we can expect v/vp to be positive on (~) and w/v~, to be negative or, 2 (while the contri-
bution from the third integral must be mnall) so that fairly crude estimates to v/vt, and v/vp
might be sufficient. In fact, the main contribution is expected to come from 1 , where v/v p can-
not be m uch different from unity. Therefore one should not be very much wrong in taking for C the
value obtained from the slender body approximation . This value , from the analysis ststrnaxized in
ilte AI.POIIIILX , i. with good approximation

c a a (
~ ~~ 

1 
a + 0.46 + ~i~~) 

, (6)
sin

giving 11 .1 nun with a a 4 nun and 10,6 nm, wi’~th a — a ’ = 3.4 mn.
lice pressure differenc e according to (4) has been computed using the meal Icr value for C and

talciar V
p 

and i ts derivative from the curve of Fig. 7. Values for Q and IJ were obtained from
the v.uIu~~ for p0 at t h e slot exit (see Fig. 8) at press ure p , assun,i,,~ co nst ant stagn at ion
Leiuqa’u.uturo . The result is adiown in Fig. ii (lice suculow un,,, ’ iufl i cu i luc ~ the ,U,00rLa uuuty) and corn—
huarasi wi t h,  nuocisured pressure differences, lice ~oo’l a~re,su,oii 1. us i ~h, I. 1,., hot Luul l.,,u s bic I. Is um.,v .’r—
tholc ,ss very ouicouragtng. It suouns that ono ca,, cou,cluda, t.I,ut 1.1cc u~ucutruttc orunsfiow ten,, tu , (4)
us ussouit tat , that the assumption of attached (low in the slot i~ U (~0O(I o,,c,, wad that there is rio
ef f ect  present that calls for a viscous cro as f tow ten,, oF type included I,’ Eq. (3) .

--- I

‘.\‘ .“ .. .‘ 7.

~~

--

-— —— — — 002 — 
~~~~~~~~ 

— -—— -
~~~~~~~~~H T f l

— —
-140 -1~0 -100 -80 -60 -60 -20 20 ~t~ to 60 80 1 100 
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/
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~
, /
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—
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_ _ _ _ _ _  ——  .aoe- -—-4~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fi g. I I  • Comparison of computed and measured pressure differe ncss acros, the slotted wall.
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The extension of the analys is to cases without a Jet into the plen me chnn,ber is straightforward.
Wh o,, the flow is reversed , It  (‘..rms ii Jet t ,,to th e tes t . sect i,.,, ,ucd UI La the slot w ith high nuounon—
turn air to a dept h t~ < 1. Thor, v — v~ at both arid, of path ®, which how starts at y — I,,
wet ends at y a — 0.22 a (a the ‘ effective ’ depth of the co~uct ing par t of the lot) .  There fore , in
this case , the quad ratic cro esfiow tans Is cancelled while t he  estimato for C become s 0.44 +
When the low momentum air penetrates into the test section the model imp lies that no pressure dir—
fe rence can be maintained and we have simp ly Pw a p . Finally, if tho flow reverts to going out—
wants we have again Eq. (4),  although as long as higl~ momentous air fills the slot only to dep th

< £ the value for C comes out slig htly different , as shown in the Appendix , It remains of
course to verity these predictions experimentally : this is presently under investigation.

6. ThE NDDiFTh~) IIONDGENEOUS ~ )UNDAEY CONDITION
In order to collec t the various prenaure difference formulae into a homogeneous wall  boundary

condition we introduce the average crossflow velocity (over .4/2 < a < d/2 in Fig . to) normal
to the wall and outside the wall bounda ry layer. Iet the contribution to from varying mass flux
in the wall boundary layer be , (a —U,, ~~,,/àx if the offoc t can be desc ribed in tense of c. 415—
placement th ic locesa 6,). Then the mass balance in the slender body approximation gives for the
transverse slot velocity , as long as there is high momentous air in the slot ,

V
* (~)

U,, U,, a’ U,,
where U is the seine average longitudinal velocit y in the slot as before, We exte nd the fu nct ton
v 0(x) to all values of x by prescribing U — U,, and ~, • 0 whenever they are not otherwise d.—
fined. Similarly we generalize the penetration depth I~ as a function of a to be I + 0.22 a’
w he,,over the slot is comp letely f illed while elsewhere

x
i,= [i + O~22 a’J 

~0 
+ J ~j~2 dx, x0 being the closest upstream section completely f ill.d. (8)

Furthermore let ~ be the corresponding average wall press ure . A. shown in the A~peisiix ~obtained from the central wall pre ssure p.~ b; subtrac ting 0.22 a’ tram C in Zq. (I t) .  Hence , in
terms of x(— C ‘ I/a ’)

K1 
Q,,U2 Q,,U,, di ~ U,, U,, / Q,, ~U ,, a ’ U,,, / 2 ‘i” ‘ (9)

with 

K — d (
~ 

In n a + 0.02 + 1,/a’) if > 0 wh ile V � 0p 
(10)

K d (0 .22 + 1,/a’) if > 0 whil e V
P 

< 0 ; else K s 0

lii Is is tlcii proposed homogeneous boundary condition, connecting ~ with . Fonnelly it is similar
to th e classical inviscid one, Eq. (t), with an added quadratic cross—veloc ity term i~ the muu,uier of
W .W. W ood (Ref. 16).

In reality it is of course much more complicated sinc e (i) it is non-linear throu ghou t , (ii) it is
algebraically very complex , (iii) it contain s additional quantities to be determined empirically or
by further analysis and (iv) it can produc e Jump diacomu t inuiti os in ~(x ) from continuous (x ) .
However , sinc e the non-I Wearity of the transonic flow equations force, us to use a numerical method
u)F s~u lti( lull, ( t) ~~~ (ii) ‘IdlY not. m u d  ,uuel, difficulty. Some of the quantities implied in (iii) have
iueu .Il ,hc’munstrntc’c I in  Sociloucs 4 and 5 to be mwumagoable. As for conuputing v,, if important enough
to Imu i,icludud, o,,e could possibly do with the nmthod of Ret , 17, based on the crude model of’ a con—
st iuc t velocity boundary layer. This approach was recently extended by P. 1A$fgren (Ref. 18) ,  as part
of (.1,0 present rosea rch , to include classica l slot flow (zero slot depth). Otherwise some t urbulent
botuadary layer computer progrw,, has to ho used , The anomaly (lv), u,umt,tlally du~ to the .iou,—uni—
ton,, validity of the slender bod y approx imation for mnall wavelengths La’ the flow d irec ti on , is not
likely to give errors outside a email region close to the discontinuity as long as the flow is sub-
sonic, In eupersonic regions errors may propagate along characteristics , but since the flow aqua-
tIoi ,s have tu,e property of diffusing expanst ouc wave , and steepeni ng compre.ston wave, Into shuck
wa ves , perhaps the •rrore may still remain local .

In view of its unconventional and complicated form it wae thought advis able to ver ify that the
moutified boundary condition can be incorporated into existing numerical method s for tr ,u,so nic flow
fie lds without cau s ing instability or slow convergence. For this purpo se the iterative meth od of
Ref. 19 was chosen because of it. normally ve ry rapid convergenc e and because of its c onven ient way
of handling bounda ry cond it ion, at the outer bound ary. A number of case s of ax isy sl ric flow have
been investig ated with different slot geometries , f ree stream M.*ch numbers and models, but with

— 0 throughout. No difficulties were found except with very emaIl slot width*, ller than
norma lly used , for which the convergence became s low . This is not surprisi ng, however , since the
computational method in the fo r, employed hers ii hoown to fail when the outer boundary is a solid
wait.
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7. C0NCWDIP~ RV4ARXS

The next step will be to extend the experimental vorification of the flow model and its conse-
quences for the wall pressure difference to a larger variety of slot flows~ very likely this wil l
lead to further modifications and perhap s to en accurate homogeneous boundary condition , the objec—
t ivs of our research. With this basis one can then employ accurate numerical methods to compute
three—dimensional t ranso nic f love about model s in slotted test section,, be it to obtain wall inter-
ference correction., or to adjust the slot geome try so as to eliminate the wall interference.
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App.’ndlx
APPHOXIMA1’E ANALYSIS OF INVISCID SLOT FUN

The classical slender body approximation for slot flow when ap-
plied to a rect,ui~uIur slot wi th a Jet into the pleissu ch ber , leads
to the following problem for the har.onic function P(e ,y) in a
doubly infinite st ri p (see sketch) ,

_ o y +q
I I a2!, a ’-P
I I 

___
~~+ ___

~~. O  ,
..
~~
.. ,f

~
,

~~ 
~~~, ~!.o , i~ P . 0 , (*_ i)

~ 
____  

A ~‘

/ In the absence of a Jet , with the consta nt pressure surface spanning
the slot ( .... in akotch), we have instead to find P in the semi—
infinite strip y < h  with P . O  on We shall t.reat both

/ problems simultaneously.
I In term, of P the pressure at a point (y, z),  when the velocityd in the y—d irection at y -’ —W is ~(x) , is obtained from
—1 .1

d d v  1 (~~ (A—2)

with a • a/d , h 21/d or 215/d (see Fig. 1 and Sec. 5). In particular the value of p (i,o)
is required when Computing the pressure along the centre line of slat.. The coefficient K in the
homogeneous boundary condition (1) is obtained from

K — lim (y—P) . (A—3)

~—pIon e

—1 —o —L L a 1 ~ The determination of P i, accomplished by mapping con—.‘4 ”fJ’JjL.... _ _,YJ~1~~J ~ I Jf ? I formally our strip in the plane Z . z + ty on the lower
•
‘•. •e’ half of the plane 

~ • + ii ~ (see sketch) according to

2 2’
d z ._ i * \ I ’~2— °  ~~ , (*-Je )

~~~ 
— 1

placing tho upper end of the strip at the origin and the lower end at infin ity .
In the first caae, with P . O  a t — — — , the vesult is

p (i ,o) — — 
~~ 

, lJjn (y-P) . ~ [ci In + In (l_a 2) — 

~~ 

(
~~,)

where 
~h ~, obtained from solving the equation

o In — In • nb , t > i/a ; 
~h •‘I a2t 2—1 

, (A—6)

In the second case, with P • 0 at , we take to be an ellipse with the major axis
Ih and the minor axis 1Ii~ $ the corresponding curve in the Z-plane cannot be such different f rem
the line s.~~,ent y — a • The result is

Il 2 2’
2 ‘ “ Y ’~ 

I.% 1 1p(i ,o) — — ;  a In h , tim (y—p) • ~~{aIn .I~~ ,In(l_a2)_ in (~h+;t )2 ,

where is obtained fro, solving the equation

o 
~~~~~~~~~~~~

‘ — In
~~~+ n h  , 1 <  t <  1/a ;  !,~~~~~~l..a2t2 

(*.8)

.s. c~~~~,~enalve set of computations has been performed using these for.salao. The detailed results
are not liven her., however, since it turns out that they can be s~imaarised iii the following appros-
imale formulae, valid with good accuracy for I/a ‘0.02 , s/d ‘C 0.2

K d (
~ 

In 
~~~~~~ 

+ 0.02 +(~~~a~ 
0.22)) 

(~~
t
~et t} P(l .o) ._ 2 (~~.o.22). (A—’9)

Here £~ is th. depth of p.n.tralion of the flow into the slot when there is no Jet. Th• fo rsul a
for K t• 51% i~~*’..vem.,,t upon that of aq. (2) .
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