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FLOW PROPERTIES OF SLOTTED WALLS FOR TRANSONIC TEST SECTIONS

Sune B, Berndt® and lans Sirensén
The Aeronautical Research Institute of Sweden (FFA)
S-161 11 Browma 11, Sweden

SUMMARY

A theorctical and experimental study is in progress of the flow through slotted walls
under a variety of conditions. The ultimate objective is to make possible accurate nu-
merical computation of transonic flows around models in slotted test scctions. This
paper is concerned with a slot flow configuration typical of two-dimcnsional, low lift
tests at high subsonic free stream Mach numbers, With the test section empty the slot
flow is outwards, into the plenum chamber, and this remains true over a large part of
the test scction when the model is introduced. From oil flow pictures and pressure mca-
surements in and around the slots it is concluded for the configurations investigatod
that the slot flow is slightly influenced by the presence of the wall boundary layer,
that the flow within the slot is attached and approximately inviscid although influenced
by boundary layer formation, that the flow enters the plenum chamber as a thin free jet
and that the transverse velocity in the jet and slot is too large for a linear pressure
drop equation to be sufficiently accurate. When the slot flow turms back over the rear
end of the model it may admit stagnant air from the plenum chamber into the test sec-
tiony the ability of the slot to maintain a pressure difference across the wall is
then necessarily reduced. Based on these observations a tentative flow model is pro-
posed, yielding a relationship between the pressure difference across the wall and the
transverse velocity through the slots. It agrees well with the measurements as far as
they go. The corresponding homogeneous wall boundary condition is of the classical in-
viscid type with an added quadratic cross-velocity term in the manner of W.W, Wood. Im=
proved expressions for the coefficient of the streamline curvature term are obtained,
accounting for the depth of the slot and the presence of a jet. The new boundary condi-
tion has been demonstrated to be compatible with computing numerically the transonic
flow field around a model in the test section.

1. THE BACKGROUND

Recent development in numerical methods for transonic flow fields has made it feasible to com-
pute the wall interference in transonic test sections with high accuracy. This new potential for
designing better test sections and for improving interference correction procedures has not been
used much so far, due to the fact that we do not know the structure and properties of the wall flow
well enough to define accurate wall boundary conditions for the test section flow field. It is
fair to say that not much progress has been made in this respect since about 1960, when the first
development period of transonic test sections came to an end (Refs. 1, 2 and 3).

Two tochniques for alleviating the wall interference in transonic wind tunnels have commonly been
in use since then: (i) ventilation through 'slanted' perforations and (ii) ventilation through
longitudinal slots. In distinctly supersonic flow only the perforations are efficient, while at
sonic and high subsonic frce stream Mach numbers the slots seem superior, so the two techniques may
largely be considered complementary. At very low supersonic Mach numbers, however, none of them
does a satisfactory job, In addition, there are many indications that in extreme conditions, such
as prevail with large models at high angles of attack, ventilated walls produce interference effects
which ciumot be satisfactorily eliminated by wall corrections based on conventional ideas ahout the
wall flow. In view of the need for high Reynolds number testing at transonic specds, a rather cost-
ly need to satisfy, there are great potential savings in developing transonic test sectlons to admit
larger models than at present.

Much effort (Ro!‘s. 4, 5 and 6, as woll as papers at thia symposium) is now going into devising
test section walls which can be adjusted for zero wall interference as defined on the basis of nu-
merical flow field computations, Such walls must permit accurate control of the streamline slope or
the pressure (or a combination of them) in the neighbourhood of the wall, in accordance with require-
ments defined in a complicated way by the free stream Mach number and by the size, shape and att..tude
of the model ~ these requirements including preferably the ability to absorb shock wavea. This calls
for walls of continuously controllable flow properties, such as flexible solid walls, ventilated
walls of variable slot width or hole size, or porous walls with controllable, distributed suction
(seec also Ref. 7). The results so far are clearly encouraging, although much work no doubt remains
to be done before practical solutions are reached.

In the moantime, in order to make progress towvards improved transonic test sections, it is necer~
sary to acquire a better understanding of the flow at test section walls of different types and under
different working conditions, As for slotted walls, which are the subject of the present investiga~
tion, our understanding of the flow is far from complete, as has become increasingly obvious in re-
cent years.

2. THE PROBLEMS

The classical method of analysing the flow in a slotted test section is to postulate small, in-
viscid perturbations of a homogeneous free stream and to require as boundary conditions at the wall
(1) that the pressure perturbation vanishes at the boundary between the slot and the plenum chamber
and (il) that the normal velocity vanishes at solid parts. Asswming a largo number of slots and
applying the slomder body approximation locally at the wall, theso mixed boundary comditions are
then usually changed, by cross-flow avoraging as it were, into an oquivalent homogencous bhowndary
condition, which produces at the centre of the test section approximately the same solution as.the
original set (Refs, 8-11), Vith the x-axis in the flow direction, the simplified boundary condition
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for the perturbation velocity potential ¢ is of the form

. e . (1)
ox dndx ’

where K is a positive constant determined by the geometry of the slots, while 3/dn denotes dif-
ferentiation along the outward nommal of the test section boundary, Taking the influence of the
depth of the slots into account, the value of K for the geometry of Fig. 1 can be obtained approx-
imately (Refs. 8, 10 and 12) from Eq. (2):

PLENUM
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TEST SECTION

Fig. 1. Slot geometry
(section normal. to flow direction).

The homogeneous boundary condition is esstentially a balance equation in the mean between the pres-
sure difference across the wall (propox‘tionul to -bcp/bx in a linear approximatlgn) amdd the centri-
Twgal force due to streamline curvature in and near the slot (proportional to 32¢/3mdx), so K is
in effect a measure of the longitudinal momentum flux within the region of the slot flow.

Although it is believed (Refs, | amd 2) that tho wall interference predicted by (1), using valuca
from (2) for K , is of the correct magmitude when the slots are not too narrow, the experimental
evidence, largely from subsonic flows, is not really conclusive, This is because it has been common
practice to design transonic test sections and models empirically so as to eliminate blockage inter-
ference at sonic speed (where, until recently, the interference could not be computed) , leading to
such small models as to make the subsonic jinterference (which could be computed) too small to be mea-
sured accurately. As already mentioned, however, at extreme conditions of model size and lift, de-
viations are believed to occur,

It should be stressed that any large errors inherent in (lg are likely not to arise from the
averaging {as long as the number of slots is reasonably large}, since, in fact, the slender body
approximation, when applied locally as in the present case, is known to be particularly accurate at
transonic speeds (although not sufficiently accurate, very likely, to account for shock waves reach-
ing the wall). For similar reasons the accuracy of (1), in spite of its linear form, is fully con-
sistent with its use as a boundary condition with the non-lincar partial difforontial equation of
transonic small perturbation theory (although this was perhaps not altogether clear in the original
derivations). This loaves us to view with caulion the remaining assunptions of inviscid flow, small
perturbations and constant pressure {(implying quicscent air) in the plonum chamber,

Quite oarly it waus suggestod (Ref, 9) that the homogencous boundary comndition should be augmonted
by a third torwm - analogous to the term expressing the lincarizod viscous pressuro drop across a

porous willl -~ so as to account for viscous eflects in_the slots:
el
Rl 9 , 13
ax*Kbnbx’Pan’o i (3)

The constant 'porosity' P was assumed to be determined by the wall geometry and the free-stream
Mach number (while, in contrast to K, there is no method available for computing it a priori). It
is far from obvious, however, that if viscous effects in the slots were important they would give
rise to a linear cross-flow term in the boundary condition: one would rather expect a quadratic one,
of coursc. In Ref. 2 experimental evidence is quoted which shows a clearly lincar dependence (in
addition to a weaker quadratic onc); the set-up is such, however, as to mike it improbable that vige
cous effects are important at all under the circumstances tested. This matter should ohviously be
looked! into, Tt is also noteworthy that although many attempts have evidently been mado to corre-
late () with deviations from (1), none has been reported successful. 1t scoms, therofore, that the
ideas motivating the linear porosity temm in tho boundary condition are probably not geperally valid
(although there might of course still be a pressure drop across the wall, due to viscous cross flow,
which is not accounted for in (1)).

1t 1s essential ror the validity of formula (..') that the flow leaving the slotl is attached;
if it soparatos at the slot edges to forw a free jet inside the slot (Fig. 2), then the torm 4/a
shonld be absent, awl the slot would be expectod to be much less efficient in maintaining a pressure
difference betweon the test section and the plonmwn chamber, It seems that many peoplo have taken it
for granted that the flow is soparated and, in consequence, have left out the term /a even when
it would dominate the first one, wero the flow altached. The fact that in such circumstances Lhe
slots appear to be much more effective than oxpected from the computed value for K with £ = o
(Refs. 13, b and 15), is @ strong indication that the slot flow is in fact attachod. The matter
should of course be sottled by direct observation,

If the slot flow, whether separated or not, pene= } }
trates into the plemwm chamber as a jet, as indicated
in Fig. 2, then this is bound to set up a gecondary
Low in the

» Obviously what is im- % %

portimt, as far as the flow in the test soction is
concermed, is whethor this socondary flow can change

the pressure around the omerging Jot. {a) (b)
The assmamption of small perturbations (undore Fig. 2, Doos the flow into the plomwm chamber
lying the lincar boundary conditions) might easily form a free jet inside the slot us in

be violated inside the slots when they are narrow, (a), or pat, as in (b)?
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since the cross-flow velocity in them is then bowxl to be very much largor than in tho test soction,
This fact was realized at an early stage (Ref. 9) and its effect on the wall pressure was subsequent-
ly analyzed by W.W. Wood (Ref. 16). He fowul that it can easily be accounted for by including Ln
the Bernoulli equation the guidratic cross-velocity term when satisfying the condition of continuous
pressure at the boundary between the slot flow and the plenum air (in doing so he assumed the flow
to be scparated). This results in a further term in the boundary comditinon (1), a term proportional
to the square of the cross-flow velocity. Generally speaking, there is nothing new or difficult in
handling, within the slender body approximation, situations where locally the cross-flow velocity

is so large as to make its square comparable to the longitudinal perturbation velocity. As we shall
see, the inclusion of a quadratic cross-flow term in (l) comes quite naturally and is not much of a
complication in the transonic case, where we have to solve a nonlinear problem in any event. Whether
the quadratic term is important or not depends of course on the experimental circumstances. As it
turns out the term is likely to be important in many practical cases, although it has in the past
been rather unusual to include it when computing wall corrections.

None of the approaches to slot flow so far mentioned account for the presence of wall boundary
layers. The total cross-sectional area of the boundary layers in the test section often is as large
as the cross-sectional area of the model or even larger. It is possible, therefore, that the fluid
going into the slots is to a considerable extent low momentum air from the boundary layer rather
than free strcam air. If this is so, then the slot flow is bound to be less efficient than other-
wise in maintaining a pressure difference between the test scction and the plenum chamber. It is
one of the main purposes of the present investigation to determine the influence of the wall bound-
ary layers on tho .slot flow,

These considerations apply a fortiori to a region where the slot flow passes into the test sec-
tion from the plenum chamber with its more or less stagpnant air. In the extreme case of vanishing
longitudinal flux in the slot region there will be negligible pressure difference and the wall will
appear to the test section flow as a free-jet boundary at the plenum pressure. Inflow of stagnant
air is likely to occur as soon there is a model in the test section unless the walls have been ad-
Justed to generate a sufficiently high outflow through the slots from the empty test scction. The
risk of extended regions of inflow of stagnant air is of course particularly great with large models
at high lift, and this is perhaps the explanation of why conventional wall corrections have been
found unsatisfactory in this kind of situation. It is remarkable that the idea of treating a region
of inflow as a free jet boundary, although suggested early on (Refs. | and 8), does not scem to have
been exploited in any scheme for computing the wall interference in transonic test sections.

In addition to influencing the slot flow, the wall boundary layer between slots may contribute
directly to the wall interference by changing its displacement thickness in responsc to the pressure
variation set up by the model (Ref. 17). Except where a shock wave reaches the wall, this effect is
likely to be small, Nevertheless, it might be of some importance when the cross-flow component of
the perturbation velocity far from the model is much amaller than the longitudinal component (i.e.
when the slots are required to be narrow), as is the case with slender, small-aspect-ratio models.

Altogether, the flow properties of slotted walls might well be rather complicated, very likoly
more complicated than consistent with the simplifying assumptions usually made in computing the
wall interference, Part of the complication is the great number of parameters involved, part do-
rives from our not knowing what basic phenomena are important under what circumstances. However,
Lo a large extent the basic ideas required for describing those phenomena are available and have in
fact been available for a long time, What is still lacking, essentially, in order to be able to
integrate these ideas into a coherent description, is experimental evidence on a small number of key
issues, IL ils tho objoctive of tho proscnt rescarch to acquire such evidence by investigating in
some dotail a few typical cases of slot flow, and to establish, based on that evidence, a flow model
capable of yielding an improved wall boundary condition for the test section flow. A first case is
considered here, leading to the tentative definition of a flow model,

3. EXPERIMENTAL ARRANGEMENTS

3.1 Slot flow parameters

In order to know what constitutes a 'typical' slot flow we must define non-dimensional parameters
which describo relevant local features of slot flows and thon relate those to global parametors of
typical test sections and models. In this way we might bo able to devise a small number of expori-
ments (o simulate, locally, slot flows typical of a variety of applications,

The most important feature to be considered is whother the flow from the test section fills out
the slot or not, and this is of course intimately connected with the geomotrical shape of the slot.
Restricting ourselves to the geometry of Fig. 1, we shall assume that by rounding the edges of the
entrance we can inhibit any tendency to edge separation, thus making the radius of curvature of the
edges an additional parameter to be controlled. This kind of geometry, with the slot shape the same
everywhere along the test section, is commonly used in practice,

From the discussion of Section 2 it would seem that among additional features of slot flow to be
considerad are (1) viscous effects in the slots, (ii) the quadratic cross-flow pressure drop, (iii)
the wall bowwary layer going into the slots, (iv) the penetration of low momentum air from the ple-
um chamber into the test section and, perhaps, (v) the flow structure in the plenum chamber itself,
Parametors describing these features have becn defined and analysed as a bnsis for selecting the con-
figurations to be investigated. However, since the results used in the prosent papor pertain to one
particular test configuration, and since space is short, we shall not reproduce this amlysis here,

The configuration with which we shall be concorned is one typical of two~dimousjonal tests, The
slot width is somowhat emaller than the thickucoss of the wall boundary layer while largo enough to
avoid strung viscous effects in the slots, Tho dopth of tho slots is largo onowgh for the socond
torm in Eq. (2) to bo somewhnt larger than tho first torm, Tho radius of curvature of tho slot odges
is as mull as was considered practicable, The thicknoss of the model (two-dimensional wityg, soro
1ift) is somewhat smaller than the thickness of the wall bowudary layors. The resulting cross-flow
velocity in the slots is expected to be large enough for its square to be important. The free-stream
Mach mmber, M, = 0.903, is #s large as possible without shock waves reaching the slotted walls. The
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walls of the test section are parallel, so that with the test section empty there is a flow out
through the slots in consequence of boundary layer build-up along the walls.

3.2 Bquipment

The tests were made in the 23 x 25 cm2 transonic blow-down wind tunnel (S3) of the FFA. The
sketch in Fig. 3 shows the test section used in the present tests, including the model and slot ar-
rangement. The central slot of the bottom wall was selected to be the 'test slot' and was according-

ly equipped with a mmber of pressure taps.

% |
90
PLENUM CHAMBER 19 DIFFUSOR D
6% THICK CIRCULAR '
ARC PROFILE P (L
bty LS 9__ - T — - 250 v/
CHORD : 90 mm ’t=s r=0.
3 i P:;gsms
[
g ke - 206 o]

Fig. 3. Experimental configuration. (lengths in mm)

In addition to conventional pressure probes a special one has been designed for investigating the
flow from the test slot into the plemmm chamber. It consists of a thin circular cylinder placed
close to the wall and perpendicular to the plane of symmetry of the slot (see Fig. 4). It has two
pressure taps in a plane perpendicular to the axis and with an angle of 90° between them. By turning
the probe until the two pressures are equal the flow direction is obtained; then turning the probe
45° gives the stagnation pressure in one of the taps. The probe can also be moved across the slot
and along the slot, and all these manoceuvres can be ccntrolled from outside the tunnel while it is
running. The probe has been calibrated against conventional probes and found to be sufficiently
accurate.

CROSS SECTION OF PROBE

A ey

Fig. 4. Movable combined total-pressure and flow-direction probe. (1engths in =)
« THE STRUCTURE OF THE SLOT FLOW

4.1 Qbeervations

Over most of the test section - with the model present as well as absent - the flow through the
slots is cutwards, from the test section into the plemm chamber. One expects the flow to enter the
plemm chamber obliquely as a thin free jet, the thickness of which is not much different from the

”»

slot width, This is borm out by the oil flow pictures of Fig. 5. The picture (a) was obtained on a
thin gheet in the plane of symmetry of a slot, while the picture (b) was obtained on a sheet perpen-
to the plane try and parallel to the jet flow as indicated in (a). The deep penetra-

of symme
of the jet into the plemm chamber is clearly visible, as is a strong secondary flow set up in
the jet, through sntraimment as well as through deflection at the floor of the
plemm chamber. Over the rear of the model the slot flow turns back while the free jet contimes on

L 3
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Test section

(U | Lz

Plenum

(a) In plane of
sysmmetry of slot

Slot edge

(b) In oblique plane
indicated in (a)

(c¢) On test section wall close to slot

Fig. 5. Oil flow pictures of slot flow.

its an ‘ato the interior, giving stagnant air from the plemmn chamber the opportunity to enter the
slot i hence the test section. There is consequently an intermediate region of mixed flow in the
slot consisting of both high momentum air, removed earlier from the test section, and low momentum
air from the plemmm chamber. The re-entering air, at least the high momentum part of it, seems per-
haps to form a jet of a similar kind to that in the plemmm chamber,.

Purther illumination is furnished by the oil flow picture (c), showing the flow over the test sec-
tion wall adjacent to the slot. Where the flow goes into the slot not much is to be seen. On the
other hand, where stagnant air arrives from the plemum chamber it is seen to spread laterally over
the test section wall in a way suggesting that the jet from the slot - if indeed it is a jet - is
deflected by the high momentum air farther out in the boundary layer.

Other oil flow pictures have been taken on the interior walls of the slots. As long as the flow
goes from the test section into the plemmm chamber it appears to be attached. If there is any flow
separation at the entrance edge of the slot it must be restricted to a very short bubble. The pic-
tures leave little doubt that the flow is for all practical purposes 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 full total pressure. However, when the
wall boundary layer was thickened artificially (from 11 to 23 mm), then there was a noticeable reduc-
tion of total pressure, indicating that the present ratio of slot size to boundary layer thickness
is just about small enough for the wall boundary layers to begin to make their presence felt. -
Farther downstream, where air from the plemum chamber enters the slot, the total pressure was very
much lower, as one would expect,

4.2 Measurements in the plenum chamber

Using the movable combined total-pressure and flow-direction probe, as well as conventional total
pressure probes, the jet emerging from the test slot into the plenum chamber has been investigated
in some 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 strong secondary flow in the plemmn chamber it was not
considered safe to take this pressure equal to the nominal plenum pressure from the tunnel calibra-
tion. Indeed, the pressure on the slat in the plenum chamber (Fig. 6) is considerably lower close
to the jet than at the centre. Therefore the static pressure
in the jet was taken to be the pressure, Pps measured on the
slat 1.5 mm from the slot edge.

As pointed out earlier the action of a slot is intimately PLENUM
connected with its longitudinal momentum flux. Part of this
flux is located at the jet exit: according to theory (see S
Appendix) the 'effective' depth of this co-acting part of % W Z
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 mm) from the wall. Therefore, since the movable probe 0
cannot be operated as close as that, the data obtained with
this probe have been translated obliquely in the x-direc-
tion according to the measured flow inclination down to the

attempted level, Pp /U/
The transverse velocity component v thus determined -0.04

at the centre of the jet is shown in Fif. 7. Smooth curves

have been drawn in to be used in the subsequent evaluation cp

of the slot flow. It is noteworthy that the influence of

the model (located between x = 0 and x = 90 mm) is felt -0.08

rather far upstream and that it does not add very much to % 0 10 % 5 3% e

the outflow already present in the empty test section. The
velocity level is clearly high enough in both cases for the

quadratic term in the pressure equation to be significant. Fig. 6. Pressure distribution in
At the rear of the model vp approaches zero, making the plemm chamber on slat,
flow-direction measurement useless as a determination of in plane through the lead-
the flow direction inside the slot. O0il flow pictures in- ing edge of the model.

dicate that in the present case (which is somewhat differ-
ent from the case shown in Fig. 5) there is no, or only
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Fig. 7. The 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 slight, back-flow of air from the plemum 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 plenum chamber, No 'inviscid core' is visible,
nor is there any indication of flow separation in the slot, With very little scatter the 'effect-
ive' width of the slot (transverse mass flux divided by the mass flux density at the centre) comes
out as a' = 3.4 mm (or possibly 3.5 mm with the model present), i.e. 15 % smaller than the geo-
metrical value a = 4.0 mm,

The total pressure variation along the jet with the model present is shown in Fig. 8. It is
seen that the air going into the slot (at the centre) is effectively frce-stream air and that it
looses very little energy on its way through the slot. In the jet, on the other hand, the loss 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 level of the total pressures (not lhovn)
is somewhat reduced, while the losses towards the rear are absent. Altogether, this confirms that
the slot flow under consideration is one with fairly small effects of inflow from the wall boundary
layer and of viscous stress in the slot, and also that a reduction of the cross flow in the slot
(as in three-dimensional tests) would soon make both these effects important,

4.3 A_tentative flow modal

In order to arrive at a quantitative descri; Coy e S I S S e
tion oF the alot #lov = &l §65 pREELCRINE §5 Torke “Boundary Tover Thin Jot
ulate a satisfactory wall boundary condition for Slot
the test section flow - we must establish a flow
model which is simple enough to be amenable to
mathematical wulysis, yel complete cnough to
inclhwle all the essential features of our observa-

tions. A tontative empirical model to this end ASSUMPTIONS®
is indicated in Fig. 9. The flow pattern is as isei

oted p ner Smabroabions. 1b pariiaii, (f) Inviscid flow in central port of slot.
there is assumod to be no separation inside the (ii) Total pressure on each central streom-
slot. line entering from test section known

a priori.

35, . TR O SRV (S . (iii) Pressure in jet emerging from slot

The proposed flow model implies a specific known @ priori.
roelationship betwoen the pressure difference 2 X ’ .
scross the wall and the trangverss velocity (iv) Effective slot width o' known a priori.
throwsh the slots, a relationship which can be (v) Longitudinal momentum of air from

checkod ayminst measuromonts, wud, i€ vorified,

gives the basis for a huamogencous wall boundary
condition of the classical type. The relation-

ahip is easily derived by integrating approx

mately the momentum equation along the path

specified in Fig. 10, leading from a point in the jet
(or inside the slot) where the pressure first reaches
the plenum pressure y to the point on the wall where

@6& the pre py+ Clearly (ds = element along

PP, = l S ds = - y‘in a.le (ayd}'a m
m%‘ Bos | R @s’ |

the plenum chamber negligible.

Fig. 9. Tentative flow model.

vhere, neglecting the shear stress along the path,

g - - Q[(Uw)ﬁov g] ’ *E- - q[(u.u)*‘f’v f';‘" !-}] .

o w

Fig. 10. Integrution path in plane
X = constant.
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iere (u,v,w) is the perturbation velocity relative to an average central longitudinal velocity U

tii the slot region as specified in our model. Neglecting quadratic terms, except v2 in the slot
wul the jet, and taking Q to e a cqonstant mean density in the slot region, we have approximately

2
3p . v, vT/2 ;3R . qu 3B . _ gy
O: P T PL), @ 2--wl. 0 B0,

gavingg

2
PP v v
vPp _,9U d_(c_z) 9_(_2) "
T e \" T,/ T \i,/ )
2 Yeo'®
where
Ca[-::—dy-f“:—dz-[:—-dy : (5)
P P

Q" @t @

Thus our problem is reduced to estimating C . This is a reasonable task in view of the fact
that we can expect v/vp to be positive on and w/v, to be negative on @ (while the contri-
bution from the third integral must be small) so that fairly crude estimates for v/vp and w/vp
might be sufficient. In fact, the main contribution is expected to come from , where v/v can~
not be much 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 summarized in
the Appendix, is with good approximation

1 1
Csn(-‘;ln “aoo.h6+z/a) 5 (6)
51]’\53

giving 11,1 mmn with a = 4 wm and 10.6 mm with a = a' = 3.4 mm.

The pressure difference according to (4) has been computed using the smaller value for C and
takig: v, and its derivative from the curve of Fig. 7. Values for Q and U were obtained from
the vitlues for p, at the slot exit (see Fig. 8) at pressure p,, assuming constant stagnation
temperiature, The result is shown in Fig. 11 (the shadow zone in’l’iuut.hu; the uncertainty) and com-
parad with moasured pressure diffeerences. Thoe good agreement might be fortuilous but is never-
tholess very encouraging. It seoms that one can conclude that the quadratic crossfiow term in (4)
is essential, that the assumntion of attached flow in the slot is a good one, and that there is no
offect present that calls for a viscous crossflow term of' type included in Eq. (J)

AR ~L~~q.....--.—~'
AANNNAN T\\\ N (12

With model
Without model
¥y Predicted values

QS AN S

Fig. 11, Comparison of computed and measured pressure differences across the slotted wall,
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The extension of the analysis to cases without a jet into the plenum chamber is straightforward,
When the flow is reversed, it forms a jet into the test sectlion and rills tho slot with high momon-
tum air to a depth Ly < L. Then v = Vi at both ends of path @, which now starts at y = l.s
and ends at y = - 0.22 a (= the 'effective' depth of the co-acting part of the jet). Therefore, in
this case, the quadratic crossflow term is cancelled while tho estimate for C becomes O.44 + £, .
When the low momentum air penetrates into the test section the model implies that no pressure dif-
ference can be maintained and we have simply p, = . Finally, if the flow reverts to going out-
wards we have again Eq. (4), although as long as higﬁ momentum air fills the slot only to depth
Ly < L the value for C comes out slightly different, as shown in the Appendix, It remains of
course to verify these predictions experimentally: this is presently under investigation.

6. THE MODIFIED HOMOGENPOUS BOUNDARY CONDITION

In order to collect the various pressure difference formulae into a homogeneous wall boundary
condition we introduce the average crossflow velocity ¥ (over -d/2 < z < d/2 in Fig. 10) normal
to the wall and outside the wall boundary layer. Let the contribution to ¥V from varying mass flux
in the wall boundary layer be Vv, (= -U, 38,/3x if the effoct can bo doscribed in terms of ¢ dis=
placement thickness 6‘). Then the mass balance in the slender body approximation gives for the
transverse slot velocity, as long as there is high momentum air in the slot,

v vV-v
pov d - N
[ TR~ IR )

where U is the same average longitudinal velocity in the slot as before. We extend the function

v (x) to all values of x by prescribing U = U, - and V, = O whenever they are not otherwise de-
fined. Similarly we generalize the penetration depth Ly as a function of x to be L + 0.22 a'

whenever the slot is completely filled while elsewhere

x
v -
l.': [l. + 0.22 n']‘ + J 'ﬁe dx, x being the closest upstream section completely filled. (8)
LaahE
o
Furthermore let P be the corresponding average wall préssure. As shown in the ndix § i

obtained from the central wall pressure p, b;" subtracting 0.22 a' from C in Eq. (4). Hence, an
terms of K(~C°d/a') :

- - - - - 2
P=P, V=V, V=V sgnv_+1
B, WEE 0 U '),a_(u_d_ '). e
Tz Tava \fugvg w\U_ar U, F) e o (9)
with
x'd(%‘"—m‘_!li*o'oz"'/n.) if >0 while v 20

(10)
K=d (0,22 + I,./n')if > 0 while vp<0; olse K=O,

This is tho proposed homogencous bowwdary comdition, connecting p with V. Formally it is similar
to the classical inviscid one, Eq. (1), with an added quadratic cross-velocity term in tho manner of
W.W. Wood (Ref. 16).

In reality it is of course much more complicated since (i) it is non-linear throughout, (ii) it is
algebraically very complex, (iii) it contains additional quantities to be determined empirically or
by further analysis and (iv) it can produce jump discontinuities in p(x) from continuous v(x).
However, since the non-linearity of the transonic flow equations forces us to use a numerical method
of solution, (1) wwd (i) may not add wuch difficulty, Some of the quantities implied in (iii) have
been demonstirated in Seclions 4 and 5 to be manageable. As for computing V., if important enough
to be included, one could possibly do with the method of Ref, 17, based on the crude model of a con-
stint velocity boundary layer, This approach was recently extended by P. Liéfgren (Ref. 18), as part
of the present research, to include classical slot flow (zero slot depth). Otherwise some turbulent
bowdary layer computer program has to be uscd. The anomaly (iv), ossentially due to tho non-uni-
form validity of the slemder body approximation for small wavelengths in the flow direction, is not
likely to give errors oulside a small region close to the discontinuity as long as the flow is sub=
sonic. In supersonic regions crrors may propagate along characteristics, but since the flow equa-
tions have the property of diffusing expansion waves and steepening compression waves into shock
waves, perhaps the errors may still remain local.

In view of its unconventional and complicated form it was thought advisable to verify that the
modified boundary condition can be incorporated into existing numerical methods for transonic flow
fields without causing instability or slow convergence., For this purpose the iterative method of
Ref. 19 was chosen because of its normmally very rapid convergence and because of its convenient way
of handling boundary conditions at the outer boundary. A number of cases of axisymmetric flow have
been investigated with different slot geometries, free stream Mach numbers and modelas, but with
v, = 0 throughout. No difficulties were found except with very small slot widths, smaller than
normally used, for which the convergence became slow, This is not surprising, however, since the
computational method in the form employed here is known to fail when the outer boundary is a solid
wall,

B —
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7. CONCLUDING REMARKS

The next step will be to extend the experimental verification of the flow model and its conse-
quences for the wall pressure difference to a larger variety of slot flows: very likely this will
lead to further modifications and perhaps to an accurate homogeneous boundary condition, the objec-
tive of our research. With this basis one can then employ accurate numerical methods to compute
three-dimensional transonic flows about models in slotted test sections, be it to obtain wall inter=-
ference corrections, or to adjust the slot geometry so as to eliminate the wall interference.
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Appendix
APPROXIMATE ANALYSIS OF INVISCID SLOT FLOW
The classical slender body approximation for slot flow when ap-
plied to a rectinmgular slot with a jet into the plenum chamber, leads
to the following problom for the harwmonic function P(z,y) in a
doubly infinite strip (see sketch):
-0 Ve : - -
T %, 2%,
1. 2 Pl it
coleeoh dz dy
}
a: g—z:o, & Peio, ) (A=)
[ z -
oP
y = -0 : 3y Wi
A
In the absence of a jet, with the constant pressure surface spanning
' the slot (.... in sketch), we have instead to find P in the semi-
infinite strip y<h with P=0 on ..... We shall treat both
problems simultaneously.
In terms of P the pressure at_a point (y,z), when the velocity
4 in the y-direction at y~ ~00 is v(xgo, is obtained from
-1
< =\ 2
d dv 1 v
P, = - QUsz g P(zy) + 30, (;) (a-2)

with o =a/d, h=24/d or 28y/d (see Fig. | and Sec. 5). In particular the value of P(1,0)
is required when computing the pressure along the centre line of slats. The coefficient K in the
homogeneous boundary condition (1) is obtained from

K= % lim (y-P) . ; (A-3)
yt-“-.
C-glont "
-1 =g = y o 1E The determination of P is accomplished by mapping con-
- - formally our strip in the plane Z = z + i on the lower
’... oo’ half of the plane ( = § + i7) (see sketch) according to

.‘h
” 2 2
2 - d|
dz--i; tt-:—z" ’ (M)

placinig the upper end of the strip at the origin and the lower end at infinity.
In the first case, with P = 0 at —— — , the result is

loVT;lzl

2 1 1+0 2 2
P(1,0) = - = tn :, ' ;_L:w(y-l’) -;[0 75+ (107) - ln!h] ’ (A-5)
where ;h is obtained from solving the equation
2.2
gtel tel ot -1
. at Gt SR e v i

In the second case, with P =0 at ..... , we take ..... to be an ellipse with the major axis
¢h and the minor axis Th § the corresponding curve in the Z-plane cannot be much different from
the line segment y = h . The result is

2
I+ -8, +
p(1,0) = -% o Mn -§;+ﬂhnh . “’:.(Y-P) = "l [om-}-_*%om(l-cz)-m(;h.nh)?]' (A-7)
r

|

where ‘l\h is obtained from solving the equation

2.2
140t t+1 1-0"t
°“T':_c"“:—:'f'""' 1<t< /o ", = —t-z;;.—‘— . (a-8)

A comprehensive set of computations has been performed using these formmulae. The detailed results
are not given here, however, since it turns out that they can be summarized in the following approx-
imate formulae, valid with good accuracy for f/a > 0.02, a/d < 0.2 3

geid (% - .—w_!ﬁ v bbb ’{:{7.. o.zz}) . ::tg.g-t} P(1,0) --z(%.o.zz). (A-9)

Here 4, is the depth of penetration of the flow into the slot when there is no jet. The formula \
for K is an improvement upon that of Bq. (2).
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