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ABSTTACT

The flow over a body at subsomic speeds in a tunnsl aquipped with
porous valls is investigated. The probleam is treated as two dizen-
aioral, Thne bounddry condition assumoed alonz the walls is that the
pressure drop in ths flow passing through the porous wall is & linear
function of the cross rlow velocity through the wall,

Pirst, a general soluticn resulting 4n an image method is derived
for ths problem of an arbitrary tvwo dizmensional dbody in an iminite
flow bounded by only cne straight vorous wall, Them, for two straight
perous walls, an equally gsnarsl method weing repesated reflection is
developed, The partisular caseé of a thin cirenlar cylindsr (doublet
disturbance) between two walls of equal porosity is solved in a olosed
nathematical fam,

The distributions of pressure and veloolfy existing along the
walls and along the centerline are discussed, Specifically, it ia
found thaty in comtrast to the case of solid wmlla, the flow around &
symetrical body between pirous walls, 9.2., & Yylinder, is not sym=
motrical with respest to an axis perpsndicular to the flow direction.

The security oclassification of the title of thia repart u
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LITOCTINN

* In the superaonic and in the transonic kach nunber raags, poro:s
wird tunnsl walls are knnwm as means to approximats tus conditions of a
froe airvtrees by pertiallr eliminating ths effects of cloged tunnol
walls, The objeot of the presemt report is to investirpte tha aifect of
porous walls on a subsonis flow,

the o tioms are carrisd through for ircorproasitle flow. Thoy
are made a ble to compressibls subsonio flow by means of the Prandtl-
(Qavrt ruls,

Part of the rasults obtained in this report are already contained in
a report by Goodmen (Referenoe 1), It came to the knowledpe of the author
&t a time when the work on shich this report is based was almost completed,
The approach as presented in this repart stoarts from the simple problem of
the flow over & bedy in the nedghbartioed of one straight porows wall.
Then, the solution for the main problem of a body betwsen two porous walls
will be derived from the results obtained for one wall. Furthermore, a
rather extenoive discuseicn of the results with an extension to coo-
pressible flow is civen.
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GECTION T

THZ 7LOA BOUNCED BY ONE STHALGHT PUILLS AALL

v

TR R L L
AL A

I Y NS A T TR
LOvain Wl (0 o0 "
Sirst, orar wurra.

%3 d4n mizeart g Lo
tha wall v b g 5 s o

to tha wall ara ...l .

The flow is treungy . . ., - -, .
from the fact that, ticou;n su-a sars, 7 - 4, . Tl U L
¢inflow of air into the tunnmel, Tano intisw n~a. S ST T B SR

pressure than the main flow, bacausa tha Latal proc,.ce outzae wae Lol
is lower than inside and because of prussurs lusses amich thy air ridore
goes when passing through the wall, Therofcro, <ha flow insido t=n %v-nal

cannot rigorously be treated 28 a potential flow,

In the considered case where the cross-flow velocities ars small, thu&':
inflowing air forms a thin layer adjacent to the inner side of the wal.l. Lo
In a rigorous first-order-analysis, the effect of this layer of smaller
total pressure must be taken into account,

In the present snalysis, the simplifying assumption is mada that
potential flow prevails in the entirs flow including the ragzions at tha
wall, It should be ths subject of a further investizatior to determins
the influence dus tu the total pressure loss of the inflowing air.

The flow may be consider&d as supearimposed from these threa partsi

1. A flow field (1), ropresenting a parallsl flow with the velocity
Vl - Vx’. = vm.

2¢ A flow field (2) with the velocity components ‘Jx2, Vy regulting
from singularitiss inside or on the contour of tha body. e

3o A flow fiold (3) which i3 roplar in tha rogion insida the mall,

Flow field (3) carn ba dascribaed by singularities either on or outsida
ths mall, e.g. by a distribution of sourcoes or wvortices along the wall,
Consider tha example of a closed (3olid) wall. It is known that in this

case flow fisld (3) is the imare flow ot field S 2) with respact to tha
mll, If, for axampls, fiold {2) i3 rapresentisd by a ﬁoublot., fivld (3)
is rapresented by a doublat in tha imaym point.

Since (low tinld (2) is dotorminad from tho condition Lhat oty
tormal cemponants rosulting frem thos Moo floy Cialds vanisi at Sho
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boundaries of the- body, flow fisld (2) belonzing to a certain body do-
pends on fiolds (1) ard (7).

llovaver, in the considared case of a small body, the componsnts of
“1aw field (3) at the boundary of the bady are small compared to Vo
mr, “low f4ald (2) can, in the firat order analysis, ba deter-
. %her .nfinits airstream (1) alons. In the following, flow
© I e wwroidersd as known.  Than flow f£isld (3) will be found

Coan wpbion esanecting VY~ and 7, alonz th2 wnll aieh the
) R . 2
a0t Plow fields (1) and®(2). 5

- arked uhay the distribution of either V, or v ..
Js. -\5

“ will is alrsady sufficient-to dsterming flsw fielu (¢,

slrmnon Of.vy5 1s equivalent to 2 source distribution

) -}',_,' -5 w.aivalsnt to a vortex distribution along the valil.

. . - : - (v -}
foundaer it lon

~

e oundary condition is assumed to follow a linsar relationship
batween tre pressure P and the velocity, Vy’ norral to the walls
P =Py =V, ' (1)

whers the left hand side is tha ;ressure difference batwaen points cloge
to the tunnel wall irside and owtside of the tunnel. The prasstre oute
side of the tunnel i3 ass'med to be ejul to the pressure at infinity,
Py e Ths pressure P for a point in the incompresaible potential flow is
computnd from Bernoulli's equatiovn

P=Pgy =- -,f-(va-vgo)

Using linearization, i.e., neglecting tarms with (Ve = V)2 and v 2,

one obtains 7
PP == plig=Vy) (2)
‘, . Equations (1) and (2) result in tha boundary condition
' Ve = Vg == C% (3)
ar, anplied to the particular case under sonsideraticn,
o an . Vx.j . =C (Vy2 + Vy’) (L)
‘with : Kk q) - *
P Yoo (

Sd A rararabar charactarizine Shy porcatlty,

K .. ~
AR LN
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Buacription of the Zoluticn

The solubion of laplica's equation for the boundary conditions as
givan in the previous paragraph can bs exprassed Jor the- general case of
an arbltrary body in the presence of a siraight porous wall in LX3 fol~
lowing sirple way,

If flow fields (1) and (2) are givon, then iz tha case of a straight
closod mall, flow fiald (3) can bs found as the imige of the flow field
(2) with respact to the-wall, This field may be danctad as field (3c).

The flow field (3) due to a porous wall of cunstant porosity ran be
obtained from Lhe flow field (3c) by simply tuming all velosity vectors
of flow fisld (3s) by a given constant angle d . This turning angla
depends on the perosity according to

coun% =C, | (6)

In the cas3 of Pigurs 1 (flew in the positive x direction, wall above
the modsl), the wvelocity vector must be turmed in ths olockwise direction.

One has ¢ @ O for C~+co (closed wall)
d = 1800 for G = 0 {open bowniary)

For finite porosities, the valus of d 13 batween 0® and 150° as the
following t 2le showss

-
--

c» | 3,712 a2 | 1 1] . 2680 ) 0
dao | 00| 0] ool m*' 1so°|moo

Vorification of the Solution

It has to be proven that the gensrel salution, as desoritced in the
previous paragraph, satisfiss thc laplace differentisl equation as well
as the boundary condition,

The solution can bs expressed, using comsplex variublss, by
) . «id
(Vg ¢4 Tydy o€ (% 0 1 9y) n
or, with ths polential ¢ and the stream function Vy
i ,
(dory) €@ ony) (8)

That oquatiens .(2) and (7) ors tdortical in that ths velocity vactars of
Sur flalds (3) ars trorad by J calatdve to flow fiold (3¢) can ba sian

PRI ¢
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4
:y.u:iiiﬁ;ig the ralutionship ~== (P4 1y ) = Vg - 17, wth

The complax rlo function (¢ + 1Y Jz, 18 a regular analytical
function of s 4n the 1 -dun y <y, becanse” "flow £iald (2) is repular
in the region " becausa fiald 3¢ is the image of rield (2)
with respect to the“clovad wall, Them, (& + 1Y )3 13 also a reglar
function of z because it results from multiplying “( ¢ + iy )33 with
the complex comstant e'd , The differemtial equation is therefors saiis-
Liad.

In ordar to check tby fulfillment of the boundary condition, eq. (7)
1s applied to the »lly = y,. }}an (Vg * 1% )30 can be replaced by
(Vg = 1%), . Purthsrmore, €7 can ba expresedd by

it &f cotf =i

e = Sy~ T ¢, or, with eq. (6)1
¥
e ‘;f-:-} (9
therefore oq, (7) my te writtan
(i ¢ 4% )5 (L0 C) » (Vg = 1%,), (1=C) =0 (20)

The iraginary part of sq. (10) is, in fact, ideatical with the
boundary condition aq. (L)

Telocitios at the Mll

The conditions along the well ars illustrated by Figure 2 which
shows for diffarent porositiss, thas velosity vectora "2 and v, of & point
al the wall, At the extrame laft, for the closed wll, Vy is°earked by
Vige Then follow from left tc right cases of increasing porositios, V3

i3 turned ralative to the directicn of ¥y, by (=d), L.a., in a clociorise
Sonse. J

Since Vy and V., are vgctors of equal langth, the resultant wetor
(T2 o V3) 15 t.umdzby (- §) -elative to the position parallal to the
wll which 4% hay Jor the closed mall,

The case ¢ « 0 of the {rse boundary, represented in Flgure 2 at the
axtrene richt, 13 § « 90°, This 1e in agreement with the condition of
constant pressures and therefore constant veloaity at the free bLoundary,

Tho valocity diabtribubion alang the yvall itsalf &8 of parviculas
interest bucauss 1t 11lustratas to whay deyroe the flow around a body

an infinite afe atroaa can te approxizated by en alr stroaam tounded by
poreuws walla,

P
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i"t"cn 7. (7) for noinis at t.h;x mall

» . V vxj od Vxe ccs J - Vya 315J
. (11)
vy; .- Vx.z sind - Vy2 cosd :

. Adding the components of flow fialds (2) and (2) and expressing
’ C with

4f JC=1 2.1,

0 =cosd -1 aind :
| cos 8 Cei 6201 cz‘lw (12)
ons obtains
V-V' -----(V C=- V)
x @ C + 1 X
(13)
V’ ;2——(7 C=V

The ALfillaet of the boundary condition is cvidsmt from eqes (13).

Furtherwore; the {1 over a body vhich is aymt.ri.ul in the x=
dire lion, wil) nunl"f,i.n ths presitice of 4 porous wmll,have no
ropartiss of sywetry. This {Ullows from the fact that for syunmetrical
dodiss, "&‘. is syzmstricsl and Vyz s antisymetrical. According io

oq. (13), V; = 7., and T, w.11 thon consist of symetrical and anti-
aymmmm magnlruccpaionlmtmmuc-Oandc-\a.

Application to the Vlaow Acoun & Snall Oylinder

lat flow f£iald (2), the disturt_nce dus to ths body, be & doublst
at x e, 03 thia rapresents the low disturbance due to a ciroular
cylinder of radius r, in 3 parallsl flow with the velooity Vg in the
x direction, Suok a dnubhs {low {s axpressed by tre following equationss

m“o
(@ety )y o ()
or v
d . w’

. IS5t ]
AT )

G
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N After introducing an anzle  , definad Ly
| tan y = 5 (16)
~
ths components along the wall accordinz to eq, (15)

v v ----rg 4 V, Vo e, f Qa7
*~Vo R Y ¥p " Yoo . 15

with
2, °1/2 (1 - cos 2p ) =1/ (L ~cos by )
fs = 1/28in 2¢ -1/ ain Ly

Inserting oqe (17) in eq, (13) yields the velooity componsnts including the
eoffect of the porous walls .

(18)

2c
v-v I-v -—-—c“f
z~ Yo m?‘o Lece 0 .fg).
- (19)
2

loce(uo’t')

oy
" - Vm - 18
%
Thase velooity distributions are plotted in Plgures 7 ami 8, The
dirensionless scales used are explained in Sections III and IVe AS i:»
marked bafore, the ocurves for finite porceitise are unsyrmetriual, .,
baing symetrical and £y antisyrmetrical.

Por the closed wall (C-+~0) & symwetrical m »° e distribution
axists as seen fram the (Vg = Vo) distribution. Man & spall porosity
(s2all openinge) is introduced & smll symmetrical Yy distribution results,
™his " -distribution is proporticnal to the pressure distributiva. It
yislds an inflow through the part of the wall opposite the model while far
upetrean and domstvean of Lhe model small cutflow velooitiss are produced,
If the porosity is inoressed (decressing C), Vy inoresses whils Vy - v,
(the pressure difference) decrsases and both distributions, being always
proportional to each other, be iomd more and nore wwymmetrical, Fimlly,
for the open jet boundary, ¢ = 0, v, becomes antisymmetric and Vy = Vo
beconss serc,

The velocity distributions which would prevail along y * ¥y, L: an
infinite flow over the cylinder are Vy - V,, = V¢ and Yy = Vo Thay arn®

sarked in FMlmures 7 arnd 3 by dottod lines. 'rhauhdu'.ributionn are halfw
r;s'/ titwann those [or clcand wlls ard those for tha orsn 13t boundary,

Foy 13 ayrmateiaal wizh cactab S0 bha Xoand Y owkis ard ebaiyms tha adoa
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at ;. e 2l, (Zatlor = 1,59 and 135° are tha diraectisns whare the
straamlines of the doublet flcw have vartical tanmnts,.)

The flow fisld (3) resulting from 2 doublot in the prezerce of a
porous wall has & particularly simple featwre: If also raprezents a
doublot flow,

This becomes obvious from eqs (3)e .The funution P+ iy of a
doublot flow field (3c) is

(¢‘1V)3°";"3'_b' (20)

vhers a and b represent complax c~nstants. After introducing-polar co-
ordirates r, Irom the center of the doublet, it assumes the formm

. .1 [ A

(O eiyly-—rge i (2)
then, according to 8q. (8), flow £1sld (3) for a porous wll is

(¢ o1y )getaily-d); (22)

the result obviously is a doublet of the same strength and same location
an doublst (30)e Wowever, the zain axis of the dovplet (3), represemted
by the stresmline Y/ = 0, is turned by the angle ¢ with respect to the
axis of doublat 3¢, :

The peneral rasult for ths effect of & porous wall on & coublat f£low
therefoze, van be expressed in the fallowlng mannar:

The flow field (3) to de superimposed on the flow fladd (2) of the
original doublet is equal to the fxmwe ?ublo} axisting in the case of
4 closed wall, but tarned by the angle d . J is determined by tho
porosity according to & = 2 cotan™ 0. For laler use, 4t shall be noted
that the above statemnt i3 valid for any direction of the axis of Joublet
(30) with respect %0 tha porous wall,

Doublat (3) is turced with respevt to doublot 3¢ 4in a counterclocke
wise sense, opposite to the sense in which the velocity vestors it indi-
vidual points of the flow field are turned,

In the present cise, doublet (2) L3 pivon by og. (1) and doublat
(3c) 1» orientatnd parallsl to the wall, 7ihan it follows for doublst {3}
the canter of which 13 i 3 » 21k
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“The disturharcs £low f30.d produced by the cylirder in prosance of ths
porous wall is then
' 1f

)

(4 o8 )y, 5 Vu (-}.*;-_—5-,;;) (23)

Doublet (3) i3 twrnsed in such & way that an inflow through the part of
the wall near the model is produced. This ruls expresses the sense of
twning independent of the location of the wall and of the flow direce
tion, .

Figme 5 show schematically the position of the original and of the
reflacted doublet for diffarent porowitids and the distribution of Vx = Vo,

lndvy'htch they produce slong the wall,

Conditions of liass Flow through the Wall

It can be ssen fram the garierel dolution as well as in & partisvlarly

- 8imple my, fiva the cylinder flow superizposed {rom two doublets, tiat
the res £flow through the entire langth of the porous wall
7'ydxum.
-0

&
E
gE
E
E
:
g
:

mll
(-dv __.) ocourring through an elammnt of the wmall in tha y~direction re-

sulta in a dis ewent dy of the boundary streaaline which according to
the oonnud.tym:uuon,d{a d

oty

A

. X :
The equatica oft the bondary streauling can be found froms an integration
when Vg is appivecinated Yy ¥y, ,

wn~-%%» (2h)
The streas funotion i/ mwhmuymmmpmo:m
fuotion @ ¢+ 1Y . S&I%imung in 6q. (23) ths angls 4P defined by

20 < tanyp {25)
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yi 'Imro

\i/‘u--—y-o—- sinf.[-ain\‘p + oin ( )oﬂf )] - (29)

~
or, %ztirod'ming ths porosity coratant C instuwad of d accordiag 49
0q. ’

2
v -
Y o2 e - sap)e - r-m)t, @)
(-]

SECTION II
THE PHOBLEM OF TWD STRAIGR POROUS WALLS

The two-dimensiomal flow in a twnmel bourdsd by two parallel straight
porous walls will now be investigated,

The Method of Iterated Reflection

The solution for two walls can be derived fream the salutlon found for
ons wmll., First, the change of ths flow field dus to orm wall is deter-
mined, Then, the second wmll 43 taken into account, since, dus to the
second wall, the conditiors at the first wall'are changad. The effsot of
_whe first wall #111 alic changs, 5%,  Thus, a4 mathod of Jtareted reflec~
" tion results which applies to any shape of ths body,

As an «mapls, the above method will now be applisd to the case
(Figrs L) where both walls located at y » y, and y » ~y, are of cqual poro=
at:g‘ and where the hody (todel) i3 again ropresentsd by a doublat dis-
¥ NCde

It s krnowm thad for the case of two clased walla, and Lar the case
of two free bourdaries (opan jst), this method liads to an infinita st
of doublats locdted along the y-axis at 7 = 2ny, with n = 0, 21, 22, atc,
For thas olossd tunnel malls, the =ain axss of ah1 doublats ars parallel
to the walls and have ths sane dirasctiony for tha open Jst, corseculive
doublats have opposite directions (Figure 5).

It will U9 shown that in ths case of two porous walls, a pattarn of
doubletad located abt the same poirts x = 0, y » 2ny, rasults, Starting
from ths orizinil Jdoublet, D, located inx =« 0, y » 0, ths influirce of
wall one 3t y = ¥, consiats of the image dovblet D1 at X ~ 0, y = 27,
(Mo §). The gr.tl::oma of swall tvo in 7 = -y, than consists of tiw
images of D, and Dywith respoct to vall twoj i.9, Dy loeatsd at y = 2y,
and D 3 locatad ab y «dwy,, The effact of tho first wall n:7 has to va
corractad 4n 23 Nar a3 thd foagns of Doy and Do with rospect to wall
cnd bavy o L1 addade Lty s P.: Lisabad ab 7 » Wy, and l.‘3 Losabad
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iy eapeabing bhe abova weotyive, o inlizing cob 6 wrahlaby Lozated
ab vty petnhd 203 Iy, arlaes,  The agquation 9 each ol thu3a dopublat,
Llow fialda is casily v .ad it g, (2).

A}
The rosult is rhab 449 ~ain azas of tho daublats 0., 0, and D'j are
turned oy tine anrles J, ed PP nJ,r«:Lﬂ,ive Lo the x-axisz‘nile

tha raln axes of D ., D, ete, are turned b the aneles (-d), (-2d),
atc. (Fipure 6).

The resulting flow function, including tra original 2oublat at x = 0,7
y=0lis '

@
Z ind . '
(¢“’iV)2’3'vml'°20 —3-:%1;. (23)
' ne e

Closad ':%thomtical Solution

It 15 possible to ootain & closed ratharatical erprassion instead of
the infinite series eq. (28) derived in the previous rarireaph,

For the case & = 0 (closed malls) tho solution is knom to bo (s20
e.3. Hofarance 2)1

(& iy ) qﬁ.’l..com(%;:) (29)

2’5. T 2V

The fact thet oqe (29) i3 sdantical with eq, {28), if 4 = 0, can ts dee
rived from tho relationship coth (iu) = <1 cotan u and frem tho serias
(328 e.z. lafersnce 3)

15 VR W U S )

1 A » * . Da
canu e Se TR TR e e TG e o (KD

tha proof of oqe (20) ray, for any complax viriabls u, according to a
theorem bty Cauchy (Referance L), be based on the property tkat the reriss
on the right-hand side coincides with ks funcbion an the laft-hand sido
with respact to the sinpularities and o thalr btonzvior at infiafty. In
tha vicinity of each of the sinmular points u « AT , tho funstion cotaa u
i3 incdsad asymptotically raprasomvad by tha tem

1 N . .
T of Lha sorias eg. (40)-

In tha same way, it will now bo atterplad, Jov tha cide o2 porova
Mlis, to {ind a closed axpressicn whica coinetdas with tno sazies ax-
proasion aqe {39) v e Jlamadar sodnte and Al insiside,

JrosbtenlaritUna eatel teee o cerates e (Y gt ety
2 VN edaw .

. o - M - L X3 D . ’ Y N " .
Doe tetesarg ebtatesd e i oo ity WA b () s da e




4 CoNt 4 . ™y, "" \‘
‘v e 4 .‘z’.".y:"u 35 1.1

IReT ] d « 0, Lt eten slurdariby o5 mdbiniiyd uy 0*"" o Whuradney Lo
dasired 2losad 17 a3ion snplactny o, (58) il rogsd 1F the elged
gxprussion ror s }, cqe (2)9), i3 muldl,llied 'uj aa inbuiral fuxtion
4
wnich i3 equal bo 2%%at the noints 2.8 2niy,, Thiy mdbiplyins funstisa
__.J '

. 7o ~ y s -
i3 readily &5 ind 40 Lo @ “%, Tho clsed fuem of bhe snlution {or parcus

walls is therafors
| i :
(00 1y Yy 5 =G Flooth ) =™ )

The corsiant (=a) has bean added in ordar to £a1£41 the condition *hat

$ ¢ 1Y 43 finito at zwro, where coth (--- z) besoncs 1. while thls

condition is saf.ia"iad by a = 0 for Lhe <238 o = 0 (closed walls) , it
requires for J $0 (i«wrous valls) tho valuaa = 1,

Tith a = 1 cvhe solulion may also be wrilten

d. 2
' Fo
(@019, L 5 " 0BG —rr— | (32)

°
in order to obtain velocity components, oq. (32) is diiferentiatod:s

gzjoo 1"‘{1 (T*g)%,

Ea)
Along tho upper wall y =y, the valooity cemporsnts ares
4 X
v Ve Vo =qcos » o d\ X
-2 T N re%c!'-’o (1r .;a(‘h)g;o
9
L Ay = (3b)
) & ]
v}'ao}.vY * qsm-a-
Tha stmoanm Sunedion alowy; t.‘w} wvall s
) X
:B. ‘:’3 R { .
Yoty = Tof, % (33)
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A9 in Cactinn I1 fur orn wall, bLis crdirsbas g ot was Loy ahreuize
1irn »hich ecodrcisiaos with tis mll y = ¥p ah X - ars compuban fron

y"yo""—r"' - - (36)
0. N

These ara plottud in Fizure 12,

Finally, t'a velocity along ths csnterline was obtained W innerting 7 = 0
into eq. (33)

t

v V. -V v r§ : (37)
2 ] - '-v
+3 x7 Yoo ao;g"

~ The velocity V3 as plotted in Pigwe 13 represents the wall effect alcns;

S was obtained by subtrscting froa sq. (37) the velocity

which i3 produced slong the certerlins by the origiml doublet. Howsver,
for the point £ = 0, the axpressions eq.-(37) and eq. (38) are infinite}
therefore V, rust he deterzined by & liniting process. Ths result at
X048 o

I’aﬂa 1
L - - J 2
" Vb;ia[s &+ ] ©9)
0

the location x » 0, y © 0 of the model vanishes, This 13 sctually

(ne may ssk whother the porosity can ba chosen in such a wmay tict \ 2 ad
e
case for ,

g'%<l-;§)-s&&°
o (L0)
Ce cotang « 1,2500

The clcaed axprossion 8q. (32) for ¢+ LY hich was dorived haro

froa tha seris3 axpression eq. (28),as mll as the nuzerical rosult of
eq. {li0) ars in azzworant with the formula ahich R, edman (Reforence 1)
dorizad Yy =oans of v Fourlor intscral,




areliablon and Suneacidcn of vasulha floh Thowa Qucalnd Loe Gow call

A3 in caze 5f ory Tall, Lh3 cuzporarta aloag tha wall ard tan za3s
£low throush tha wall are plotted (Fimoas L0 - 12) togsthar with tia
flo# comitiona of ths infinite airstriaa,

Tha velocity distributions rasambla thoae obtainad for the cass of
ong wall,

A diffycerca, howaryr, arists in tha cass of two wmalls in as far aa
the resulting inflow through the parts of the porous walls close to tre
cylindrical body is compensated by an outflow through only Lhe upstreaa
parts of the wvalls (not wpstrean and dowmstrean au in case of cne wall),

For C——ao0, 1.8, closed wvalla, Vy ~ V., (tha prussurs) does not
cha.uge the sign amywhere along the nﬁs. qi‘hh follows from the continuity
condition: S8irce evsrywhare Aling the cinterling betwesn the walls Vy is
leas than Vg, dua to the model influsuce, Vy is larger than Vo, everywhere
alonyg the walls, U -

A further deviation which will be moticed is a atronger rate of de~
crease for x-e200, according {0 the exponeirsial functisn. Aur this
reason, the displacement of the boundary strsaxzline reprusented by
Fi-use 12, 18 smallar than for one wmall (Figure 9). It is remariable
that ths deorsase downatream i3 greatar than upstrean,

Ths velccity Vy = Vx, along the centerline is plotted in Figirs 13,

The curves C—=a aod C » 0 are both symzatrical, At the point x = 0,
where the nodel i3 locsted, the influence V3 of the open jet is onswhalf
of tre influance of closed walls and of opposits sipne '

Purthercore, a coxparison with Fipure 11 shows that tha velucity
cauwod by slosed walls at the location of ths Bedy {x = O on the venter-
1tns) 43 nqual to one-thisd the sus V, V3 » Vx = /o which i3 produced
at the mall,

The curves for the velocdly distriduticn along the carterlirs
(Mpwme 13) ars wwymnetrical Lor all porositios diffarers from sero and
Llintty, AL x = 0, the location of tha model, a finite Vy as well 23 a

dv
finits -&-3 axists, 4,9, & prosaurs disturhincs 43 weil 2s & pressura

LI N i d

iradiert axists, The only oxception 1s the curva £ = 1,28 with V3= 0
at X » 0, Tha curve = 1,28 therefore ciaractarisas tha porosity for
which thy preasuze disturbarce dus to tha walls at the location of the
Zodsl undahss,

cavertheleds Al caso 43 rob satisinetory, {2 48 A 23 3 prossure
Priland ogdoTd a8 W m2da), and tha ol Laterissroncd 19 vos olliadmar s,
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Ton rachs, 2igures 7 - 15, roprosant the resulbs in a dirsrsionlass
foru. Eq3. (19) 2nd (L), for thu velzcity corponemts, con te Mtteﬂn in
V - v N V )
such a way tray the dinensionlesa ragnitudsa -’-‘--Q . -jg- ard -;5-'- g
o0 r,:,2 ‘o g
appear as functions of %. Trom oq. (27), and from eqs. (35) arnd (36)
7-3, #
for thy boundary streaxslins, the dirmanzionless rasio ....;.’.?. . ;a?. can bo
[
(3
carived which 13 a230 a fuction of T o The above dizensionlsss pare~
caters waro used as coordirates in gerha,

Parthervore, {t°should be noted that ths applicavion of tha reaults
i3 not restricted to circular cylinders. 'The flow disturtance of cyline
drical bodiss of arbitrary cross ssction (without lift) ls at so=e distance
from the body essantially represcnied by a doublst flow, Ths strangth of
the doublst i3 (see Refererce 5 and 6)

-

T %
vhere A 13 ths creas-sectioral area, A i3 a factor which depends cn
the fora of the groas suwtisn, For slliftical cross ssotions with the _
thicknass ratio s , , '
' : %
l' sl s : .

*hich ylalds Ay » 1 for very slandsr el)iptical ahapes and A, « 2 for
circular crcas sections, :

harefore, in oxder to aka‘tha rosults applicabls to ardilrvary
cylindrical bodias, the ters ¥V, for the doublot strength bas to te

raplaced by %n Ty« ihus, the dimansionloss ordizates dppsaring on tha
, =V -
raplhs are "‘ o p:;plw%ﬁp :mnp-.%:‘orcircuhr
) m ‘-s-

o

0
hed ¢

?l-
eylindars and p » -'E- ?& Tor ardbitrary cylindeical Botius,
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APPLICATICH L8 WESULTT T0 CLUMEISIRIE iLod

Ta order to rake vse of the rasult3 for compressivle uitacnic fluw,
tha Prandtl-Clavari ruls zay ts appliode This aunlisation i1 vestricied
to slander bodies by the corditiua that the disturvance welocities are
scall,corpared Lo %y , in thy entirs flow fiold.

According to ths varsion of applying tho Prandtl-Tlauert rule,
sugrested by Ooethert (Fefersn.e 6), the relationships fourd for incom-
pressible flow remain valid for compresaible flow if the rapnitudes x, 7,

Vor Ve = g gy oz the inccrpressible flow are replacod by the magnitudoes
Xy BYs Voo (Vg = ¥p)s AV, with fie V1 - xfg where 4, Is the lach
nmbar of ths capressibls flow at infinity, Consequently, tha crosge
sectional araa A appearing in the rolationships for the incoopresaible fl-w

sround slsnder bodiss has to be replaced by A in the case of compressible
flﬂ'o

With respect to the dimenaionless coordinates of the graphs, as exe

plained in Section III, it follows that tney have to be replaced by

Yo 0% 02, L0k i
o pﬂs-:gpﬂt 7o PP s amags.

With respect to the parwneters of the curves, it follows froa the

Vp « 7 Ve = ¥,

deftnttion ¢ = EoBe, vt 12 has Lo b replaced by = B BB wgff,
y y

This reany that ths paraseter of the cuwvs to be used an the case of oo
pressidble flow is B« Y1 - ?'m tizss tihe actual porosity corstant C of
the wall, I the Nach puxber incroases towards one, %o parasater AC
of the curve to be read approaches tero, Thorefors, shan Lhe Mach ruzber
approaches one, a wWill with ary poresity differont {roa zero produces a
flow wnich approaches the charactoristizs of a fras jat,

Hewsver, 1% ahould Ls notsd that the above rasult is valid only ia
the cass that the relatiorship tetwesn the cress flow velocity throurh a
porous wall and the nressure divp is livasar, and indspandsnt from the Mach
mxbar of the =ain {lew, L., only as long as P~ Py # k¥,

IZ thave 4 3 quadratiz relationship, 3.8, § = Py » k¢2, tho purae
=iter of the curves in ¥igurss 7 - 13 will ob chanm *th Y3ck simbor.
Thwrefors, such 3 turmel with a sall of £indts parestty will ~aintain the
crirtetarialicy of 3 yartlllly cran fadndl aand @il rot s-oeosch tha chirase
tarfatica of S opm Lad nten Lho Yach femtor 40 U Lunsal avprelastng ona,
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With the assumptions “hat a linear relaticnship xists batwman tia
73locily componamts at tha porows walls and that the flcx including ths
region at the wall i3 a potential flow, the follcwing results for in-
Minitely long walls are cbtained:+

1., The wall interfarence can be elimirated by a2 suitable choica of
the porosity corstant only to the extent that the velcoity distwrbancs
dus to the wall is made zero at one point of thas flow field, a.3., at tho
center of the model. A presswe gradient will then still exist at the
zodel.

2. The velocitiss in & flow field buiween porous walls are essemtially

different from the wlocitiss of an infinite airstrean arcund the same bady,

For & body which is symmetrical with respect t0 a plane perpendicular to the
flow direction, the flow between porous walls is no longer symmetricsl,

3. There is an inflow tirough the parts of ths porous walls clcas to
the body and an outflow through ths other parts. Ths resulting flow through
the entire wall is zero.

Lo The outflow ocewrs through the upstream parts of the walls in the
case of a cirsular cylinder between two porous walls. In the case of a
cylinder in the visi:-"ty of one porous wall bdunding sn infinites airstream,
the outflow occurs upstrean &3 well as far downsiream of ths body, Except
for this dilfererce the veloclty distribvutions for the cases of ons wall
and of two mllx agree rather clwsely,

5. Within the validity of the Prandtl-(lavert ruls,it was found that
the charactsristins of a compressible flow arownd & slender model batween
walls of fininte poresity approach the characteristics of a froes jat when
the Mach muber appivaches ongs, This is valid as ling as the relationship
tetwsen cross {low velocity through the porous wall and ths prasswre drop
is linear and indepardent from the lach nmumber of tla main {lo®,

BARRN 1o M- 15
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WADC, Aeronautics Div., Wright-Patterson Air Force Base, O, -
(WADC Technical Report 52- -9) m
(Gunﬁdonﬁﬂ) Subsonic Flow Over a Body Between Porous Walls o i
Kassner, Rudolf R. Feb'52 34pp, table, diagrs, graphs O-
Flow, Two-dimensional Aerodynamics (2) o ’

c Fluid Mechanics (9) :
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