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FLOW VISUALIZATION IN WIND TUNNELS
USING INDICATORS

compiled by

R.L. Maltby*

PREFACE

Throughout the history of merndynamic and hydrodynamic research it has been neces-
sary to devise methuds of making the flow visible to the experimenter so that he may
understand its goneral nature before procseding with detalled measuremcat or mathema-
tical anelysis. As the kuowledge of the subject hus advanced and the demands of air-
craft design have changed new methods of flow visualization have had to be developed;
the use of smoke and tufts for the study of separated flcws, chemical and evaporative
techniques for the identification of boundary layer trsasition, vleotric aparks for
the measurement of velocity profiles, and so on. Most methods involve introducing
some disturbing influence as indicators into the sir flow and quantitative measyre-
ment becomes suspect, but these difficulties are avoided in the pure optioel methods
which piay such s largo part {n investigations on compressible flows. Thesde optical
mothuds have boen discussed by Holder, North and Wood in AGARDograph 23 and the
present AGARDograph is intended to examine some of the othor flow visualization
techuiques iu current uso in British wind tunnel practice.

Nany of the teohniques which are weli established bave already teen fully described
and a bibliography of these descriptions {s included in Part V. Othor techniques
which have been devised snd developed over the lsat few years to deal with cutrent
probleas - particularly in rolatfon to the understanding of separated flow regimes -
have not always heen degeribed in as much detuil as thoy deserve. Indeed, since thay
sust be regdarded only as a moans to an end, fow who mike use of thes heve troubled to
excaine their validity or to understand the phyaical principlea {nvolved. This is
particularly truo of two of the most valuable methods for investigating threee
dizensional flow structuros, namely the vepour scvecn \schnique snd the surface oil
flow technigque and tho authors hase therofore concentvated on these probleass rather
than on including detalled descriptions of tochniques alresdy sdequately desctidbed
elsewhore.

A Blbliography of indicator techniques is glven {n Part V which {s intended to
glve reforencea over tho shole range of fndicator technjques, particularly those
tochniques which are alroady well estadlished. Referonce nuabers given in the tost
aro protixed with the Part nusber to distinguish thea from Bibllography items.

he AGARDugreph fr hased on four papera already published Ly the Roysl Alrcraft
Sstebliahment. Bection 1.2 and Part IV iave also besn published in the Journal of
Fluid Machanics.

* Hoyal Avrcraft Establishaent, Bedford, England
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PART I. THE SURFACE OIL FLOW TECHNIQUE

I.1 INTRODUCTION

The surface oil-flow technique is intended to enable the nature of the flow over
the surface of a wind tunnel model to be investigated quickly and easily, The sur-
face is coated with a specially prepared paint consisting of a finely powdered pig-
ment, a suitable oil medium and, in some cases, a dispersing agent. The air flowing
vver the surface carries the oil with it and a streaky deposit of the powder remains
to mark the direction of flow (Fig I.8). The patterns made by the streake indicate
directly the local directions of flow at the surface and by implication the general
flow structure in the three-dimeusional field above it. In some circumstances the
position nf transition from laminar to turbulent boundary lavers may also be
indicated.

On the face of it then, the technique offers a great amount of valuable information
with very much less effort than would be required by other means and it is therefore
important to examine its reliebility. Doubts of its validity are sometimes raised on
the score that the paint film will interfere with the flow in the boundary layer and
also that the streaks do not necessarily lie in the local flow direction bacause bf
gravitational and pressure gradient effects. Although there is, undoubtedly, some
substance in these objections, experiencv has shown that the effects are small and that
the method gives reliable information in many complex conditions., Nevertheless it is
of interest to know to what extent the presence of theoil affects the flow, and also
what the pattern represents. Aa a basic step in the understanding of the oil-flow
technique the theoretical motion of a thln oil sheet, of aon-uniform thickness, on a
surince under a boundary layer i{s studied in the next Section. The application of the
technique to experiments in low-speod and high-speed wind tunnels is dewcribed sub-
sequently.




1.2 THE MOTION OF A THIN OIL SHEET UNDFR THE
BOUNDARY LAYER ON A BODY

L.C. Squire
I.2,1 INTRODUCTION

The main parameter in the problem is the ratio of the viscosity of the fluid in the
boundary layer to the viscosity of the oil. The solutions obtained are valid tor all
values of this ratic likely to be found in practice. Numerical results have been pro-
duced for infinite wings with velocity distributions outside the boundary layer of the
forn U= ax or U=/, - B,x. The parameters have been related to typical pressure
distributions and are calculated in Appendix I.2.1.

The numerical methods apply for incompressible laminar boundary layers; Lhe exten-
sion of the results to compressible and turbulent layers is discussed in Section I.2.6.

1.2.2 EQUATIONS GOVERNING THE MOTION OF A THIN OIL SHEET

1.2.2.1 Equations for the 0il-Flow Direction

The thickness of the oil sheet, h , is a function of surface position and time.
It is gennrally not greater than about 0.05 in., and in the following analysis will be
agsumed to be of the same order as the boundary lay.r thickness., Then the motion of the
o1l is governed by the equations of slow viscous motion:

%, 1 9p
—2 = p VW, - 222 1.1
ot T p, i (.1
ov, 1 9

2 2 2
— =y Vi, . 2 (1.2)
at ? 2 p? ay
ow 1 9

2 2 Q
_— =z vV, - — == 1.3
ot FAF o, oz (L3

together with the continuity equation
du Oy oOw
a—x"*%i'é; = 0. (1.4)

The co-~ordinate system, and velocity components are defined in Figure I.1. Thesuffix 2
refers to motion {n the 01l and suffives i and 1 rafer to free-stream and hotndary
layer flow :espectively. The boundary conditivns are (i) that the oll velocitios are
equal to those In the boundary layer at the surface of the oil, (i{{) that the v.s-
cous stresses in tho oil and the air are also equal at tho oil/air surface, and

(i11) that at the body surface the oil is stationary. These conditions may be
written:

®
13
L3
2
[ad
N
1]

h
(1.5
U, = v, = w, = 0 at 2 =0




du, du dv ov,

Equations (1.1) to (I.3) will now be simplified by order of magnitude considerations,
taking account of twu small quantities, the boundary layer thickness, §, and the ratio

of the viscosities of air and oil, th (= A, sant.
Mo

Ry standard boundary layer theory,

Bu.l davl' 0(1)
2z Mo v YUy

Thus ‘by Equation {I.6),

Bu2 ¢ sz, 0()\)
-—~ and —= are —].
y 0z oz 8
A" z=0, u, and v, are zero, thus within the oil u, and v, are OCA) ; their
derivatives with respect to x and y are also of the same order.

ow
From the continuity equation, it then follows that 3 18 O(A) and, since
z .
w, -0 at z=0, that w, is O\ 8) . Differentiating the continuity equation

B’wa A
with respect to 2z then shows that Fa is 0 VA
o

du
The order of the torms —=% ' —2 will now be considered. It has already bson

at dat
shown that «,, v, are O(A), and so their influence on the boundury layer will he
small. In this case Equations (I.1) to (I.6) reprosent the motion of an oil sheot
under & steady boundary layer, in which tho only variation with time enters through
the boundary conditions (I,5) and (I.6), since h is a funotion of time. Therofore
the derivatives under considerution may be wricten

du du , dh dv

d, 2‘av?dh

% W d’ B o ode

dh dh. . du, ¥,
At the edgo of the layer w, = — , thus — {8 O0(5 A) while —%, —2 lave the
fodt dt. oh  3h
au,‘, dv, F A
same order as 52t 52 nanely 0(‘;‘ . Thus the time dori{vatives of u, and v,
¥ 2z ¢

* For the derivation of this boundary condition see Apperdix 1.2.2,

t For the range of oils used {n tunnels A lies in the range 1077 to 107°,




1
Ow
are O(\?). Similarly, the derivative ‘—tz is 0(A? 8). When the orders of the
= (s}
terms in Equation ([.3) are considered it is found that the pressure change through

the oil layer is O(A &) . Thus the pressure may be regarded as constant through the
oil layer, and since by standard boundary layer theory

Py(xy) = p(xy
then
Py = p(xy) = po(xy) . (1.7

If Equations (I.1) and (I.2) ure now divided by v, . the pressure terms mav be
written (remembering Po = wde

%, %, A1,
_——t oz — L e a2 (1.8)
My Ox L Ox vy Py O
1 3 A 9 Al
e 0 8 (1.9)
up 9y gy A vy 0, O

, 1
By boundary layer theory & ta O(v":) . while by Bernoulli's equation —-——;13
Py 9

1 o A
— =2 are 0(1) . Thus the pressure terms in Equations (1.8) und {I.9) are 0(\/-{-2-).
£q !
Equations (I1.1) and (1.2) may now be simplified by retuining terms of the highest
order only, when they become

¥y 1 %
‘?.._?3. E o (.10
oz o, x
v 1
b,—t = ~—3”--. (1.11)
T o, O

In Equations (I.10) and (I.11) the pressurc turms are known froz the external flow so
that the eruations are ordinary second order equations for u, and v. . These
equations wust be solved, in conjunction with the boundary layer equations

du du S 1 EM
U omk ey sl S 2,0
Yoy by !9z P S

[ P ) A

* See (votnote on page 10,
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" Bvl v évl " av1 1 Jp 6:»/1 Ir (I.12)*
_ 3 —_— D e e e Y e
173 1y 173, o, % 152 J'
ou,  dv, oW, o ‘
-aT+ 3y-+-&~ = ’ (1. 13)

to satisfy the boundary conditions (I.5) and (I.6). A simple iterative approach used
here, is to find solutions of Equations (I.10) and (I.11) satisfying the conditions

u, = v, = 0 at z=0
and

du, du, v, _ ov

- . 2
Hey ——az = #2_33 ' #!"'——az

/.L?a—z at z=h.

The third condition is then satisfied by finding a solution of the boundary layer
equations such that at z=h , Uy = (U) s ¥, = (”a)a-h' , where (“:)z-h and
(v,)g.p are found from the solution of the ofl flow equations. This process is
Jdu av
iterative sface (——‘-) and (*—34) dopend on  (up),,, and (v,),,, . However,
4z 2 . *
z=h zeh

du v
since theso velocities are O(A) the changes in (-J, and (-——-l> aro also
zeb 9z 2nh

szall and so the process should converge guickly.

By direct {ntegration of Rquations (I.10) and (I.31) solutions which satisfy the
two boundery coanditions are:

EN(ARAYA (2
u, = A{(;‘lg (—2—- ll?)f -a—z-/ 2

(1. 14)
! ap)(z’ h> ( ) .
v —— — - 2] ¢ =—
! ('“l ay 2 3k Tuh
At the oil surface, 2= h ,
SRRV CE WL I
eed 1 LV VAR " AN L (1.15)

® Equations {1.12) and (1.13) wpply only for o flat aurfaco, but they may be used on siightly
curved surfacea, Ou mere highly curvid suifaces the full oquationa sunt be usxd (mee
Ref, 1.2.4).

' .he boundary conditicn w_ . w, shoul! ala> Do applied but &8 w, I3 O(X3) this condi-

H
tion is replaced hy '1'“ at 2z« h,

H
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w2 /1 dp 3 r {I.15)
Vlaan = Ay '—<— -2) + h(-—v—l\ '
2 \u, dy oz }z=h J

and these are the velocities needed in the solution of the boundary layer equations

The investigation of the boundary layer with the boundary condit..ic v o=,
v, Ty, s carried out in Sections 1.2.3 and I.2.4, where it is shown that the
chunge in the boun-lary luyer skine{riction is small

It should be noted that the otl film, in addition to giving the boundary layer &
non~zero velocity at the otl «:rluce, also effectively changes the body shape, and
hence the external flow, The latter eftect, however, is small for thin oil films
and i{s ignorrd. Then the boundary layer equations can be solved for the original
pressure distribution with the non-zero veloclty condition transferred to the body
surface, that is

U, = (u?)h ' v, = (¥ at 2=0,

It is advisable at this point to consider the range of valtdity of the order ut
mugn’tude analysis made in this wection. Goldstelin (Rel.1.2.1) hos xhown that the
approximutions of houndary layer theory bresk down in the immediate neighbourhood of
separation, conscquontly the equations for the oil flow, which are based on this
theory, will algo be invalid in this condition. As the main interest ls in dote:r-
mining the position of separotion it {8 lmportant to know how close to separation
the aimplified equations hoid. A numerical study of the boundary laycs solution for
a linearly rotarded mainstroam (Ref.1.2.3) has shown that the equatlons are valid
for 99,52 of the distance to separation. It {s reasonable to assume that the siaplt-
tiod oil flow equations are also valid in the same reglon.

1.2.2,2 #quation Governfug the Thickness of the 011 Nieet

So far tho ois thickness, h , has been rogarded ax an arbitrary function of surface
porition and time, The equation satisfied by this function will now he deterained.
Connider the arca APCD in Figure I; then in time &t the increase in height wultipiied
by the area &% Sy (s ogual to the msount of oil xhich has maved oh to the base ANCD
loxs the azount shich hasx moved off this area. In the limit, shen 3x , 8y and {t
tond to § , the eguation for h becoawon

i 08 PR LN 1.16)
—_—— L e e d 2 = e v.ds . (1.
™ g AR I
Substituting for u, and v, froa Equatien (1.14) thia bezomex
P 3 [, TR B 1 N
A% ax (\aas, 2wy 0x 3

3 /v, W1 e’
R F AR ) P, (1,17
ay\dk/ 2 . 0y
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Equation (I.17) i$ « non-linear partial differential equation wnere the functions

/u 1\ dp Ip
—,—-] and -, =— are, in general, of numerical form. Thus solutions will usually
9Z /y ox 'y

have to be found by numerical methods. However, one simple solution has been found
corresponding to flow near a stagnation point in two~-dimensional flow. This solution
is described in Section 1.2.3; the result of a direct numerical integration of
Equation (I.17) will be described in Section J.2.4.2.

1.2.3 OIL MOTIOXN NEAR A STAGNATION POINT IN
TWO-DIMENSIONAL FLOW

Near a two-dimensional stagnation point the velucity distribution in the stream-
wise direction outside the boundary layer is of the simplc form u = ax ; the oil
flow in this case is of special ifulerest because both the modified boundary layer
equations and Equation (I.17) can be solved. Meking, as in standard boundary layer

%
a
theory, tho transformation u, = ax{'(m) , where 7= (-) z and the prime denotes
‘/
e

differentiation with respoct to 7, the twe-dlsensional boundary layer equations

duy 1 9 atu
{ 1 1 ¢
U, —t T e # P et 1.13
Ve T e o, e t e
Ny, 0 (1.13)
FOURE Y :
/ reduce to
tHm e i = (gl =1 (1.18)

(age Ref.1.2.2, page 139).
{u.)
At the wall, 23 0, £(0) - 3k , instead of the sore usual value €/¢(0) = 0 .
ax

The other boundary conditions remain the samo, l.e. f(0) =0, /() -1 . The
value af (u.}, can be found from Equation (I1.13) to be

a? h? ;nr\ié
(dy * A= se{=]neora, (1.1
N vy 2y
0
BERS oy
0o = . -—--.»0(»-—-)1!{'(0) T Y (aay) ., (1.2
v, 3 vy

In practice Kquations (I.18) and (I.20) auat be solved by {teratiun, but before this
i possible it is necessary to find h . shich (hy substituting Bquation (1.19) in
gquation {I.1T)) s given as the wolution of the¢ cquatioe
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n Nk <a’”f”0 n?
57w ;) O

3 H 2

h
-A (8—\t"(n> I A
Vll 2 u! 3

BN
w| 7,
‘—-—Y—-—I
»

=2
[
——

= ~an® - 80’ (say) , (1.21)
provided h is independent of x , which 1s true tf h '* constant at time t = 0 .

Equations (I.18), (I.20) and (I.21) now depend on the three paremeters ¥ , A and
B, shere ¥ and A are fuactions of t"(0) . Equations (I.18) and (I.21) can,
however, be solved for arbitrary values of these parumeters and the solutions can be
combined iteratively with Equation (I.20) to find the solution of any particular
problea.

First consider Equation (1.1B). As (u}, 1is O(A) this equation can be linearized
by putting £'(m = £L0M + yg'(n), where £y(m is che standard two-dimensional
solution and where g"(O) =1 g(0) 0 ; gl - 0. Then g'(m satisfies the
equation

gm + LM g M) » oM ~ 2N = 0. {22

This oquation hus been solved hy stendard numerical techniques to give the solution
tabulated below:

n g 0N 7 g
(i} 1.000 2.0 0.083
0.2 0.840 2.2 0.034 .
0.4 0. 686 2.4 0.021
0.6 0. 547 2.6 0.012
0.8 0.425 .8 0. 007
1.0 0.322 3.0 0.004
1.2 0.138 1.2 0.002
1.4 c.1m 3.4 0.00!
1.6 0. 1190 3.6 0. 000
1.8 0. 081

g7 - -0.810.

The solution of Equasiun (1.21) ix readily obtalned as

1 t n,_ nfaesBn,
A T - - — e —l0g— {1.23)
h by A h [AeBh
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Aht (1 1) Clogk{—+ = (1. 24)
= — - + Q — . e

z K el P

B

h
where C = b, ; . K= h_ and h, 1is the oil height at t = 0. K 1is plotted

. z
against Ah,t in Figure 1.2 for various values of C .

These solutions fer f(n) and h, can now be combined to find the oil and boundary
layer flow in the fqllowiug particular case. The initisl oll thickness {s assumed to
be 0.018 inch with A = 1 x 10°% and the kinematic viscosity of air as 2 x 10™% ft/sec.
The external velocity is assumed to be of the form U = 10°x ft/sec (i.e. a = 10%/sec).
This corresponds, for cxample, to an aerofoil in an airstream of 120 ftssec with the
flow outside the boundary layer attaining the main-stream velocity at 0.144 inch
behind the stagnation point.

Consider the oil flow at the start of the motion. In the first stage of the itera-
tion use is mede of thg standerd two-dimensional solution f3(0) (Ref.1.2.2), from
which (0) = £3(0) = 1.232 and so ¥ = 4.3 x 1077 (Een (1.20)). With this value
the second wpproximation for r"(0) beccmes 1.228 and there is no change in ¥ .

Thus {n this case, with a rather thick oil layer, the skin-Zriction (which s propor-
tional to £(0) ) is reduced by less than K %.

Now consider the motion after 10 seccnds. Using I7(0) = 1.230 and the sbove
values of b, and &, (¢ follows that C - 5.8 and Ah,t = 65, so thai from
Bquation (1.34) K ia approsieately 0.015 and so the olil thickness has heen reduced
to lexs than one sixtisth of its original velue. Thia exexnle, although of rather
scadoalc interest, is of value froa two points of viaw., In the first place the
nurerical results can be used to check the sagoitude of the terws lgnorwd in
Eguations (1.1), (1.2) and (1.3). Also ib thia case the change tn ofl thickness s
qeite repid so that it (s possible that tho unsteady boundery layer equations shauld
have been used. However, in the tea seconds coasidered, ¥ chenges from 4.3 s« 107?

ar
to alsost zero. Thus ™ £ 4.3 4 107" per second and, sioce u, = ax{f'(m + ye'tm},

du 1
;t—lﬁ a1 x €3 7 107" . In Kquatios (1.12) the domineu® torss noar 2 50 ere ~— ;’—;
Pl
¥y
B’tjl | ) a“l
ad v, =5 . d = = = -s°x. Thua the retio of the rnsteady tern, -,
az p, & &’

compared with the doalnant terma ! a”' s 10°° of 0(10°% . conlfirming tbal use of
the steady equation is juatified.
1.2.4 GENERAL SOLUTIONI OF THE ﬁQUA-TlDNS OF SECTION 1.2.2

1.2.4.1 Effect of the Oil on a Two-Discanional Soundary Layer with an
Arbitrary Preasure Gradieat

In this Section the effect of the oll on two-dimensicnal boundary layers ta cun-
sidered. The extension to three-dicenasionsl bousdary layers would i{nvolve consider-
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able numerical work which has not been carried out as the unulysis of the present
section suggests that the effect of tiic nil is eatremely smell for cases which are
likely to arise in practice. The method used i{s based on the momentum equation; it
is first shown that this equation is unaltered by the changed inner boundary
condition® and then that the velocity can be represented by a wodified Pohlhausen
profile.

Integrating the two-dimensional form of the boundary layer equations, (I.12) and
(!!3) with "QSDQC' tn 2 the 'n!\nging er‘“_mv(nn 4 ahtain d:

ta d T I, Qa0 L3 88.4) (N0 oot

N, d 'ﬂ o, d su %y d [a“‘] (1.25)
u,— + #, = dz = —dz - | — .
A ' 3z 2 h ' 3z ¢ A ° A '3z 0

wb R has b laced bty r
¢ — a8 beenl repiace 1) .
o, O v ¢ 5y

N
Using the continulty equation the tem [“'l -.;1 {s oliminated by writing
t
4¢

o Yo
J{v,—j : [‘llu‘]:- ,{U‘-&l de

v /‘i =X (1.36)
v “ul . L4 u‘_—‘-‘ z . . o
2 . N

The lower lieit of the terw in syuare brackets ia 0, since, ut 220, w =0
f'his 43 true although u, 7 Q). At

. N b,
2z YL ws ] odz e -] ohde

Thus ¥guation (1.23) bocomps

"o oy e, fou
3f oy, =t da-u{j laze pugpfar oot (r.m
+ < ¢ x o * L FI

T™Hix cguaticn {3 easctly the saxe as the standard two-dimensiuvnal equation and will
be written

At ey 21
R S LTS SN T I (1.28)
3 u, dy u,

1

* Pur conventence the inner toundary catdition w1l be applied at 27+ 0 rether than z e h
ong the prime drooped subsaguently.




where

¥

Uy

u

[¢-

Ei)
Yy

)

Equation (I.28) may be 3o0lved in the usual manner by regarding

z
function of -—s~ , satisfying certain boundary conditions.

Z =

o

Thus

be considered., At the edge of the boundary layer,
Thus, as in the standard method

(1.e. the oll velocity).

32
3a?

3 /u
52\

' u

U

1

1, —
Uy

At z2=0, u, = (u,)y

may be a function of x .

These

3., u

Uy

Yo

)y _
u

dz

Uy

as & polynomial
conditions will now

tends smoothly to Ug .

VA=

Yy , where ¥
[

At z = 0 VW= 0; thus in Equation (I.12)

<32u1> ) AUu)y du,
vl — = u,)y - 2 -, ———
"\ oz /,., 1 ax o ox
but
a?(ﬂl
3% ug U,
! 3z21 T Misr T
o)
b
therefore
= (3)
82 9 o
— ug =z — 'y...(_l.lz_)i‘._..u_o. = A (say) . (I.29)
EOI
s/ 4,
A Pohlhausen profile modifisd to satisfy these boundary conditiouns is:
3 4 3
by ni2(2)- <5)+(3> reit=(3) (i) (1.30
uo‘“””{zszs 5/{"% 5/ [\3/" )

Then by integration of this function
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iih

o = {\1—7)(37+%7> ﬁ 53 ) } (1.31)

) 8{36(1 ) - A}
' T Tm -7 - A (1.32)

N 1 %1 ) A
32)::0 = 3 =Nt (1.33)

These values could be substituted into Equation (I.23) to give an equation for A .
Instead a slightly ditferent approach is used as it leads to less numerical work.
In this approach H and | are regarded as functions of the parameters

< > {"s'?‘\=a w)} wd .

These functions, obtained from Equations (1.31) and (I1.32), are plotted in Figures
1.3 and I1.4.

‘The method has been used to study the boundary layer developed by an external
velocity of the form u, = 3; - 3,x . The followlng velues have byen assumed for 7 :
v=0, t0.05, and 7y varying linearly from +0.05 at the lesding edge to -0.05
at the trailing edge.* The resulting skim-friction curves ave plotted in Figure 1.5,
From comparison with the no-oil curve (¥ = 0) {t will be secn that rhe major effoct
of the oil 1s where the skin-friction upproaches zero, that tn in the vieinity of
separation; the distance to separation is changed by at most 9%, In Appendix 1.2.1
values of ¥ likely to he found In practice sre {nvestigated and it is found that
paximum values of ¥ are of order 0,01, Thus in general the otl will only have a
emall influence on the boundary layer, changing the distance to suparation by at
most 2¢. It should be noted that o {ncreases as the oil viscusity docresses, and
thus the {nfluence of the oil on the boundary layer increases with o decrease in
otl vigcosity.

The accuracy of the presant snalyxts for the boundury layer on & woving wsurface,
us compared with the accuracy of the Pohlhaysen wethod for a stutionary surface, has
heen investigated briefly. For the case of zero pressure gridiont the skin-friction
as given by Equations (1.28) and (1.30) hus been compared with an exact solution of
the protlea (Ref.1.2.4). The skin-friction values glven ty the two methods are ln
closo agreement for ull values of > botween 0 and L. With an wiverae preusure
gradient the accuracy 1is sore difficult to estimate; hoswevor, it has been found that
for the velocity distributions u - ,’3O - .?lx and ¥ 2 0.15 the separation point
begins to move towards the leuding edge as ¥ I8 increased, thua reversing the trend

e e e e s e - -

¢ Taa many paranelers onter a practical came to uso an notu! distridution of ¥ . Huowever, in
all canes 13 panitive at the ‘owiing viges and neghtive al weparstioh,
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shown in Figure 1.5 for 7 < 0,05 . This forward movement of separation s contrary
to the expected physical action of the moving surface and suggests that the Pohlhausen
method becomes less accurate for large values of 7y .,

I1.2.4.2 Variation of the Thickness of the 0il Sheet with Time

The variation of the oil thickness, h , with time and position is determined by
the solution of Equation (Y.17). Only one solution of this equation has been found,
and this for the rather restricted cage of the two-dimensional stsgnation point.
From the form of the equation it can be seen that in two dimensions a steady oil

¢h
state is lwpussible, {or in ithe siiady state 5; = ¢ and this would imply that
d rh
= u,dz = 0
axjo 2
or
h
/ u,dz = constant ., (I1.34)

-0
It would then follow that the amount of oil passing any point is constant, but sinco

at thu leading edge u, 1is zero, no oil passes that point and the constant in
Bquation (I.34) is zero. Thus by Equation (I.17)

he ?_u.& _2_3.1;_32
/), 3 u

3/ 1 dp
h = 0 or -l = - . (I.36)
2\9z/ [ u, &

The non-zoro form of h {s infinite at the pressure minimum, and so thero is no
steady form of U except h = 0 . (This result is also true on infinito yawed wings

£t om

80

3
since in this cage — v,dz2 7 0).
ayf)

In goneral, then, h {8 a varieble function of time. No upproxizate method has
been found to dutermine un and it would appear that the only method 18 the direct
aunorical integration of Equation (1.17). (Expa~sion in powers of t was found to
be only slowly convergent, oven for very sagll values of ¢.)

A numerical integration of Bquatfon (I.17) has been carrivd out for the oil thick-
ness under u two-dimenstonal boundary Isyer with en oxternal veiocity distribution of
the form u, = 30 - ﬁ‘x . In this case Equation (I.17) may be rricvton:

! 3 . fany? (h*y?
—— T {(1 - ¢ [T HSE . (1.36)

ANEE
&
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8 B\
where & = lx, h' :(-—‘) h and £(¢) 1is the non-dimensional skin-friction given
[} 1/1
by Howarth (Ref.I.2.3). The boundary condition is h' = 0,5, for all &, at t =10 .

The numerical integration of Equation (I.36) 18 very long and laborious and so only
coarse steps have been used to determine the trends of the solution. In general the
oil leaves the leading edge very quickly and flows downstream. Over the rear half of
the region between the leading edge and the boundary layer separation the oil thick-
ness is almost uniform, but increases steadily with time, The indication from this
rough caleulation is that the actual amount of oil on the surface appears to increase,
suggesting that there may he an inflow of oil from downstream of separation.

I.2.5 OIL STREAMLINE DIRECTIONS

In this section the oil flow direction on a general surface is considered. From
the oil velocities given in.Equation (I.14) ‘the oil streamline direction is:

<3vl> 1<1 3p> 7 n
—— +— -— ——
dy 02 /a0 Y, Py dy /{2

— = . .37
ax <3u‘> l<lap>{z } (x.3m
—_ b = — — -—=h
2/, Vv, \p, 9/ |2

This direction varies between

(_1 _h/rw
92 /za0 V'\’)x 9y,

(3u1> n (l ap>
%z ea V1 \O, ox.

S

at the wall and

Emd
v :.’.vl P, Ix

at tae oil surface.

The diroection of the '\Jundar:r' loyer surface streamlines in the sbsence of the

ol {3
(2 (%)
afd Zuy az aw g
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In general the pressure term is small compared with the skin-friction term and so has
only a small influence on the oil direction except near points of small skin-friction,
for example, near separation. In Figure I.6 the oil streamlines at the wing surface
and at the oil surface on an infinite swept wing are drawn. The chord-wise velocity
on this wing was assumed to be of the form* u = B, - B,x ; the skin-friction was then
found by Howarth's power series solution (Ref. I, 2.3), and the cross-flow by the methods
of Reference I.2,4. The oil streamlines were considered for a stage when the oil
height varied linearlyt from zero at the leading edgeto 4wice its original height at
the separation point (startiung from an initial uniform height of 0.00i ineh). It

will be seen in Pigure I.6 that the two oil streamlines closely follow the surface
streamline with no oil on the surface, except that the oil streamlines become parallel
to the leading edge before the surfave streamiine.

Eichelbrenner and Oudart (Ref.I.2.5) have shown that on a general surface the
surface streamlines form an envelope at the separation line, and an envelope of the
oil streamiines is usually taken as indicating separation. On a yawed infinite wing
the envelope is parajlel to the leading edge. Thus, in Figure 1.6, the oil tends to
indicate senaration too early. .

Changes in oil thicknesses, forward speeds, and velocity distributions do not
affect the shape of the curves but merely the relative position at which the curves
become parallel to the leading edge; the actual positions are givem by the two

points at wiich
(?B.‘.) .._P__. a_p. = 0
9%/, yp, %

-

and
(au‘> h
) - — = 0.
9/, wp Ox

Taking the mean of these two points as the separation point indicated by the oil, the
reduction in separation distance, as a percentage of the chord, for various speeds
and model sizes is plotted in Flgure I.7.

These curves, which are independent of the oil viscosity, are useful as guides to
the thickness of oil which should be used. For example, with a velocity normal to
the leading edge of 600 ft/sec and a chord of 6 in. an oll helght of less than
0,0005 in. must be used to keep the separation line indicated by oll within 1% of
the true separation line., For a chord of 24 in. and the same velocity the oil
thickness can be doublod while still giving results of the same agouracy.

? The oconstants Bo and Bx are related to the vclooity reocovery of an RAE, 104 aerofoil,
Cy, = 0.2 ; details are given in Appendix I.2.1,

! The oil thickness at other conditions, i,e, with a non-linear variation along the surface,
did not greatly affect the results as plotted,
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1.2.6 EXTENSION OF THE RESULTS TO TURBULENT, AN2
COMPRESSIBLE, BOUNDARY LAYERS

1.2,6.1 Turbulent Roundary Layers

So far the analysis has been confined to laminar layers since the calculation of
the boundary layer in this case is relatively simple. In this sectlion the flow under
a turbulent boundary layer is studied in a qualitative manner. Within the oil layer
the equations of motion, and the boundary conditions are unaltered provided that the
boundary condition defining equality of stress is written:

%4,

sz
P2 3

M2 3

= )y y)y (1.38)

where (7,), and (Ty)1 are the x and y components of the mean® skin-friction
in the turbulent boundary layer. With this form of boundary condition the oil velocity
components become:

1 op [z?
u, = ’u— a—x' ?—hz +(Ty) 2 (1.39)
2
1 [9p /z?
v, = ;— .B_y T-hz + ('ry)‘z (1.40)
2 & .

with corresponding forms for the streamlines.

To make use of these equations would involve the calculation of (7,), and (Ty)y
and so far no method is available for such a calculation in the general case. Even
for thr case of the infinite yawed wing experimental results show that the chordwise
flow 18 not sufficiently independent of the cross-flow to be found by two-dimensional
methods. Thus even in this simple case two-dimensional values may not strictly he
used in Equation (I1.39) to determine the apparent separation line. However, such
results are probably adequate to indicate the order of the distance between apparent
and actual separation. For this purpose experimental results quoted in Referonce I.2.2
for a cylinder and an aercfoil (t/c = 15%) are used in Equations (I.39) and (I.40).
These experimental results give values of the skin-friction and the pressure distri-
butions on a cylinder of 5.89 in. diameter at Reynolds numbers between 1 x 10% and
2.5 x 10%, Similar measurements are given for the aercfoil at various incldences,

From the results quoted for the aerofoil (and the cylinder at the higher
Reynolds numbers), it is found, for oil thicknesses of 0.006 in. and less, that the
change in the separation point as indicated Ly the cil is of the same order as in
laminar vlows. Since on the wing the flow is now attached over most of the surface
the ratio of apparsnt sttached flow to actual attached flow will be closer to unity
for turbulent boundary layers than for laminar flows,

The flow on the cylinder is initially laminor, but becomes turbulent befors
separation. The skin friction on the cylinder increases with distance from the

* ‘mean’ with respect to time,
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stagnation point, reaches & maximum near the minimum pressure point, and then decreases
again. At transition the turbulence causes the skin-friction to increase again, before
it finally becomes zero at the separation point. At the lower Reynolds numbers the skin
friction at transition is quite low, whercas the pressure gradient is quite large, and
substitution of the quoted values in Equation (I.39) shows that u, could be zero at
the transition point for an oil thickness of about 0.005 in. So on a yawed cylinder
the 0il streamlines could form an envelope at the transition line, In the absence of
any other information this pattern could be erroneously interpreted as a laminar
separation followed possibly by & turbulent reattachment.

1.2.6.2 Boundary Layers in Compressible Flow

In Section I.2.2 it has been shown that the velocity is very much smaller in the
oil than in the external flow, thus even in cases where the external flow is super-
sonic the oil flow is still governed by the equations of slow viscous motion, and
the solution is as in Equation (I,14). It thus seems probable that the oil pattern
will be similar to that discussed in Section I.2.5 for incompressible flows. However,
the flow may now be complicated by the presence of shock waves, The pressure rise
through s shock may be sufficient to separate the boundary layer (Ref.I.2,6) and the
inferences made about the oil motion in the region of separation in Section I.2.5 will
also apply to such shock induced separations. In Section I.2.5 it was shown that near
separation the oil velocity becomes zero before the boundary layer skin-friction is
zero, and in this case, also, the oil may be expected to indicate an earlier separa-
tion. For a linear adverse pressure gradient it has been shown that the oil indica-
tion underestimates the distance to separation by, at most, 5% As the upstream
influence of the shock wave in the boundary layer is of the order of one hundred
boundary layer thicknesses, it would appear that the eir:.. *n indicated separation
will be of the order of 5 boundary layer thicknusses,

Another effect at higher speeds is that of aerodynamic heating, and heat transfer.
In general the heating will change the oil viscosity and so the ratio A will become
a variable depending on the state of the boundary layer. However, provided this
change in A 1is not too great, the main effect on the oil pattern will be small
since, as shown in Section 1.2.5, the actual pattern is independent of oil viscosity.

1.2,7 APPLICATION OF THE RESULTS OBTAINED TO THE INTERPRETATION OF
TUNNEL OIL FLOW PATTERNS

In this Bgport the motion of a thin oil sheet has been studied, as the first stage
in the understanding of the oil-flow patterns obtained in model testing. If the oil
actually moved as a sheet the resultant oll pattern would supply only limited indica-
tion of the oil motion; the only features to be seen wonld be separation, where the
oil would pile up up-stream, and regions of high skin-friction, asuch as under a vortex,
where the surface would be cleared of oil. Generally In practice the oil, although
applied as @ sheet, moves in filaments, which provide more cotailed information on the
directlon of the oll motion. The motion of these filaments depends on a different set
of oquations to those considered in this Report. However, the mechanism of the motion
is probably similar; chat is, the resultant force acting on the oil is & balance
between the pressure gradiont outside the boundary iayer and the stress due to the
boundary layer skinefriction, Thus it may reasonably be supposed that the description
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of the oil film motion also applies qualitatively to the motion of the filaments, and
that the orders of magnitude of the changes in separation point are similar in both
cases. Stalker (Ref.I.2,7) has studied the mechanism which results in the formation
of the filaments, and by order of megnitude considerations shows that these filaments
do in fact follow the surface streamlines except near separation.

I.2.8 COGNCLUSIONS

A solution has heenh obtained for the motion of a thin nil sheet moving on a surface
under the influence of a boundary layer. The following deductions are made from the
analysis.

(a) The motion of the oil relative to the houndary layer

The o1l follows the boundary layer surface streamlines except near separation where
it tends to form an envelope upstream of the true separation envelope. This early
indication of separation is expected to occur for both compressible and incompres-
sible flow; it is less marked for turbulent than laminar layers. The distance by
which separation is apparently altered dependa on the oil thickness, and the model
size, but it is independent of the all viscosity (provided this viscosity is much
greater than the viscosity of the fluid of the boundary layer)

(b) The effect of the oil flow on the motion of the boundary layer
This effect is very small in most practical cases but increases as the oil
viscosity decreases.

(¢) Interpretation of the otl pattern at low Reynolds number

Results at low Reynolds number should be treated with caution as transitiom could
be erroneously interpreted as separation.
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NOTATION IN SECTION 1.2

constant for flow at the stagnation point; u = ax

" functions used in the determination of the oil height

a "’f"(O) 8.2
A = A[— —_—, B = A—, C=th/A
v, 2 3ul

boundary layer velocity profiles

ratio of displacement to momentum thicknesses of the boundary
layer 61/8

"thickness of the oil sheet

ratio of oil height at any time to height at zero time

6 /du
non-dimensional form related to the skin-friction = —-—<—-——1>
Up\ 92/,
static pressure
velocity components
co-ordinate system } seo Figure 1.1
(J? a?u
parameter used to caloulato the boundary layer = — ==
u iz
0 2 290

constants in a linear velocity field u, = 3, -3, x
ratio of the oii velocity to the velocity outside the boundary layer

boundary layer thickness

3
u
boundary layer displacement thickness = [(1 - -—l> dz
o Yy

\}
a
non=dimenafonal ordinute normal to the body surface = (-) 2
v
1

u u
.._!\._l. dz

3
boundary layer somentum thickness = [/
o \ Ugs Uy

ratio of the viscosity of the working fluid to the viscosity of the uil
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parameter in the polynomial velocity profile

0
v, 9x Ax

0? 3(u,)
= — {.ﬂ' —2h ] (Equation (I.29))

non-dimensional co-ordinate along the surface in the linear
SX
velocity field = -t

viscosity
kincmatic viscosity

density

refers to conditions outside the boundary loyer
refers to conditions inside the boundary layer
refers to conditions i{nside the oil layer

refers to conditions at the top of the oil layer

refors Lo conditions at zoro time.
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APPENDIX I.2.1

Values of the Constants BO. /3x (Sections 1.2.4 and I.2,5)
and the Constant <y (Equ, (I, 20))

In most of the boundary layer problems in this Report the velocity outside the
boundary layer has been assumed to have linear variation along the chord of the form
g, = ,'30 - ,31x. The constants can be related to the velocity distributions on the
upper surface of the R.A.E. aerofoil scctions {Ref.1.2.8), if it is assumed that the
velocity varies lipeerly from the valus at the mualmum suciion point Yo the value at
the trailing edge. Fer all sections with lift coefficients in the range 0.2<C € 0.6

u
it has been found that 1.2uD < .30 < l.8uo and 0.3 F° < ,31 < 0.9 All ealcula-

alF

u
tions have been carried out with the typical values, /30 = 15ug, ;3, = 0.6 —Cg .

The constant ¥ (Equ.(1.20)) may be evaluated for the extornal flow u, - /30 - ,Bxx .
Using the skin-friction, £() , quoted in Reference 1.2.2, the oil velocity at the ofl

surface (Equ.(Il.15)) becomes:

N 1 .
A [,60(1 ) ;?gt({f)h - :ﬁoﬁx(x =5 (1.41)
where = ad H
» T 3.
‘130

Then % ., the ratio ot ‘ae vil velocity to the majustream velocity bocones:
gh 3
¥ e »\{—-{r (EHn - = i}, (1.42)
vl v,

This parameter hus hoon used {n the esleulation of the effect of the oil on the
boundiry layer flow, and a maxisun value of this parameter {s ruguired. It 18 not
posiible to find the saxlzum by standard sethods as the varietion of h with 7,

]
{or x ) is not knowmn. However, with practical ofl thicknesses and ,31 = (.8 ?" it

i .
{8 found that (—l h’) is at most 1. Also £(5) ia O{1) except close to the
"
[}

leading edgo. Thus the pazizum value of ¥ Is O(A\) . Tho maximuz value of A
found in practica is 0.02 far paraffin i{n a wind tunnel; for the type of hoevy oil
used {n bigh-speed tunnela A, and hence 7 , are 0(10°Y) .




APPENDIX I.2.2

The Equality of Viscous Stress at the Air/0il Interface

Equation (I.6) states the conditions that the viscous stresses shall oe equal
across the air/oil face. The condition given is strictly valid only for an oil
surface parallel fo the body surface, i.e. =z = constant. However, this Report is
concerned with oil layers with thicknesses varying with position, that is the ail

surface is given by =z = f(x,y). The purpose of this Appsndix is to show that
a

z 9%
Equation (I1.6) is valid for such surfaces provided P are o(1/8) .
x

The proof will be given for a surface z = f(x) . Then at a pcint on this surface
the direction cosines to the surface normmal, in the plane y = constant , are [ and
n and the velocity along the surface in this plane is

ul < wn . (1.43)

The derivative of this velocity along the surface normal is

3 du 3 S
l’.—‘—‘{’ Iu(:_u.-._‘.')-,,‘—-_ (1.44)

/; Jduy AL Bey

. R X Il ~t -t ]-n* -1, 1.42

Lad \ N vl o dz e { i
Y N N Xy

In the boundary layer ——' {a o(1/3) , =%, .<l are o(1) and -~} sre o(d).
& N o i

n
Thus provided -l~ in 0(179) the dominant term on the .eft hand aide of Equation (i.43)

IR T t —j . o the oil flow (-:—; —5«: are the same order by the coutinuity
Rauation and U, tu,. w cw, o at the of} surface. Thus =v might expect the lerma
on the right hand side of Bauation (1.45) to iave a similar relationship to each
nther. In this case Bauation (I.45) reducoes to Equatien (I.6). The uae of
Kquatlon (1.6) {n Section 1.2.3 gives a salttion whish confiren that the teren {n
Equatfoh (1.45) can Le dropped. 1Thus Bauation (§.6) hulds for the surface & = f(x)

" 2
provided the ratio of 7 or ;:. in of1/2) . A aimilar result holds for

z 0 f(x,¥) .

The analysis of this Appendix agaln breaks down in the vicinity of the separation
point, However, the region affected {8 the azwe as thal for the unalysix of
Rectjon §,2.2 o that the regiat of validiLly is not roduced further.
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1.3 TYHE SURFACE OIL FLOW TECHNIQUE FOR USE
IN LOW SPEED WIND TUNNELS

R.L. Maltby and R.F.A. Keating

1.3.1 [INTRODUCTION

In Seetion 1.2 {t hus been shown that there is good reason to expect that the flow
ot a thin layer of oil under » boundary layer will be in the direction of the boundary
layor streamlines except in the immediate neighbourhood of areas of sej.rated flow
and, furthemmore, there is only a very small effect of the oll flow on the motion nf
the boundary layer. The malu problems in the experimental technique are to select
and apply a paint which will leave a clearly defined pattern of atreaks to indicate
the direction of f1w of {ts ofl medium in the particular conditions of test and
to interpret the pattern in terms of the three-dimensional flow structure.

Although patterns suiuable for visual study can be achleved fairly aasily, (t is
quite difficult to produce patterns af consistently good photographic quality. Since
the value of an exper{ment is enormously -‘hanced when elear permanent records are
available for undurrlied copnsideratizn aad consultation, the extra offort e~essary to
produce patterns of the highost quality is fully justified. Unfortunately the
conditions of tost and the saterials aveilable vary so much between one lahoratory
awmd another that refinssents in the techniyus Have taken onh a very personal character
and an atoosphere of ‘aystique' rominiscent of ‘haute cuisine’ has grown up In tho
preparation of paints and the (nterpretatiuvny of patterns, In examining varioua
recipes in use one {n invarlably fauced with tha yroblem of assessing thé exact
geaning of aubjective qualitien such as atreakinesa, runniness, clarity and spread -
a protilea whivh {s famfiliar to rhoologists and palnt techanologists. In fact
Ur. Scott-Hlair in his ook ‘A Survey of General and Applied Rhoology' found it
noceswaiy to writa a dedication in the following torms:

“This bk 1n dedicated to Bill - BUl] in every land sherever he aay be.

Whes they went fo krow what to do next, they send for BIll. Hill agueoges
the stuff (n his fingers, wniffa {t, bnlds it to hin ear, snd sdueoleod again.
Then he looks wise and says O.K.' or Teave it another ten minutes'.™

1€ in the frllowing paragraphs there La & [eck of precision in the instructions,
(L $a hecaune precision appears o ho fhconsistent with the problex; at least {t s
%0 for the muiyors and, no doubt, for those of Lhe recders whn are also not paint
technolegista, For thnge wishing to ure any technique shich involves an eloment of
craft the best mdvice is nlw{s to learn by satching Bill.
\

1.3.2 TOMPOSITION OF THE PAIMTS

1.3.2.1 Ceneral Principles

T object in to prepare a paint of surh ransistency that, under the conditiona
prevailing in the teat, it will run with the surface oll flow and loave behintd atreaks
of piowent i=dicating the direction of flow, The patters made by the atreass murt bio
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bold enough to be examined and photographed easily and yet fine =novgh to record all
" significant detail (rig.1.8). Ideally the paini should not begin to run until the
desired wind speed has been reached and after & convenient time of running, the
pattern should be sufficiently dry to be unaffected by gravily after the air flow
has atopped.

The process leading to the formation of streaks can be studied by applying paint
to the window of a wind tunnel and watching the motion from the other side of the
glass with & microscope. The clearest patterns are formed by a silting process behind
small concentrations of pigment in the paint, The paint flows round those concentra-
tions und some of the pigment is subsequently deposited in the wakes behind them.
The deposits continue to grow into lomg streaks in the direction of flow as more
pigment is deposited behind the conventrations until all the oil has been blown from
the surface. The fully developed pattern is then left on the surface in a reasonably
dry condition.

If the composition of the paint is slightly different, the process described by
Stalker (Ref.I1.3.1) can be observed, Herz U-shaped wevelets form in the oil and
travel slowly in the stream dircction. The pigment is deposited from the tails of the
U, and since the wavelets tend to form roughly one behind ancther, the streaks are
reinforced with the passage of subsequent wavélets. If the paint is too stiff the
wavelets become large and a coarse pattern is formed from which it is difficult to
disperse the oil. When there is & large variation of surface shear over the surface
of the model it will be difficult to choose a paint consistency to give uniforw
results with this method (Fig.1.10) and it is usually better to mix a paint which
will silt easily.

The stiffness of the paint and the formation of streaks depends on tne size of the
particles in the pigment and the forces of attraction between them (Ref.X.3.2) ag
well as the viscosity of the oil, Materials for pigments applied as crystals or
other large particles require to be ground and sifted to the correct size and those
suppliea as very fine powders may tend to form conglomerations (floss) in the oil,
the size of which must be controlled by the use of additives (see 1.3,2.3).

Large pigment particles or large flocs tend to produce bolder streaks if the
thickness of the oil layer is sufficient to kesp them in motion during the silting
process. In conditions of high shear the oil thickness is reduced rapidly and this
will determine the maximum usable particle size.

1.3.2.2 The 0il Medium

The choice of the oil medium for use with a particular pigment is determined by
the time that is allowed for the pattern to develob In the prevailing conditions of
air flow and surface shear. The factors aff .ng the rate of flow are the stin
friction, the thickness of the oll sheet, thu voundary layer thickness, the oi}
viscosity, the p.sment content und the properties of the pigment in suspension.
However the major factors appear to be the oil viscosity and the skin friction and
1t is suggested in Sectioh I.4 that the epproximate time to completo a pattern can he
indicated hy 36,000 7 oil/T where 7 is the skin friction at the trailing adge
The oils normally usad are, in ascending order of viscosity: kerosene, light diesol
oil snd light transformer oil., With one of these oils it is usually possible to mix
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a satisfactory paint which will start to flow at about 75% of the test speed and
produce a fully developed pattern in about 2 minutes.

Although a mineral oil is most commonly used as a medium, water containing a
wetting agent such as household synthetic detergent is in occasional use, The
principal advantage is that it is a cleaner material to handle but it makes it very
much more difficult to control the quality of the pattern,

1.3.2.3 Additives

The need to use an additive in some paints to control the size of the flocs leads
to difficulties and uncetiwint oy fu the techunlque partly because of the great
sensitivity of the suspension to small quantities of additive and partly because of
the variable chemical nature of the oils and the additives themselves. 1he following
simple account of oleic acid used as an additive in & titanium dioxide-kerosene paint
illustratus the principles,

The stiffness of s paint can be measured with a mobilometer (Ref.I.3.3) (Fig.I.11)
which consists of a glass cylinder containing a sample of the paint through which a
plunger, with a small clearance at the side, is allowed to travel. The plunger is
driven by woights placed on its top end and its $ime of travel between two fixod
marks i{s measured. The stiffness of the paint is measured by & ocurve of the
reciprocal of the time of travel agaipst the load on the plunger.

Pigure I.12 shows such curves plotted for some tosts on a titanium dioxide-kerosene
mixture, A mixturo of typioal proportions without additive produced curve D in which
there {8 a large threshold of no movement following by an almost linear portion. The
offect of adding 0.6% of olele anid (curve C) was soms dispersion of tho pigment which
reduced the threshold to about one sixth and inorvased the subsequent rate of movoment.
Further concentration of olelc acid to 10% (ourve [) complotely removes the threshold
and brings the rate of movoment to nearly that of tho neat ofl, suggesting that the
pigment fa now fully disparaed. Curve K shows that the rosistance of fully dispersed
paint can be {nacremsed by inoreasing the proportion of pigmont although the threshotd
is not restored unti} the proportion of additive relative Lo pigrent is sufficiently
roduced.

Thus {n preparing a paint of this kind one must firat choose an of! to provide the
desired rate of flow and add pigmnent until sufficlent colour density is pruduced
The boldnoss of the stroaks is then adjustod by partisi dispersion of the mixture
with additive. Tho additive will also reduce the threshold of the paint ana this
must be taken into account when choosing tue oli.

Bome laboratorlies uyre the sdditive to wtjust the necesaary threashold and accept
the resulting quality of streaks., This Is & simple approach hut {t sosetimes loads
to patterns of pocr contraat and the more careful approach ia recvamended when
pattorns of high photographic quality are required.

The effect of olefc aefd on the appearance of this palnt and the resulting streaks
ts shown in Figure 1.13. The photoalcrographa show the increaaing diapersion ol the
flocs ns the oleic acid {s added and the flow pictures show the expected changes in
clarity. It »{ll be noticed that with no additive the laige threshold has prevented
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flow except in the wreas of high shear. With an excess of additive, the dispersed
pigment provides a finely detalled pattern but of poor contrast,

Flocculation is affected by the mutual attraction of particles carrying eleciric
charges generated in suspension in the dielectric medium. Thc additives control the
extent of flocculation by modifying the charges and may ejther increase or decrease
it depending on the constituents of the paint. For instance linseed oil will cause
mild flocculation of TDayglo' pigment in diesel oil, yet will disperse titanium
dioxide.

Of the many possible additives oleic acid snd linseed oil give excellent results
in the various puinls iu common use =d, being readily avallable, they are to be
recommended. Nevertheless they are crude products which vary in their chemical com-
position when new and oxidise when stored: trial and error methods are inevitable
when they are used.

A more detailed account uf additives and thelir effects will be found in References
1.3.4 and 1.3.5,

1.3.2.4 Pigments

The pigment must be chosen to have tho correct flow characteristics as already
described and to make a clear pattern against the background provided by the model.
Thus a white powder like titanium dioxide or china olay would be used on a dark model
and a hlack powder like lampblack on & light model., Fluoresoent pigments {lluminated
with ultra-violet light oan provide a high contrast pattern irrespective of the back-
ground colour and they give very high quality photographs without difficulties. The
properties of some common pigments are listed below,

Titanua dioxide (T10,)

This is the whitost of pigments used by paint mmnufacturers and {y at the same
time the most vpaque; it is thorefore suitable for eaking high contragt pattorns on
a dark Dackground. It i non tox{c and roasonably clean to use,

The particle size {n material supplied for paint manufacture ls about 0.2 micron
although the powder used for medical purposes is sumewhat courser. It flocoulates
when suspendad {n minoral ofls and requires sn additive for partisl dispersion
uf the flo¢s in order to produce cledr streaks,

(hina clay (Keoizn)

'this {8 & complex mineral which In a pure form {r a hydreted sflicate of aluaine
(Al?nJ - 2 8{0 2,0, When dry {t is white hut when wetted with sn oi) of about the
saze refractive fndex it beocomes transparent. For this reason China clay-ofl patterns
have to be dried thoroughly “Wefore they bacome cloar except (n the special case where
an indleation of tranaftiun is required. Hote tho luainar 1egion remains wot sad the
turbulent region is dried,

tanpblack

Lamphinck i 8 common greyislh carbon plgment with a baste particle diameter of
order 0.1 sleron.  As normally suppifed the aggressted particles are much larger ond




33

these neither disperse nor flocculate appreciably in an oil suspension although oleic
acid has & small effect in reducing the boldness of the pattern.

Carbon black pigments can be obtained with very much smaller basic particle sizes
and a blacker appearance. It is possible that better results may be obtained with
these in conjunction with « suitable sdditive.

Anthracene m C,H,,

This is a fluorescent hydro-carbon derived from coal tar. Tt is supplied .n the
form of grey crystals or powdsr and must be ground and sifted to the correct particle
size, It is e varisble product end the cdlour of fluorescence, which depends on the
impurities present, varies from blue to green. The paint appears colourless in
natural light and the pattern must be observed in ultra-violet light.

Chrysene (\ Claflys

‘This materisl is similar to anthracene except that it is more consistent in quality
and fluoresces blue with greater energy than anthracene. Unfortunately chrysene is 2
carcinozen snd therefore there is soma risk of cancer 1f it {s nsad as a pigment with
out protection to the skin, ’

“Dayglo” pigments*

These are the pigments used in the manufacture of fluorescent paints and printing
inks and they are believed to be composed of a resin dyed with fluorescent coloutrs.
The particle size of the powder is about 1 micron and is suitable for the production
of fine patterns without the use .f additives. The patterns are clearly visibla in
natural light and photograph very well in nltra-violet light. Paints made with Dayglo
are particularly easy to usa and are to be recommended. The pigments may be obtained
{in o range of colours of which ‘Saturn Yollow and ‘Neon Red' are the m sl suitable
for visual works and ‘Saturn Yellow' for monochrome photography, The rel and yellow
way be used together to show regions of flow mixing.

The pigment can also be obtained in pea-sized chunks which muy be ground in a
ball mill to produoe powders of larger particle sizes.

* Dayglo plgaents are marketed in America by

Switzer Bros., Inc.,
Cloveland,
Ohio.

and in Eygland by

Bane & Co. Lud.,
1-2 Bugar House Lane,
Stratford,
Londea, B, i5.
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1.3.3 APPLICATION OF PAINTS

The application of the paint te the surface of thz model is & simple matter
although care is needed to produce the best results.

The surface must first be thoroughly wetted with the medium by rubbing it with a
soaked rag. On large surfaces the paint is best applied with a domestic roller,
preferably of the foam plastic type. The roller is loaded with paint in the ususl
way but it is applied to the model with its axis slewed slightly to the direction of
motion, By this means an even film is produced and the old paitern from & previous
teat is erased, A final finish is given by u lighi application of the roller. Some
trials will be required to determine the correct thickness of the coating.

When a brush is used, an even coating is produced if it is moved in small circles
rather than with the conventional painting motion.

I.3.4 RECIPES

With the foregoing principles in mind the following three recipes are suggested as
a busis for adaptation to local conditions.

(1) Simple mix

Use as pigment anthracene, chrysene*, Dayglo pigment or coarse lampblack. Grind
and sift the pigment if necessary to a mean particle size in the range 1 to 10 microns
and mix with about three times its weigh’ of oil and store in a bottle., The pigment
gsettles rapidly and the bottle must be shaken before use. No additives are required.

Apply the mixture as described in Section I.3,3. If the roller absorbs too much
0il dilute the paint with more oil

This mixture keeps indefinitely and is very easy to use cxccpt that there is very
little control on the boldness of the streaks.

(2) Flocculent mix

Mix together thoroughly 1 part by weight of titanium dioxide with 3 parts of oil,
This may be done with a brush but more consistent results are obtained if a laboratory
stirrer is used, Add a few drvops of oleic acid or linsesc oil and make a test run,
1f the pattern is too coarse use more additive., If it is too fine, the proportion of
additive must be reduced but it must be remembered that the s:~s of smaller models
will impose a limjt on thd boldness of the patterns. If the paint does not run use
an oil of lower viscosity, increase the wind speed or add neat oil.

The paint should be made shortly before use since it deteriorates in storage.

The paint ir an old pattern need not be removed for each teat but the surface must
be restored wich a roller containing vil only slnce the amount of additive is linkod

¢ See modical note {n Seotion I.3.3.4.
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with the pigment rather than the oil. After a few tests the surface should be cleaned
with a rag soaked in oil containing an excess of additive.

(3) Titanium dioxide wash

Mix together thoroughly 1 part by weight of titanium dioxide, 1 part linseed oil
and 4 parts oil. Here the pigment is almost fully dispersed and a very fine pattern
of low contrast is produced which is suitable for photographing only on swall models
although it is useful for visuasl work when transition must be determined at the same
time-as the flow pattern,

The paint keeps well in an airtight bottle,

1.3.5 PHOTOGRAPHIC RECORDING

The main difficulty in photographing patterns in normal light is to avoid highlights
arising from reflections and uneven lighting. With evenly diffused lighting and a
slow, high-contrast emulsion there are no special precautions required in taking
photographs of high quality white patterns on black models. If the model is coloured,
the contrast is improved if a suitable filter or an emulsion insensitive to the back-
ground colour is used. Thus a model finished in natural wood colour is best
photographed with an ‘ordinary’ emulsion, that is one sensitive to blue only.

If the model cau be taken out of the wind tunnel, lighting becomes easier. The
model with a lampblack pattern illustrated in Figure I.15 was removed from the wind
tunnel and placed in a tent made of white fabric., The tent was illuminated from out-
side and produced a uniform lighting effect on the model.

With a fluorescent pattern illuminated only by ultra-violet light, the difficulties
connected with the appearance of the surface of the model and with reflections are
overcome. The tunnel is blacked out and the fluorescence is excited by a lamp*
emitting the mercury 3650R line. Only the pattern is seen, both the model surface
and the background remaining invisible. Reflections of the lighi source in the
surface are eliminated by fitting an ultra-violet filter (Wratten 2B) to the camera
and the visible fluorescence is photographed on a medium speed panchromatic plate
(Ilford F,P.4)., Although the exposure time is quite long, it cannot be shortened by
using a “aster plate because of the greater reciprocity failure, and similar
difficulties are found with colour emulsions.

The intense blue fluorescence of chrysene®** allows an ‘ordinary’ emulsion to be
used without loss of speed, Negatives of brilliant quality are obtained which can be
processed under a red safe light (Fig.I.8).

In order to avoid the long exposure timas required with fluorescent pigments an
alectronic flash tube can be used instead of a continuous burning lamp if a window of

* An ordinary U~V ‘sun ray’ lamp is suitable

¢+ Suy medical note {n section 1.3,2.4.
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Wood's Glass (sometimes called blackglass)‘is fitted to the gun. The flash fector is
reduced because only the ultra-violet content of the flash is transmitted; for
instance, a 100 Joule unit used with ‘Saturn Yellow' gives a flash factor of about

10 with 50 ASA film, Colour photographs are easily obtainable in this way.

Uitra-violet light is injurious to the eyes and suitable glasses must be worn when
it is being used.

S ] Figure I,14 gives the photographic data used in the 13 ft x 9 ft low speed wind
o tunnel at the Royal Alrcraft Establishment, Bedford.

1.3.6 INTERPRETATION OF OIL FLOW PATTERNS

The objections that are raised against the surface oil flow technique are often
the result of careless interpretation or attempts to read too much into the details
. of the pattern. It is, of course, impossible to give detailed instructions in inter-
" :'T pretation as it must depend on a thorough understanding of aerodynamic features of
o the model under test, Some examples of flow patterns are discussed below to assist
1, in the recognition of common flow conditions but 1t must be remembered that under
=4 di fferent circumstances they might appear in a different form. In the notes given
' below, familiarity with the asrodynamicas of separated flow regimes is assumed.
Clarification will he found in Reference I.3,86.

Figure I. 16 shows the flow pattern on a swept wing at 0° incidence made with a
titunium dioxide flocculent paint. The difference in appearance hetween the laminar
and turbulent regions can be seen, especially in the turbulent wedges from the
disturbances near the leading edge where the high shear has led to fine streaks.

Pigure I.17 shows the flow on part of a 25 swapt wing at three angles nf incidence
using Dayglo and ultra-violet light. At a = 2° there is a laminar separation and
reattachment at about the half-chord position. In the separated region there is an™
accnmulation of paint which has been drifting slowly towards the tip, leaving & clear
aren on either side. At several places turbulent wedges have broken through the
separation ares and some of the mccumulated oil 1s drifting towards the trailing
i edgo through these gaps. The large V-shaped pattern near the inboard end of the wing ‘
! 1 is the wake from & supporting wire, A

N S

. ) At u = 6% the laminar separaticn region and resttachment are visible at the F
. lending edge of the wing and the turbulent boundary layer nearer the trailing edge

v . is beglinning to drift '.wards the tip,

At a = 109 there ia still a laminar separation region with ronttachment at the
. lending edge and there is now a turbulent separation near the trajling edge. The
U surface flow aivection hehind this separation is forwards from the tralling edge.
L The wake from the supporiing wire i{s having & large local effect on thia flow,

ﬁf . The main features associated with vortex flows from edge soparntions are i{llustrated
i hy the flow over a flat, sharp-edged leltn wing with an aspect ratio of 1. The

L pattern in Figure I.8 is produced hy chrysene and kerosene photographed in ultra-
U violet light. The colled vortex sheets springing from the soparations along the
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leading edges produce the characteristic ‘herring-bone' patieri. on each side of the
centre-line. The suction peak on the wing surface associated with the vortex above,
lies close to the point of inflexion of the S-shaped lines in the herring-bone
pattern. The point of inflexion is often closer to the leading edge than a casual
inspection may suggest. Measurements of surface flow direction by other methods on
this model confirmed that the streaks gave a reliable indication.

The secondary separation line is indicated by the dark line outboard of the
herring-bone pattern. In the early stages of the development of the pattern this
region contained an sccumulation of paint and it appeared then as a white line. As
the development progressed, this accumulation was blown off the trailing edge leaving
the wing surface hare as it is in the photograph., Regions of separation are, there-
fore, indicated either by white patches or dark patches according to the conditions
and the state of development of the pattern.

outboard of the secondary separation line is a region of secondary flows including

a further separation line.
|

In flow regimes of this kind the shape of the secondary sepsaration line can often
give indirect indications of the state of flow elsewhere, For instance, a transition
from laminar to turbulent flow on the surface of the middle of the wing is sometimes
accompanied by a sudden outboard bend of the secondary separation lines. Also, during
a study of the breakdown of the vortex core, it was noticed that there was also a
change in direction of the separation line. Figure 1.8, which illustrates this
phenometion, s wlov au wxwuple of the poor pattern whioh is obtained when the size of
particles of pigment (in this oase anthracens) is too large.

The part-span vortex flow on s 55° swept wing at a = 8° is {llustrated in
Flgure I.18. 1In this case the seoondary separation line is white bacause the paint
has not cleared away. At a = 16° on the same wing the vortex flow has spread all
along the leading edge. Under the vortex, the angle of sweepback of the surface flow
is less than that of the wing tralling edge. At & point further inboard, the surface
flow is tangential to the trailing edge and a new vortex forms from the trailing edge
outboard of this point. When this happens, oil which has sooumulated on the trailing
odge 18 drawn over the surface of the wing in a ourved line and this line is ofton a
valuable indication that the new vortex has formed. The herring-bone pattern
assooiated with this vortex is sometimes found on the upper surface near the trailing
edge, but this is not very evident in Pigure I.18.

On wings with highly swept edges tho vortex flow breaks dowm nosr the tips at high
anglos of incidence and & forward flow on the surface results. The inci{dence at whioh
this breakdown oucurs decreases with the sweep ankle and {t {8 & comuon feature of the
flow on wings of moderate swsop. Figure I.18 shows the surface flow pattorn obtained
with lampulack and kerosens on a 48" delta wing st a = 20° . The vortex flow is
clearly shown nsar the front of the wing but, nearer the tip, the flow {s mainly in a
forward direction which loads to s rotating flow in the surface plane. The ocuntre of
the rotation is uaually plainly marked end indioates the rearward extremity of the
normal vortex flow,
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t.4 THF SURFACE OIL FLOW TECHNIQUE FOR USE IN HIGH SPEED
WIND TUNNELS

A. Stanbrook

I.4.1 INTRODUCTION

The principles of the surface oil flow techrnique in high speed wind tunnels are
similar to those for low speed tunnels (Section I.3) but more emphasis is placed on
the choice of the oil medium to suit the running time required. Again, the exact
compositions of the paint mixtures used in various laboratories nave individual
characters hased on the loeal conditions and the personal preferences of the
experimenters concerned. The purpose of this Section is to collate the experience
from separate tunnels, tn explain variations in the technique and to previde a guide
for the development of oil mixtures for specific purposes.

Typical examples of oil flow pattermns from a high speed tunnel are presented in
Figure I.19. PFigure I,19(a) shows the types of pattern obtained when the flow,
separating from the leading edge, forms either a bubble or a vortex. The third photo-
graph shows the appearance cf transltion in oil flow patterns. (Comparisons between
oii flow and sublimation visualization of transition position are discussed in
Reference 1.4.1; the sublimation technique is described further in Referemnce I1.4.2.)
Pigure I.19(b) shows flow deflection, and separation, at shock waves, together with
the appearance of & tip vortex. The uppermost photograph in Flgure I.19(o) shows a
typicnl result of the application of too much oi]l mixture. During the run oil
accumilated behind the separation line and formed s blob which astood up from the wing.
As the tunnel flow was atopped this biob collapaed and the oil apread over an
approciable region on the wing, oblitorauting details of the flow.

The other three photographs in Figure I.19(c) show various stages in the development
of ofl patterns. The first shows an ourly atage at which the f4.aments are just
forming. In the socond, filaments havoe formed but are run.l.g together to form rivers
of oll which are obsouring detail, ‘he third was tuken aftor the coapletion ol this
samo run, when the rivers lhad flowed downstroam, off the model, and a large amount of
fine detall could be observed.

1.4.2 EXPERIMENTAL STUDY OF THE DEVELUPMENT
OF THE PATTERN

I.4.2.1 Effect of the Pigaent Concentration

To provide background informatjon on the importance of precisv proportions of the
oll mixture, a snerigs of tosats wus zade on a wedge of 15° total angle and 2.5 in.
chord {n a 3 in. square supersonic wind tunnel with a short starting time
(approximately 3 scconds). The ofls roferred to in this and in other parts of the
note are classified in Appendix I.4.1,
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Figure I.20 shows a typical* graph of the variations of the time taken to form a
pattern with the pruportion of titanium dioxide to a given oil/oleic acid mixture by
volume**, at a free stream Mach number of 1.4 (a local Mach number on the wedge of
1.12) with atmospheric total temperature and pressure. It will be seen that there
was a minimum concentration of pigment below which no filaments were observed, the
limit being lower with turbulent flow (for which the skin friction is highser). Above
this minimum a filament pattern was observed. The time terken for the pattern to
develop was independent of the pigment concentration up to a certain limit, above
which the time increased rapidly. At the lower concentrgtions, the pattern formed
was eventually lost as the oil mixture moved downstream snd off the model. The time
taken for this tn happen also incroaced with pigment concentratioh and thwiv appeared
to be a limit above which some trace of the pattern remained on the model indefinitely,

Typical photographs, shown in Pigure I1.21, compare the development of the pattem
with both laminar and turbulent boundary layers for one particular oil mixture.
{These photographs show % in. wide chordwise strips of the wedge.)

1.4.2.2 Oleic Acid Additive

The function of oleic acid as an additive to titanium dioxide peints to control
the boldness of the filament lines by controlling the degree of . “ag.lation of the
particles is discussed in Section 1.3.2. The following tests made in the 3 in.
supulsun.e tuinel illustrate the effects under high speed flow conditions,

Figure I.22 shows flow pattems obtained on the wedgoe in the 3 in. tuanel using
mixtures containing different amounts of dispersing agent. The uppermost pattern
was obtained with no dispersing agent (3 ccs OM-106 of]l + 2 ccs T10,). The skin
friction in the laminar [low reglon was too low to move the coasgulated oll sheet.
Howevor, irregularitios {n the ofl shoet caused transition furthor downstream and
the higher akin friction was sufficient to move the oil. The second photograph shows
a pattern obtained with a swall amount of oleic acid present (1 drop in 3 ocos OM-108
0il + 2 ces Tlo?). with which an acceptable filament pattern was obtained. Since
the further addition of sufficient oleic acid to ensurs complata dispersion of the
plyment would probably have altered the viscosity, a propriotary oil of the sazme
viscos{ty containing the highest available proportion of detorgent additive (Shell
Rimula 30) was used. The result i8 shown in the third pattern {n Pigure I.22.

Sinco dispersion was complete, the plgment particles were each coapletely separate
and no filaments werc observed.

It 13 seen froa the uppermost pattern in Figure 1.2 that where the skin friction
fs high enough (e.&. in the turbulent boundary layer) {t {s possible for an oil
mixture not con’aining olelc acld to flow. In the particular case shown in
Pigurw 1,22 the filsment pattern 18 indistinct. Plgure 1,23 ghowa a comparison
betwcen flow pattorns on 4 wing froa aixtures with and without olelic wcid (1 drop in

* These results are for ON-108 o1l hut tesis with othor oils show vuriatiocns ¥iallar in type.

** volumse of titanlum dioxide rofers to thy loosoly packed pomder aw scooped froa the Jar.
ita density han boen found to be approximatoly 0.73 gm/cc., cospared with the true density
of titanius dioxide of 3.8-4.2 gw/cc.
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1% ces oil + 1 ce TiOz) . The skin friction was sufficiert to move the oil near the
leading edge and the root and, in this case, the advantage gained from the addition
of oleic acid was only marginal, flow lines being visible in both cases, but more
distinct when oieic acid was present. (The flow was actached around the leading edge
of the wing and then separated from the surface at a shock wave,) Further downstream,
in the region of separated flow, the skin friction and, hence, the rate of flow of
oil were low, The test was not continued for long enough to see whether the oil
would move in this region: to do this would have resulted in losa of the remaindour of
the pattern.

wnether or not filsment patterns may be obtained without nleic mcid will depend on
the viscosity of the oil, on the quantity of pigment added and on the skin friction
irternsity in the flow. This may be seen from the following table which shows limiting
pigment concentrations with various oils for laminar and turbulemt flow (f{rom tests
in the 3 {n. tunnel):

Viscosity at Liniting pigment concentration
surface (ec Th0,/ce arl)
Ol ?
temperaturc
(Stokes) Lominar Turbulent
shell Limea 931 4 0.5
OM-108 6 - 0.6
ON-108 9 0.46 -
Shell Vitrea 72 14 0.3 -

For lower concontrations than theae the link botween the pigment particles (n the
coasgulatod luiwork wus sufficfently weak to be readily broken hy the gkin f{rirtion.

Now, {f some dispersing agent were added a certain amount of the pigment would be
dispersed. 1t is roasonable to suppose that further pigment could be _dded until the
aamo dogree of coagulation was reached. Bone tests Lo study this effect wore made
using varylug proportions of olelc acid to oll. The results (Fig.I1.24) show that an
appreciable increaso® in the limiting pigeent concentration was produced by the
additton of a small proportion of oletc acid (0,08 drop/ce of ofl). ™ .5 laprovement
did not increase {n proportion to the smount of oleic nrid added, presumably owing to
additicnal factors such sa the reduction in spacing of individual pigment particles
{relative to thair size) at the increased pigeent concentrations involved,

At moderate pigment concentrationa (0.2 to 0.6, Fig.l.24) increase of the pro-
portion of oleic acid firat decreases the time token to furm a pattern and then
incroases it. The tnitial decreaxe ts probably due to *he incroased case of zovement
of the otl mizture brought about by a szall degree of di{uporsicn and the conneguent
break-up of the coagulated motwurk. Aa the dogrec¢ of dispersiun {& ln.. caged the

* The quantitstive results obtained may only bo applied to the particular sanple of clof¢ acid,
because of poxsible difterences of quality snd deterioration,
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size of the coagulated clusters of particles decreases and more time is requirsd for
them to collect together into filaments,

The discussion sbove =hows that oleic acid may be used to extend the workable range
of pigment concentratiors. However, it is no! advisable to use a mixture which is
near to the limiting pigment concentration, since the limit depends upon the actual
skin friction intensity. With a complex flow patrern the range of skin friction would
be large, from very high values in the regions scoured by vortices to very low values
in the neighbourhood of separation. Then, if a mixture with a pigment cuncentration
near the limit -were used it is probable that there would be extensive regions n which
the skin frietion intensity wag insufficient to break up th: Suasulaled notwork of
pigment particles.

1.4.2.3 The Thickness of the @il Sheet

Some tests were made with various inttial thicknesse¥ Y BY1 6n the wedge, using
pairs of feeler gauges and a strajght-edge to ‘scrape’ the oll sheet teo a reanired
thickness, No variatfon {n the vime taken to develop a filament pattern was observed
over the range of thicknesses from 0.0005 in. to 0.005 i{n. It was also found that
the normal application of oil mixture ysed in the tests was approximately 0.002 in.
thick.

The distribution of ofl film thickness over a surface during the running period is
given by Bquation (I.17) which aay be solved numerically for laminar and turhulent
flow on a two-dimensjonal flat plate assuming that the presetce of the oil does not
affect the surface skin-friction intensity, Calculationa have beon made for the
conditions of the tests {n the 3 {n. tunnel descrited {n Sectior 1.4.2.1 and for
initial thicknesses of tho oll shuet of 0,005 In. and 0.001 in. The resylts are
shown in Plgure 1.25 in the Torm of thickneas distributions acroas tihe woedges st
varjoun timea after the atart of the motion.

It will be seen that the oil sheet thicknmsa verien sbuut fivoe times as fast for
the turbulent boundary layer as for the leainar. and that sfter about 30 seconda for
laminar flow (and 6 .ceonds for turtulent flow) the thickness [s virtually independent
of the inttial thicknoss.

The photographa reproduced 1n Pigure I.21 were takett at variaua times In the
developaent of the oll filements. 1In the laxinar {lov pattern at 4% minute filamenta
have formed 3/4 In. from the legding edge while at 24 minutes there are {ilasents
over the catire chord. FPilazents formed over 0.8 of the choxd in 4 einute of
turhulent flow. Comparisoh with the theoretical thlickness distributicns at the
corresponding points and times suggents that In these testa the f{{laxents formod shen
the sheet thickness was approximately 0,0002 in. (irrespactive of the {nitfal
thickneun of the oll sheet).

1.4.3 CONPARLISON OF TRE VARIOULS FOUNS
OF THE TECHNIQUE

1.4.3.1 Cenoral Comments

Bove gonelal tokaonts may be sade frod nforwalion suppliied by the staffe of
various tunnels




The majoritv of the mixtures used have from 2/5 to 2/3 c¢ plgment/cc of oil
although conccntrations varyi. ; from 1/5 to 3 are also in uce, (The stiffer mixes
have been used where it is required to limit the movement of the pattern during tunnel
shut-down. The times taken are not comparable with those for the more common pro-
portions.) Titanium dioxide is used fairly consistently as pigment - it is, after all
the whitest pigment available. Antimony dioxide has keen tried (by Lee and Berry of
the National Physical Laboratory) with less satisfactory contrast in the results,
Lampblack is used in low speed tunnels, but appears to have been used little in high
speed tunnels (the only case found waz in some early tests by Fairbain in an inter-
mittent tunnel at Armstrong Whitwoerth Aircraft). Another rpigment in use (bv
Igglesden (Ref.1.4.5) of the Royal Alrcraft Establishment) is Prussian Blue (supplied,
in paste form, ready mixed with Shell Carnca 35 atl by Henry Stuart, Sons & Co., us
Micrometer’ brend engineer’s blue marking). Fluorescent powders have been used in
low speed tunnels, and could also be used {n high speed tunnels provided that their
use was restricted to large models (because of the large particle size).

The chulea of oil is largely determined by tunnel running conditions. For
fnstance, a Light ofl or hydrauiic filuld would be used in we-tntermittont tunnel to
reduce the time taken to lorm a paltern ‘e.g. OM-15 is used in an intermittent tunnel
at Armstrong Whitworth Afreralt), Onr the other hand, a hoavy oi{l would be used in a
tunnel shich takes a long time to reach operating conditions, to laugthen the time
taken to furm a pattern and hence o iimit the effoect on the of) flow of the incorrect
running conditions (e.g. Shell Nassa 87 all has been used 1o the o £t and 8 ft tunnels
at the Roral Alrcraft Butablish=ent, Bedford). In tupnpels where the temperature s
ralsed to avald mofature cendensation (e. g, De Havilland Alreraft, ®uiglish Rlectric
Aviation and Handley Page) a silicone fluld in gonerally used in place aof oll. This
has the advantage of avoiding exceasive visconity al atmosphoric temperature, thereby
raking applicazion of the aixture easler. Castor ofl has heen used (in the 8 ft «x
6 ft tunnel at the Royal Alreraft Ewxtablisheent) on metal models with an extromely
high standard of surface fianish. Trouble was oxperionced with othar of{ls on these
andels, castor ol) wan tried bocavse of fta high adheaion to setal surfuces.

Oleic acid ix used to limit coaguliation in nearly all cuses, although it has not
besih necexsary to ndd any dispersing agent to mixtures based odh natural animml or
vepetynle olla (such as castor oil) since sulficient fally acide are pregent in these
oile.  In some casmes, disperaing agents have boen onilted from =istuyrez hased on
m.aeral ollas and aoee form of patlern has heen produced. However, the atandard of
the pattern _ould possihly have beer isproved by the sddition of olele acld. In
ather cases. the o] viacosity has been varied by blending twv clls, one of which
alroady containe o diepersing agent. They were hot alwayx =ixed in the same pro-
partyvon and the conseguent variation in the degree of disporaion resalted in the
atandard of pattern formed not being repeatable. It wuuld be preferable {n such a
care to choose two oils, neither of which cohtlaing sdditives.

Ry varying the degree of <cagulation (i.e. chenging the relative proportions of
pleneat and dispersing ageat) 1t isx posaibie to ajter the aize of the filazsn<s and,
hence, the seale of the pattern. Thus, a grealer degree uf coagulation is noceasary
oh large oodeis than on smaller rodels.

The smallieat size of filexent to bho attalned (¢ detormined hy the resolution of
the pi- tographic systoe used and 4y tho sethod to be ured for the reproduction of the
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3 results, if any. Adlthough considerably more fine detail may be obtained on a large
| medel than on a small one, this may bs useless if it cannot be recorded.

o Cleansing of the surface of the model with solvent and rubbing over with oil is

held by some to be essential for the production of good oil flow patterns while others

consider it to be completely unnecessary, Whether it is essential or not, it does

. serve the useful purpose of removing finger-prints (which may be acidic) ana of

. providing a clean, uniformly oily surface. No one considers cleaning to be necessary
between the individual runs of a series of oil flow studies, respreading of the

mixture with, possibly. further application of the ofl mixturc being sufficient iu
this case.

éi
The method of application varies between spray, paint-roller, brush and hand
according to the viscosity of the mixture and the size of the model. The thicker

mixtures are applied by hand and it is thought that the rubbing action of the finger
on the surface improves the initial dispersion of pigment.

1.4.3.2 Correlation of Running Times

In addition to pruviding details of the oil mixtures used in thair tunnels, the
varicus staffs were invited to quote times for the formation of flow patterns on
typical models. The data provided are for a laige variety of tunnels, varying from
low speed to high supersonic speed and including both intermittent and continuous
running. They apply to models of wings and of wing/body combinations. Total
temperatures vary from 15°C to 140°C. The oils used range from kerosene to steam
cylinder oils and include silicone fluids.

r In Pigure I,26 these running times are correlated in terms of the parameter
{
i ”bil/qct

where g .y 18 the viscosity of the oil
q 1is the dynamic head
¢y is the local skin friction coefficient,

which has the dimension of time and which iz implicit in the theoretical treatment
in Section 1.2), It may also be recallod that the time taken for a pattern to
develop was found (experimentally, with rome further theoretical justification) to be
independent of the initial thickness of the o0il sheet,

v

. | For the correletion, the oil viscosity hes been takon at the surface rocovery
i temperature for zero heat transfer (Ref.I.4.3), while the local skin friction
. -.i coefficient, c,, has been calculated at the trailing edge of a tvypical chord,
using Cope’ s data for flat plates (Ref.l.4.4) at the free stroam Mach number. It
will be seen that the correlarion is reasonable, the majority of the data lying in
the range

N
1 t = (36,000 t12,000) _01_1>
qc,

) (Note that in Figure I.26, for convenience, the ordinate is measured in minutes while
l the abscissa is measured in seconds.)
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Results for the fiow on the simple flat wedge in the 3 in, tunnel are also plotted
in Plgure I.26 (as filled points). The times quoted are for the initial formation of
filaments, which then remained on the wedge for a considerable time (see
Section 1.4.2,1). Tihe fact that these times (t 2 7500 “oil/q°f) are minima in
itself accounts for them being less than the general values ‘quoted, where time has
bzen allowea to ensurs that the pattern is fully established., Further, in the general
case the skin friction will differ from the flat plate value, being higher in some
regions and lower in others. Consequently, it is to be expected that fjlaments will
form quickly in some reglons (e.g. beneath strong vortices) while in others the
formation will be delaved and time has to hs allowed far the pattern to develop in
all regions.

1.4.4 MULTIPLE PATTERNS DURING A SINGLE RUN

various attempts have been made to obtain more than one oil flow pattern during a
single run. It has been found to be possible in certain cases, givech some pra-
knowledge of the type of flow patterns that are going to be obtained. For example it
is helpful to know in advance that at one of the incidences to be tested, there will
be a major flow separation oo the wing. If this is then selected as the first
condition (and a suitable condition chosen to follow) sufficient oil may be left on
the wing to bo redistributed i{n the later condition. It is also possible to inter-
pose a dissimilar pattern between two similar patterns at different conditions in
order to ensure that the recond of the like patterns is freshly obtained. This
nothod has been used by Ormerod in studies of the vortex flow over slonder wings,
where the pattorn changes little with Mach number at fixed incidence.

Nultiple patterns may elso be used succeasfully when studying one particular and
localised feature of the flow. For example (Ref.1.4.6), in obtaining the Mach number
and flow deflection boundary for shook-induced separation of the boundsry layer
separatod and attached flows were investigated alteruately and the type of flow was
clear ovon though fine details were confused by traces from earlier patterus.

For permanont records n all those cases {t is, of course, csaential to be able to
photograph the flow patlern during the run.

4.5 CONCLUDINY RENARAS - RECOMMTNDED MIXTURK

From a correlation of avaitable uata on the oil flow technique it {a poasible to
recozmend the following procedure for the determinat.on of an ofl eixture,

(1) Tne running time to develeop a pactern {w first decided, by consjderation of the
operating conditions of the tunnel.

(1) Thin time s divided by 36,000 to give an approximat: value for the parameter
boy1 9Ly

(1) A value of qQc, . calewlnted wi Gie craaiing odge of a typleal chord frem
houndary layer theory for a {lat plats, 18 used to determine the required wil
vincoaity at the tomperature of the surface, With sieple models, or {f the correct
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lowest value of qc, on the model is used, this may under-estimate the viscosity
required (Section I.4.3.2).

(4) A suitable oil may be choscn from Figure I.27, or similar data.

(5) The mixture should contain from 2/5 to 2/3 parts of titanium dioxide powder to °
1 part of oil (by volume or weight, since the densities are almost identical).

(6) The amount of oleic acid, or other dispersing agent, must be determined by
experiment, since the factors involved are so variable (e.,g. the oleic acid may
deteriorate, the oil may already contain a dispersing agent or, in some cases, a
dispersing agent may be unnacessary).




APPENDIX I.4.1

Characteristics of the Various 0ils in Use

A brief description of some oils in use is given below and graphs of the variation
of kinematic viscosity with temperature are given in Figure 1.27. The SAE motor oil
classifications are also shown in Figure I1.27 for convenlent reference.

SERVICE OILS (Ref.I.4.7)

OM - 13 A light mineral oil of low pour point (—46°C) containing
0.0% %5 0,10% of stearic acid.

Aviation hydraulic fluid; petroleum base, with an
oxidation inhibitor, viscosity index improver and an

anti-wear agent (pour peint -59°C).

A refined filtered mineral oll of SAE 30 grade
(pour point -18°C).

OM - 160 A refined mineral oil (pour point -12°C).

oM - 270 A plain mineral oil (pour point -12°C).

PROPRIETARY OILS

Shell Group oils*

Carnea 35 A plain mineral oil (pour point -129C), Specific
gravity at 15.6°C = 0.933.

Limoa 931 A plain minaral otl (pour point -12°C). 8pecitic
gravity at 15.6°C = 0.935.

Macoma 76 A mineral ofl with mild E.P. additive in the form of
soap (pour point -71°C). Bpecific gravity at
15.6%C = 0.936.

Nagsa 19 A plain mineral oil (pour point 10°C). Specific
gravity at 15.6°C = 0,905,

Nassa 87 A plain minerai oil (pour point 7°C). Speoifio
gravity at 15.8% = 0,908,

Rimula 30 A mineral oll of SA% 30 grade with polar detergont
additive (pour point -18"C). Specific gravity at
15.6%C = 0.912. Viscosity as for OM - 108,

* Dotails kindly supplied by Ghell-Nex and B.P, Ltd.




Vitrea 172 A plain mineral oil (pour point —7°C). Specific gravity
at 15,6°C = 0,880,

Edgar Vaughan & Co,Ltd., 0Oils

EVCO Medium turbine oil Specific gravity at 15.6°C = 0.880.

EVCO NPL 4 (No details available),

OTHER OILS

Various vegetable olls, snch as restor oil and linseed oil, are in use. They all
contain fatty acids,

vVarious paraffins are in use,

SILICONE FLUIDS (Ref.I.4.8)

Midland Silicone MS 200/500 cs Dimethyl silicone fluids
MS 200/1000 ca with characteristically high
MBS 200/12,500 cs viscosity index.
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Pig.1.8 Surface flow pattemns on A = | delta wing at a = 15° (chryeone, kerosene,
U-v tight)
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Fig. 1.2  Surfuce flow patfern oh yawed wing, Indication of vortex breakdown

Pig.1.10  Surface {low pattem, formetion of wavelets in floceulent misture
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F1g.1.13  Flow 45° delta wing, a = 20°, Jampblack-keraseno

Pig. 1,16 Tiunsition wedgon showy by 1‘107 - kerosene mixture
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w oz 10°

Pig.1.17  Surface flow on portion of 25° swept wing, ( ‘Dayglo' {n U=V light)
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Surface flow pattern on 53° swept wing. (Anthracene-kerosene; U-V 1ight)
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Fig.1.19(a) Examples of oil flow patterns (continued)
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Pig.1.19(b) Ezamples of oil tlow puttéms
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OIL MIXTURE USED:
3 c.cs. OM-108: 2 c.cs. Ti02: 1 DROP OF QOLEIC ACID.
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EDGE — EDGE

LAMINAR FLOW
§ MIN.

LAMINAR FLOW
2§ MIN,

TURBULENT FLOW
§ MIN.

- 1.3 INCHES >

Fig.1.21  Typical oil flow patterns on a 15° vedge
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#i2.1.22  Fattorns obtalued with dilfevont degrees of dispersion
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e . 1.23 Plow pattems obfained with and vithout oledc acid in the oll mizture
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@ LAMINAR SOUNDARY LAYER.

4 TURBULENT BOUNDARY LAYER,

FILLED SYMBOLS REPRESENT RESULTS FROM
INVESTIGATION IN THE 3 INCKH TUNNEL.
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Fig.1.26 Correlation of time taken to form an oil flow pattein in various tuunels
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PART II1. TECHNIQUES FOR LOCATING BOUNDARY LAYER TRANSITION

Apart from the methods described under the sections dealing with smoke techniques
and surface oil flow techniques, several methods have besn devised for locating the
position of boundary layer transition by chemical ana evaporative means. Descriptions
of & number of these methods are given in Reference II.1 and attention is drawn to
1i8ts glven there and in Reference 1i.2 of various toxic materials which had previously
been suggosted for use as indicaters.

In current low speed practice only the ‘china clay’ and the ‘liquid film' methods
are in common use.

The ‘china clay’ method is described in detail in References II.1 and IIf.3
Briefly, the model is coated with a deposit of china clay (kaolin) which appears white
when dry. When sprayed with a volatile liquid of about the same refractive index
(such as methy! salicylate®) the coating appears transparent. The liquid on the part
of the model subjected to a turbulent boundary layer is evaporated moro quickly and
the white appearance is restored behind the transition line (Pig.IX.28).

This method {s particularly useful when many successive indications with a high
degree of clarity are required on the same model but for oocasional measurements the
preparation of the surface is too lengthy. For rough indications a paste comunged of
china clay and kerosene spread on the surface of the model with the fingers hus given
oxcollent reosults although the comparatively uneven surface which rosults : .etimos
gives rise to transition wedges,

The liquid film technique is frequently employed when a quick indication of
transition ia roquired in the 2ourse of & wind tunnel tost. A volatile oil is wiped
onto the surface of the modal with a swad so that it is covered with a thin film
The film vvaporutes more qulickly In the turbulent reglon and ke transition line con
readily be soen $n the reflections from the surface. The indicution is olearer on a
matt black surface and the contrast can be increasod by dusting the unevaporaled area
with a white powder such us french chalk.

It is conveniont to hola fn the laboratary a stock of kerosemc distillation
fractions so that a suitable oil can be choson for the test conditions, the heavior
fractions being suited to higher spoeds. Indication of the position of the transition
line {8 sometimes mad? clearer {f 3 transition wedy . ir croated artfficialiy by a
small protrusion placed in the laminar regions for this purpous.

In aigh speed wind tunnels the evaporation techniquo has now been almost complotely
discarded in favour of sublimation methods (Ref.1!.4) where a solution of a suitable
solid in o highly volatile liquid is sprayed onto the model. Ind{cation of the state
of tho boundary layer i{s then shown hy the different rates of sublimation of the
solid deposit {n different flow regimes.

¢ In practice korusono works well, and this gives the advantage that verious distillution
fractiops oun be used as required,
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Azobenzene has been gererally used in continuous supersonic tunnels and more rapid
indicators like acenaphthene and hexachiorethane have been used in transouic and
intermittent tunnels. Acctune or petroleum ether are suitable solvents.

These sublimating solids as well as some others like diphenyl are toxic sybstances
and precantions must be taken during application to avoid ingestion and contuct with
the skin.

A list of aliernative materials is given in Reterence II.5.
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PART IIY. SMOKE TECHNIQUES FOR USE IN LOW SPEED WIND TUNNELS

R.L. Malthy and R.F.A. Keuting

II1.1  INTRODUCTIGN

Snoke tunnels, which are wind tunnels designed exclusively for flow visualization
tests using smoke, can give unrivalled prssentations of the entire flow field around
s model. These wind tupmels operate at very low speeds and elaborate precautions are
taken to achleve a non-turbulent flow soc that the smoke streams which are introduced
in front of the mpdel remeln cles;ly defined. Becanse the Reynolds number available
{s necessarily very low, smoke tunnels are of limited value for investigating flow
separation phonomena.

Full and detatled deseriptions of Lhis specialized tochnique are given in
References I1IX.3, IT1.2 mnd ITI.3 and the present paper will deal specifically with
the use cf smoko in ordinary low-speud wind tunnels.

The cholce of a suiteble smoXe is nct e2sy, for It sliculd be dense and white, non-
toxic and nop-corrosive ax well as non-clugging and non-condensing. It must be safe
wnd sieple to generate end must not issue inte the airstrean with sufficiont velooity
to disturb the experimental conditions. It sheuld be noted that aany types of chemiecal

amoke geperutor desfgned for s{gualling snd for military purposes are corrosive and
contair tovie argenic dyax.  Their use {3 not recosmended {n a cotflined space although
there may bLe nv sujtable alternative zhen very large volumas of macke are required.

In such cuases adoquate proteciion for the observers sust bo provided.

All smoko techniques depend on the guallty of the lightiug avealabla in the wind
tunnel: in fac?l it {3 pot unusual for ssoke patterns which are invisible in genoral
lighting, to reveal important detalis of the flow shen properly lit (Plg. 111.29).

17 the seoko pattemn has to be photographed the problea of 1ighting becoass oven sole
japortant and cale wust alsays be token to easuve that the best illuminatison in
available in sach sel of ¢lrcupatances.

111.2 D11 KWOKE

The mos'. commch geihod of obtaining wmeoke for sind tunpeis {x Wy the vaporization
of a mincra! oi] such an kerosene. An epharatus designsd to produce a suhatantial
quantity of keranene xaoke {8 described fn detall ir References IIT. 4 and IT1.5, €t
supplied froa a rerervolr is boiled in a glexs tube shich in heated electrically.

The vapour issueas froa a xxall orifice at the ead of the tube where (L neols alressa
of alr ehtering froe the aides of a mixing vesxel foraing a dense shite sxoke. The
somoke 18 then fed %o the wind tuavel surking sectloh through tubes,

The keroxene sacke {n nar-rorrosive and sai-toxic elthouigh there §8 wome risk of
fire or explosicn {f the generntcr {x ®ishanuied, The ke tends to cundenss an the
walla of tubes conveying 1L %o the wodel and. if the generwler -aanct tx plavwi ciose
to the madel, Lhe voiuse of smoke omitled may be aisappointirg,  The apparetis
becomes kesay to handle vnlema it is quite Free from loaks ad the sxell of a large
concentration of ssolic 's unplessant.




A particularly compact and reliable oil smoke generator (Fig.T1I1.30) -has been
developed in the Mechanical Engineering Laboratories at Cambridge University. This is
a self-econtained unit to supply a small smoke tunnel and it incorporates a blower
from a hair dryer to provide its air supply.

Small amounts of kerosene smoke can be generated at the surface of a wing
(Ref.ITI1.6). An asbestos pad soaked in kerosene is set inlo the surface of the wing
and is heated electrically so that smoke can be generated at the points of interesi.
For instance, it can he produced along a spanwise line and can be used to give an
overall indication of houndary laver transition.

III.3 a - BROMONAPHTHALENE MIst (C H, Br).

Smoke techniques are reasonably simple to operate af low wind speeds but there is
always difficulty in producing sufficient smoke to be visible at higher speeds. In
the course of research on axial compressors at the National Gas Turbine Establishment,
a special technique was required to make the flow visible at about 500 f.p,s.
(Ref.II1.7). A study of the ‘arparent luminosity’ of mists composed of refracting
droplets (Fig.III.31) showed that a tenfold improvement could be obtained over
kerosene smoke if a mist with a refractive index about 1,85 can be used.

a — bromonaphthalene mist has a suitably high refractive index and an spparatus,
similar in principle to the oil smoke generator, has been designed to produce it.
The temperature of the vapour needs careful control and an elaborate boiler is
required.

Satisfactory photographs have been taken at 500 f.p.s. with a high intensity argon
discharge light source.

o - bromonaphthalene and similar compounds are toxic subsiances and the mist must
not be inhaled,

I11.4 TITANIUM TETRACHLORIDE (TiCl,)

Titanium tetrachloride (Titanic chloride) is a liquid which, in the prosence of
moist air, produces dense white fumes consisting of titanium dioxide and hydrochloric
acid, The fumes are therefore highly corrosive and irritant,

Despite these serious disadvantages, titanium tetrachloride is frequently used when
a smoke trace is required with the minimum of preparation. The liquid is mixed with
an equal quantity of carbon tetrachloride (¢ Cl)) to minimise the formation of solid
deposits, It can be applied to the surfaces of models in drops or streaks by means
of a glass rod dipped in the mixture, A stream of smoke issues from the droplets
until they have completoly evaporated leaving a solid deposit un the wodel. [Iluely
detailed smoke patterns are easily obtained in suitable lighting for example
Figure 1II.29(a) and YTI.28(b) show the roiling up of the vortex sheets springing
from the separation at the edge of a slender delta wing, In Figure III.20(a) the
vortex core is well defined hut in Figure IIY,20(b) the model has boen yawed and the
flow in the vortex core breaks down.
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A continuous stream of smoke can be obtained by using the simple apparatus
illustrated in Figure ITI.32, Air is blown gently through a bottle containing a
mixture of titanium tetrachloride with carbon tetrachloride and the fumes-are delivered
through a glase tube to the model. There is a tendency for a solid deposit to form at
the nozzle which quickly blocks the flow unless it is cleared frequently.

Titanium tetrachloride smoke is only suitable for very low wind speeds of the order
of 5 f.p.s.

III.5 WATER VAPOUR

I1f the relative humidity of the air in a wind tunnel is high the water vapour will
condense in areas where there is sufficient drop in tempersture. This sometimes
occurs near the cores of the vortizes ifrum the vdges of a slender wing and it river a
clear indicution of the vortea paths (Fig, III.33). The process can be encouragud by
throwing water into the wind tunnel settling chamber before the test. The tubular
appearance of the vapour in Figure [I1.33 is discussed in Sectiou 111.9.

Watcr introduced into high velocity jets issuing from a wing in an airstream will
atonise intu a mist which can be used to trace {hu paths of the jets.

I111.6 SOAP BUBBLES

Al though a atrsam of soap hubbles can hardly be described as s smoke, it ia
convenient to mention the method here since it performs a similar funotion. The
bybbles can ba produced from s mixture of s liguid aynihetic detergent (such as
“Teapol’') and glycerine. A piece of wire hent to form n Y inch diameter circle with
a handle iw dipped into the mixture and is then held 1a a slow airstream. The wind
spaed {n oarefully adjusted so that a stream of bubbles forms from the liquid film
on the wire and can bo mads to flow over a model for o fow seconds, If they are
t1luninated by a spoilight from further downatrean and photographed with a long
exposure, the paths of the bubbles will appear as white lines. Figure III.34 {llus-
tratos the flow over a sharp-edged delta wing using this sethod.

A soap solution can sometimes he used to locate araag of sepaveted flow at high wind
spoed Yy fecding it thruugh tubes leading to holes in the wodal used for preasure
plotiing. Bubbles will form on the surface and will be blowm away except when they
fors at holes in a reglon of separation. 1n such a region thoy will congreszate and
sark the area of zero veloeity.
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IIT.7 VAPORIZED RESIN SMOKE®

A compact electrically fused pyrotechnic generator (Fig.IIX.35) whlch produces a
denge stream of white smoke has been developed especially for use in wind tunnels up
" to & speed of about 50 f.p.s. The smoke is non-toxic, non-clogging, has an in-
offensive odour but is slightly corrosive to bare steel., The composition of the
contents of the generators has not been divulged by the manufacturers but it is
believed to be based on the vaporization of a resin. Some ammonium chlorate is
present, and, since this is an unstable substance, the generators must be stcred away
from heat.

I{i1.8 SMOKE FROM CELLULOSE MATERIALS

The smokes from smouldering cellulose materials such as wood, tobacco or paper have
been in use for many yesrs and they offer one of the simplest methods of producing
large quantities of smoke for long periods with a simple control of volume, These
smokes tend to contain large quantities of tarry mutter which may be deposited on the
surfaces of the model and the wind tunnel unless they are previously filtered out.
Unfortunately the volume of smoke is much reduocd Ly such filters because the
visibility of the smoke rvelies on the presence of water droplets. Furthermore the
products of combustion of cellulose materials oan contain a substantial proportion of
carbon monoxiae and care must be taken to onsure that the atmosphere in the laboratory
is not contaminated to a dangercus lavel,

Smouldering paper produces s very dense saoke withoul an excessive amount of tarry
matter {? the burning conditions are carefully controlled., A suitable smoke generator
is {1lustratod in Pigure I11.36 with which rolls of paper towelling are used as fusl.
It consists of two substantial steel oylinders 12 in. high, one of 12 in. diameter,
the combustion chamber, and another of 8 in. diameter whirch is a separstor to roanve
the lesas volatile products of combustion. Both cylinders ere fitted with lids which
are bolted down firmly to sake a good meal.

The comhuation thamber (n fitted with an air supply pipe at the bottow and also s
plug through which the paper (s ignited. Inside the chamber, the air supply pipe is
divided into three smaller pipes arreanged to distribute the incoming air. The
separator is connected to the combustion chamber by & large pipe which is casiiy
accesaible for oleaning. ‘The meoke aupply pipe to the tunnel is counented to the top
of the separstor.

Tt is important to Keep the temperature of combustion low {n order to miniaise the
asount of tar piduced and to extend the duration of tho saoke production. The correoct

* Vaporised reain ssoke gererators are marketod as ‘Brocks White Gmoke Gonurator' Ref.Wd3 or
¥120, the number 1o the refereace lodicating the tise of burniug 1o svconds. They say be
oblalned from:

frocks Pirovorks Cu, ttd.,
Hisanl Hoapatead,
Uert fordabire,
ngland.
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burning rate is achieved by making the paper slightly damp before loading. About
2% 1b. of pape: packed lcosely into the combustion chamber cun be made to provide a
dense smoke for 40 mins.

To assess the risk from carbon monoxide poisoning from this smoke the following
measurements have been made in the 13 x 8 ft Low Speed Tunnel at R.A.E. Bedford.
This tunnel has the unusually large internal volume of 700,000 cu, ft and concentrations
in smaller tunnels might be expected to be correspondingly greater.

C0 content of smoke issuing from generator 2.5%
20 content of air in working seotion after buming

6 1b, paper 0.01%
CO content of air in working section after burming

10 1b. paper 0.02%
€0 concentration looally in control room at the

same time 0.02%
0 concentrations, locally for short times, in

working s+otion wp to 0.06%

The toxic effect is based on the great affinity of hassoglobin in the blood for
carbcn monoxide. Very low concentrations in the stmosphere will markodly reduce the
axygen dissociation rate snd the capacity of the blood to carry oxygen. The carbon
wonoxide ocan only be displaced slowly by oxygen in a purc ctmosphere, so that the
effeots of breathing a contaminated atmosphere for infrequent short periods nver
soveral days are cumpiative, The following table gives an iudication of the effects
of varjous concentrationa: )

0.01% Yo appreciable effect after prolonged exposure

0,02% S8light discomfort (e.g. headache) after a few hours exposurs
0.15% Dungeroue afser 1 hMour oxposule

0.4% Fatal after )1asa than 1 hour exposure,

1t is clesar, therefore, that it is necessary to provide good ventilation in the
rooms surrounding the wind tunnel and to waintain a constant circulation of air in
the tunnel when attending to the model since there i reason to believe that low
chronic toxloity should be avoided as well as the obvious atute poisoning hasard.

The carbon munoxide contamsnation of the atmcsphers can be measured with a simple
compercisl tnrtrumeant based on the discoloration effect on Potassium Pellado-Sulphite.

1711.5  SNOKE VISUALVZATION OF VORTEX TYPE ERGE SEPARATIONS

111.9.1 The Gmoke Tube Nethod

Exporience has zhown that the vortex type separations from hightly swept odges can
be invastigated by smoke visualization techuiques v> to unexpectedly high spreds
(Ref.111.8). The marked inward radial coaponent of velocity in the region of the
vorter core coucentrates smoke from the field into a wmall wres so that it ju not
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quickly diffused as it would be in other types of flow. Figure III. 37 illustrates the
characteristic tubular smoke pattern in the path of a vortex above an A =1 delta
wing at a wind speed of 180 f.p.s. using paper smoke.

A simple theory for the form of the ‘smoke tube’ can be derived from Hall’s theory
for the structure of the outercore of the vortex given in Reference II1,9, Consider
the forces in the cross-flow plane acting on a single ~-.uke particle when it is in the
neighbourhood of the vortex core. Since it is in a rotating flow it will experience
a force away from the centre which will be apposed by a drag force arising from the
redial velecity of the air and the radial component of the velncity of the particle
relative to the vortex core. Forces due to the radial pressure gradient and the
radial acceleration of the particle will ulso occur but thesc are negligibly small
for the microscopic particles considersd. An equilibrium will be reached at a radius
fron the vortex core where the resultant force in the plane is zero.

Hall gives the following expressions for the relationship between threc components

of velooity in the outercors:
v? (U W ox
= "ak_‘—-.)
U3 Ug Uq

x
Ws = = goustant.
r
where U, is the fraec stream velocity

0
U, Vand ¥ are the azxial, oirounferential, and radial components of velooity
x is the distance froa the wing apex
r is the redius from the contre of the core
is a coanstant.
The centrifugal force on & sacke particle is given bty
vﬂ

i,
P 3 "hafs T

and, assuming that Stoke' s Law apolies, the drag force is given ty

e oot ]
= "r - =
1] ] dx M

where r, i the redius of a smoke particle
P, 18 the density of a asoke particle
snd g §s the viscosity of the air.
For eqiilibrius, vhea r becomes the radius of the smoke tube,
Pe = Pn H

thus, 1f x s aot to0 szall,
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Wx
$ P ar |, 0F
r r
2 . 2 el
rt = r RoK, {———— ¢ .
g "v g, Ml - Cx (111, 1)
1-2--
Ur

where C 1is a constant of integration
Rx is the Reynolds Number based on distance from the apex
and p, 1is the density of the air.

In order to check this result some tests were made with paper smoke onan A= 1
v x
delta wing for which velues for K , and (6 . ;) had previoualy been measured. The

smoke tube radius was measured over a range of conditions and, sssuming the smoke
particles hud the aume density as water, the radius of the smoke particles was
caloulated. The reasulting value for r, of 1.2 x 10™% in. compared roasonably well
with values from elsotron microscope messurements which range from 1.5 to ¢ x 1072 {n.
(The eleotron microscope gave similar values for:Brock's Rosin Smoke.)

v x
In the conditions of these tusts (6 . -;) was negligibly amal]l at the equilibrinm
radius and Equation (111.1) could be written

- RK *+ C
r 9 t Y *

>

This lwplies that the inflow velooity of the air, W, is small compared with the
outflow velocity of the particlua near the centre of the cors. Purther out, however,
tha force due to the inflow velucity dominates the centrifugal effects and smoke
particles originating over a wide area are drawn tovards the centre. "sar¢ is mn
interwediate region where the nett inward force is small and a particle will approach
the equilibrium position siowly along a spiral path. PFligure I11.25(u) shows thai
particie paths make seversl turns of a spiral before spproaching closely to s tudular
asyaptote, covering an appreciable proportion of the chord in the process.

1t is {oportant to note that these particle paths are not stisamlines since there
is alwvays an appreciable relative velocity between the air and the particles ia the
cross-flow plane,

The effect of the flow field in concentrating the sacke {nto a small arca allows
fnstantanecus photograghs to be takeo of the transient bubaviour of the vortos core at
reasonably high Reynolds Nusbers. Pigure 111.38, for instance, is & will{-second flash
photogruph Lllustrating the spiral nature of vortex reakdowa st R = 4« 10¢,

111.9.2 The ‘Smoke Scredw’ Techmique

The other maoke technique to bo developed for investigating the structire of vortex
type scparations (Ref. I1X.10) 1a knom as the auvXe screen technique because of Lts
superficlial slmilarity to the vapour screcu technique (see Part V) used in uupersonivc
tunnels for the same purpocse.
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Smoke from a vaporised resin generator or other large volume device is introduced
at the front of the wind tunnel working section in line with the model (Fig. III. 39)
so that a broad, diffused stream of smoke is allowed to flow over the model. One or
more light sources with vertical slits are arranged so that planes of light normal to
the air stream illuminate cross-sections of the stream of smoke.

If the position of the smoke stream is carefully adjusted in relation to the model,
it will be drawn into the coiling vortex sheets and reveal .heir position and general
shape (Pig.III.4t).

Plgure III.42 illustrates the use of two light sources to show the development of
vortex flow over s narrow rectangular plate set at a large angle of incidence and
three angles of yaw. The photographs are taken obliquely from behind (Fig.III.39)
and the details of thu vortex structure oan be seen in both light planes.

A siaple and effeotive light source for use in this technique is shown in
Figure 111.40. A 400W meroury vapour laap of a type commonly used in street lighting
is mounted vertically in a box containing a cylindrical reflector and three oylindrical
Perapex (Plexiglass) lensss. An adfuatable slit is provided at the front or the box
and a amall amount of cooling al. is direc.sd at the laup aad the wdjmcent lens.

The iamps are intended to operate in conjunction with a choke which limits the
ourrent to about 2 amps and gives a continuous output of 13,600 lumens. It has been
found, howover, that they will operate satisfactorily for p+ iods of about § seconds
with o current of 20 anps,* Thia gives a large but somewhat variable increase in
1ight output which facilitates photography.

This sust be done with caution since failure of the lamp causes the glass envelape
to explode with sufficient force to scatter hot glass fragments around the laboratory.
Furthertore, in the overrun state, the lamp is said to produce a high inteasity of
ultra-violel light which can daange the eyes.

A sisilar arrangessnt using & linear flamh tube can be used when very short ex-
posure tises sre needed. Plgure I1I1.43 is a flash photograph of the flow in u plane
behind the tralling edge of & Godel with a highly swept wing, 1t will be noted that,
slthough the pair of counter-rotating vortices from the wing tips are clearly visidble,
there 1 also a confusiog texture in the seoke caused by the disturbances originating
at the senerator. The other photogruphs are from exposures of the order ol
1710th second and at this speed the rundom wovements of the ssoke are not visible.

In interpreting the patterns ii must Le romvmbLered that the vuter boundaries of
the smoke are determined by the size of the smoke streaam and its placing relative to
the wodel. The flow stricture sust bo deduced from the distribution uf the masses of
smoke, their sease oY rotation and the situations within them. For oxsaple, in
Figure 111.42, the structure of the coils and the positions of che centres of rotativa
can be discerned, bul the overall sizes of the masses of swoke are not necessarily

* 1i the chole is replaced by o serics reslutance of adout 33 obms (for a 240V wupply) Uw
lasp will operste norwally eith a consumption of 2 aaps. The overload currsat can be
stisined Uy aborting out an appropriste proportion of the resistance.
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gignificant. This difficulty is resolved by observing the patterns during the test
or by making cine records. As pointed out in Section IIX.8.1, the coiled structure
of the smoke indicates the surfaces formed by the coiling particle paths rather than
the stream surfaces.

Figures III.44 and IX1.45 give examples of the use of the technique in studying
the flow over a slender wing. The development of the vortex system is traced from
s plane near the apex of the wing to one several chords downstream,
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(8) Bdge vortex at zero yaw

#1g.111.20

(b) Vortex bdreakdown on yawed wing

Titanfus totrachloride swoke vu sleader delta wiug (Harvey)
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Pig. 111,33  Condensation in vortex cores

Pig. 111,34 Fiow (n edge vortex showm Yy soap tubble iraces
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Plg. 111.38

Fig.111.37 The smoke tube method

Vortex breakdown using the asoke tube method
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(a) Flow over yawed rectangular plate

A= —, a= 2°, B = 15°

{b) Vortex pattern behind delta wing

Fig. ITI. 41  Smok~ screen technique
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Fig. 111.42  Flow pattemn on flat plate, « = 28°
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Pig. 111.43 Saoke soreen technique using linear flash tube
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Flg. I11.4¢

Smoke soreen teohnijue.

Vortex development on delta wing
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PART IV

DEVELOPMENT OF THE VAPOUR SCREEN METHOD
OF FLOW VISUALIZATION IN
A 3 PT x 3 PT SUPERSONIC TUNNEL
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PART tV. DEVELOPMENT OF THE VAPOUR SCREEN METHOD
OF FLOW VISUALIZATION IN
A 3 FT x 3 FT SUPERSONIC TUNNEL

I. NcGregor

Iv.t  INTRODUCTION

Use has occasicnally been made of the so-called ‘'vapour screen’ method of f{low
visualization in supersenic wizg tunnels (Refs.IV.] to IV.5 for example). The
principle of the method is very simple. The tunnel is run with moist air, and as the
air expands through the suypersonic nozzle into the working section it coola, and the
moisture condenses out to form a fog. This {s then {lluminated by a narrov beam of
1ight perpendicular to the axis of the tumnel. Any disturbance in the cross-flow
plane, such as that csused by a mndel at incidence, disturbs the uniform distridbution
of fog particles in tho plane of the vapour screen, and hence the amount of light
scatterad hy the fog. In particular, wakes and vortices from wings and bodies sppear
as dark ‘holes' in the screen. However, very little informatior has hitherto been
availsble concerning such aspeots of technique wa the humidity required to produce &
satisfactory screen at different Mach numbers and how this is influenced W such
factora as tunnel pressure and tempersture, or of the effecta of the condensing vepour
on the flow in the vorking section.

This paper deseribes an investigation made (n the 3 ft x 3 ft supersonic tunnel at
the Rayal Alrveraft Estahblishsent, Bedford, to cxamine the suitability of the method
for providing information oconcerning the structure of separuled flow aress near wind
tunnel models. The investigation included the development of & techaique shich pro-
vided an inproved resolution of detall over a range of ¥ach auabers.

IV. 2 EXPERINENTAL RQUIPMENY

.21 The Wind Tunael

The 3 fL + 3 £t tunncl 1 described 1n Reference IV.8, but a brief deseription in
given here since certaln aspects of its denign are inportant in conhection with the
vapour screen technique. The tunnel is continuous runaing, with a nrking section
1 ft square, end supersonic Nach nunbers bdetween 1.3 and 2.0 are geterated Ly & series
of {nterchangeable blocka that form a single-nided tuxile upsitean of the vorking
zevtion. The tunhel 1N driven by two centrifugal compressors in series. The total
preasnre con he varjed hitween 2 in. and €0 in. of H; ty means of a coapressor-
eyacrator roi.  Cnoling atrr-teeseata connist of (a) an intercooler betwaen the two
conpresnor stages, and (b)) an aitercooler, with a nather grester capacity than the
intercooler, situsted (n the maxiwum section of the tunnel immediately before 'iv con-
traction, The flow of water Lhrough the intercooler {s coatinyously variadble. Mt
ohly coarse control of the afterccoler is possible. Diuring of the air in the tunnel
in effected Uy hy-passing & fraction of the sir through driers charged with sillca-gel
shich are connected ncrors the second stage of the compressor. The gquantily of air
passing through the driern is controlled ty a motorised flap valve, und with the driers
in reascnahly good condition & husidity o rresponding tn a frost-point of about -40°C
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is obtained after 10 to 15 minutes running. The total volume of the tumrnel is
approximately 45,000 ft>, and this humidity represents about 0.3 1b of water vapour
remaining in the tunne)l circuit.

1v.2.2 Optical Systea

It was considered that to produce a good vapour screen picture the illumination
system should provide a beam of light that was (a) as intense as possible, (h) NATrrow,
with little variation in width aucross the working section, and (¢) sharp-sdged, with
a minimum of stray light entering the tunnel.

Tho light source sclected was a 1000 watt high pressure mercury vapour lamp with an
eifective length of 7.5 in. and an external dlameter of approximately 0.5 in. The
problem was to produce a beam of light that would satisfy *h: above requiremantas.

The simplest arrangement - a slit with the lamp behind it - was rejected on the
grounds that to produce u suitable beam would have entajled placing the lamp 1\t least
2 ft behind the s}it, and this would cause an exceasive luss of {llumination. A
sxatea using eylindreical lenses was hext cxamined, Wit it was considered that the
intensity of tlluminution would aet be materially bhetter than that given by o simple
slit when the hean wag aatisfactory in other respeets.

The arrangement finally adepted made use of cne of the sirtvors from the tunnal
Schlieren system, and proved to be very affective. It {u shown {n Figure IV.46. The
A2 in. disaeter contave mirror with a focal length of § metros was used to produce an
Inage of the lieht souree in the centre of the sorking section. To reduce the width
and lateral spread of the beas, a slit 0.1 in, wide was placed juat {n front of the
lanp wid the sides of the mitror masked, leaving an effective ares of mirror 32 {n. x
10 in.  this arrsngcnent produced a shaip-edeed beam of Tight approximstely 0,18 (n.
wide b 9 in. high in the ~entro of the sarking section. Both the helght sad xidih of
the twan increaszed salightly away from the centre line, Wt even at the windows the
sidth of the hean way anly about 0.5 {4, Ko seasuresent of the houn intensity in
absolutt teres was attospted, bul o sisple comparative tost with a fiotographic
esposure meter lndicated that at the centre of the tunnel the inteawity of illumination
was comparuble #ith that of direct sunlight.

1t was not feasible to sove the mirror backwurda and foreerds to Ltrack the hean of
Hight alung the sorking section: this was avcoaplished by rotating the mirror
aboul {ty vertical axis. As a result, the beam we  porpendimlar to the contre line
of the tumrel in odly cne ponition, but the saximum devistion of the beam froa the
terpondicnlar did not oxcved 2%,

1. 2.3 Motographic Fgulpecat

Tho easiest way (o phntograih the vapour gereen 18 chvinusly from the side of
the tunnel, However, whilst Uiis is adeguale for som: purposes, the screon ia
foovitably viewed at an appreciable angle, and it ia diffirull to locate the positing
uf any vorlices that may be present relaiive to the model. 1t 14 also unsuitahle
18 the flow over the surface of o wing I8 betng studied, #or thon: ressons 1§ was
decided (o photograph the screen fraa directly dosnstreax (Relfs. IV, 4 and 1V, %),
A renotely eonttolled camera sas used, souated atl ie root of the emdel sting
suppart., The caxera. shich saa driven by rlockwor, geve Gegallves spprosias’ely
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1
1 in. square on standavd 35 mm film, The shutter was operated,%y a solencid mounted
alongside the camera, but it was not possible fo alter ihe focus from outside the
tunnel.
i

The wing of a model remote from the 5ight snurece is in a shadow cast by the sting
or body, so that in general it is necessary for the field of view of the camera to
contain only the body and the wing panel nearer the light source. The camera was
therefore fitted with a telephoto lens of 7.5 cm focal length, which gave a field of
view approximately 10 in. square at a position corresponding to the trailing edge of
a typical 3 ft tunnel model, and the camera was mounted at a small angle to the centre
line of the sting to enable the wing tip of the largest model to be included in the
picture.

The camera and its operating solenoid were housed in a cowl constructed from brass
sheet, with a plate glass window 0.25 in. thick to protect the lens., However, this
cowling caused considerable blockage and it proved impossible to start the tunnel at
M = 1.3, but no trouble was experienced at higher Mach numbers.

IV.3 EXPERIMENTAL TECHNIQUE

2 .3.1 Humidity Control

In Reference IV,3, condensation in the working section was brought about by running
the tunnel with atmospheric air without any drying. The quantity of water contained
in such air can vary very considerably from day to day. and it is necessary to bo sble
to exercise careful control of the humidity if optimum results are to be obtained.

The procedure evolved for the prasent tests consisted of running the tunnel at the
desire:d total pressure with the driers in circuit for a perind of about 15 minutes.
The driers #ere then switched out, vnd a measured quantity of water injected into the
tunnel. In all the work so far undertaken the tunnel has been run at & total pressure
below atmospheric, and the waier was simply sucked in through pressure tappings in the
tunnel wall, In early experiments, water was admitted to the maximum section of the
tunnel just befors the contraction, but this proved unsatisfaotory, as, t : air having
a low.velocity there, water tended to collect on the floor of the tunnel and evaporate
only slowly. For all subsequent tests water was admitted into the diffuser, where
vaporisation was almost instantaneous.

1V.3.2 Temperature Control - Effect of the Aftercooler

For the first few tests the tunnel was run in the normal manner with both the
intercooler and aftercooler in oporation, However, it was found that the fog produced
in the working section was extremely patchy and irregular, some parts being practioally
devoid of any condensation, while in others there were streamers of thiok fog. This
suggested that the temperature distribution across the working section was unaven, so
a total temperature probe was construoted to measuve the distribution. The probe,
which is shown in Figure IV.47, oonsisied c¢f a tube mounted across the oentie of the
working section with a number of thermoocouples arranged along its louding odge., The
result of a typiocal survey is given in Figure IV.48, which shows a temperaturec
diffsrence of some 20°C hetween the ‘hotspot’ near the centre of the tunnel and the
colder air at tho sidos. Ovorhaul of the attercvoler elfevied some improvement in




118

the temperature distribution, but only & slight impruvement in the distribution of fog
resulted, and it was considered to be still far too uneven to be acceptable.

The effect of switching off the aftercooler was then examined. This meant that,
apart from heat losses from the tunnel shell, the intercooler alone was responsible
for cooling, which limited the power input if overheating vas to be svoided. As a
result the tunnel could only be run at 30 to 50% of the maximum total pressure. The
overheating problem was most serious at the top end of the Mach number range, when
the mass flow of air around the tunnrel circuit was low, but the pressure ratioc across
the compressors high, However, it was found that this arrangement gave a perfectly
unitorm fog in the working section, although it was first necessary to wait until the
tunnel total temperature attained a reasonably steady value. For the first run of
the day this warming-up pertod was of the order of an hour, but for subsequent runs
10 to 15 minutes sufficed. The only disadvantage was that, as the intercooler was
always operating at or very near maximum capacity, it was not possible to fuvestigate
the effact of total temperature on fog formation.

IV.3.3 Photographic Details - betermination of tho ‘Optimum Fog Density'

From the photographic point of view, the optimum tog density is a cumprowmisu
between two conflicting requirements. If the fog is too thin, a long exposure time
{s needed and there {3 a risk of light reflection from the model and the walls of the
tunnel obscuring the low-contrast vapour sorsen piocture. On the other hand, if the
fog is too thick, there is excessive scatteving of light by tho fog between the plane
of the vapour screen and the camera lens which results in & very ‘grainy’ pioture
with blurred detail.

A series of teats was therefore carried out with fogs of different densities,
photographing the vapour screen pioture producod by a model at incidence ovar a rango
of exposure times from 3 to 80 secs. The camers was set an aperture of {/4 and FP 3
film used. Bost rosults wore ohtained with what appoared to be a quite thin fog as
viewed from the side of the tusnel. The corresponding exposure time was 20 secs.

Light reflection from the model was reduced by painting it with camera black and
stray light entering tho working seotion was kept to a minimum by masking the side
windowa, leaving only a slit wide ecnough for the main light beam to enter.

The combination of long focal length lens (7.9 cma) and wide aperture setting (f/4)
vesulted in a depth of foous of only 20.8 in. at the range noraally used (3 to 4 ft).
tiowever, it proved possible to take photographs with no deteotable loss of clarity
2 in. frem the nominal focal poinut, so the screen could be photographed at axial
positions up to ¢ in. epart without the need for refoousing.

1IV. ¢ EXPERINENTAL RESULTS AND DISCUSSION

IV. 4.1 Scope of Tests

Teats wereo made to determiine the quantity of water required to producs a photo-
yraphically suitable vapour screett at Mach numbera between 1.3 and 2.0. The effucts
« ¢ humidity on the flow in the working ssotion were alwo invesligated wid measureéscate
nude of the atatic pressure and Mach Hunle:,




119

1v.4.2 Presentation of Humidity Resulis

The accepted practice is to present experimental results for tunnel humidity in a
non-dimensional form, but in this case care is necessary if the results are not to be
misleading. For example, although stagnation pressure was found to have some effect,
the degree of condensation, and therefore of fog density, depends esssntiaully on the
amount of water present in the tunnel and not on the water/air ratio., It is therefore
not relevant to express the humidity in terms of lb of water/lb of air ( ‘absolute
humidity’ ), as is nommally done when condensation effects in wind tunnels are being
discussed and the amcunt of heat given up to the air by the vupour as it condenses is
of prime importance. The stagnation relative humidity (the ratio of the actusl vapour
density to the density of satwraied vapour at thc same temperature) is independent of
stagnation pressure, but is a function of stagnation temperature, so this is also
unsuitable. A parameter which avolds these defects is the frost-point, which defines
a unique relation between the quantity of water vapour and the volume of the tunnel
which Is independenl of stmgnulion conditions. A curve showing the frost-point as a
function of the quantity uf water added to the nominally ‘dry’ tunnel is presented
in Figure IV. 49, This was derived from data given on p.2304 of Reference IV,7, a
mean frost-point for the ‘dry’ tunnel of -41°C having been assumed. A few experi-
mental measurements are included and these show quite good agreement with the
theoretical curve. However, the quantity of water-frost-point relationship is
logarithmic in character and whilst very sensitive at low humidities, in the range of
interest of these tests the sensitivity is only of the order of 2°C change in frost-
point per pint of water added. In view of this fact, and of the difficulty of making
reliable frost-point measurements, it was decided that the most straightforward way
to desoribe the humidity was directly in terms of quantity of water added to the
‘dry' tunnel, but scales showing the frost-point or absolute humidity (when tho
effects of condensation on static pressure and Mach number are being considered) have
baen added to the figures where appropriate.

IV.4,3 Quantity of Water Required to Produce u Satisfactory Vapour Scroen

As described in Section IV.3.3, the optimum fog donsity was found hy injecting
asasured quantities of water into the tunnel and photographing the resulting vapour
rareon. Bxuminatinon of the photographs then gave an oplimum range of humidity,

This detailed determination was only oarried vut at two Mach numbors, 1.51 and 1.81,
and for other Mach numbors the range of humidity over which a satisfactory screen was
produced was ostimated visually. The rosults of these tests are presonted in

Figure IV,50. The results for the various Mach numbers were not obtained at exactly
the same tolal pressure and temperature, but are substantially correct for a value
of Dy = 12 in, Hg and T, = 43°C . ("he effects of pressure and temperature are
discussed bclow.) It must be mentionod here that the Mach numbor quoted {s that
developed hy the nozzle with dry alr: uwbove abhout M- 1.0 ‘hore {s n marked
hunidity effoct on the flow and the actual Mach number when a vapour mcreon {8
present is considerably less than with dry air.

Several points of interest arise from this eurve. The limitg of the humidity
range for a satisfactory vapour scroen are u subjoctive matter not capable of precise
da!erain?"ﬂﬁ‘ hut aven allowing for thin, the range of bhumidity over which 't satin-
factory acreen is produced ta quite small; the humidity at which the fog dunsity
tonds to be too thick is cpiy somo 28 teo 307 greater than that where {t tonda to be
too thin. Saecoudly, there Ix the very rrpid incroane {n humidity vequired at Mach
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numhers less than 1.5, The quantity of water vapour required to saturate a given
volume increases very rapidly with temperature at low temperatures (Fig.IV.51), and
the higher working section static temperature at the lower Mach numbers is sufficient
to cause a large increase in the humidity necessary for saturated flow in the working
section. It is well known that a considerable degree of supersaturation is necessary
to cause condensation in a supersonic nozzle, so a curve has been added to Figure IV, 50
which shows the quantity of water required to produce a fifteen-fold supersaturation
in the working section at a total temperature of 45°C, the assumption being made that
the working sect on static temperature is the same as with dry air. It is seen that
this curve is very similar in shape to that denoting the quantity of water required
Lo produce a satisiactory vapour screen. The third feature is ihul the humidity
required reaches a minimum value at = Mach number of about 1.6 and thereafter shows

a slight increase. Above M = 1.6 it seems likely that virtually all the water
added to the tunnel is condensed out, so that if the fog is to be of constant density
then the stagnation humidity must increase to allow for the greater expansion of the
flow with increasing Mach numhsr, 1.e. the quantity of water it is necessary to add
will vary inversely with the density* in the working section.

There are no theoretical reasons for supposing that the quantity of water required
to produce a satisfactory vapour screen can be simply expressed in terms of known
properties of the flow, but as a reasonablg approximation over the experimental .range
it is given by i

-

#\ ¥
;— v 18 w .. + 0.00003
L.

where W =~ yuantity of water required to produce a satisfactory vapour
screan (1b)

v = total volume of the tunnel (45,000 ft%)
#t < gtagnation density of the air

* It follows from continuity considerations that, as long as the water vapour remuins uncon-
densed, the sbsolute humidity ® {a constant at all points around the tunnel ctrcuit, o that
the local density of the water vapour is proportional to the local density of the air. The
flow (n the tunnel may be rogarded as the flow of u mixture of two guses which will have u
mean value of the rutlo of specific heats Yy T (1040 4 1.3 M40 1 M), Rlned b s
alwayn soall, Yoix < 1.40  very newrly, and so the mixture will buhave in, the sumo mannor
us dry air.

I¢ the wator vapour has wholly or partlally condensed, the average locsl density of the
wuter/wator vaponr mixture will still be approximutely proportivnal to the tocal density
of the air in which {t {8 contulned, except in reglons of Inrge flow ucceleration such us
ocour near n stagnation point, on passing through u shock wave, or {n the contral part of
u vortex, the greater juertis of the water droplets proventing them from following the
wution nf the wlr. When condensution has taken place, the densfty of the ate will not In
goenieral be the samo us {n condonsution=-free flow, However, for the purpose of osdimst ing
foi donaity in the working section U in probably udequate to ussume 4 value uppropeinte
to dry air.
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P = density of air in the working section (assuming isentropic flow)

Woat = density of saturated water vapour at working sectiéh static temperature
under isentropic conditions (1b/ft?).
The variation of Weat with temperature was derived from data given on pages 2304
and 2145 of Reference IV.7, and is shown in Figure IV.51. The volume of the working

w
section is small compared with that of the settling chamber so that (-8); is
Py

approximately equal to the density of the mixture of fog and uncondensed water vapour
in the working section. The factor 18 may be considered as the degree of super-
saturation necessary to cause randensation and 0.00003 1b/ft’ as the mean density of
the condensed fog particles in the working section, but this interpretation should not
be taken too literally.

It was mentioned earlier that it was not possible to investigate the effects of
total temperature on vapour screen formation, but somc idea of its effect on the
quantity of water required may be gained from the above equation. The critical para-
meter is working section static temperature, Ts . When this is less than about -60°C,
the term 18 w . is nagligible in comparison with 0,00003, so that provided Ty
continues to be less than about -60°C, changing T, will have little effect. However,
if a change in T, causes Ts to rise appreciably above -60°C, the magnitude of the
term 18 w.,, increases very rapldly ang so the humidity will have to be increased to
maintain a satisfactory vapour screen.

The effects of tunnel total pressurs on fog formation were investigated at a nominal
Mach number of 1,41, p, was varied between 18 and 4.5 in. Ug, and T, held at 44%
(10.5%). The results are presented in Pigure IV.52 and show that as the total
pressure was reduced, an increasing quantity of water had to be added to the tunnel to
produce a satisfactory vapdui aciweil, A possible explanation for this is as follows.
When the water vapour condenses to form droplets of liquid water, the latent hea® of
evaporation is liberated and absorbed by the surrounding air, causing a rise in
temperature. If the total pressure is reduced, the amount of heat absorbed by the air
per unit mass of water vapour condensed is unchanged, but since thero is a amallcr
mass of air the rise in temperature is greater. This rise in working seolion static
temperature inoreases the saturated vapour density in the workiug seotlon, su a greater
tnitial humidity is neceasary to produce the same amount of condensation.

At Mach numbers above about 1,8 it is expeoted that the effeot of total pressure
will not be so marked as at M = 1,41 , since then a much greater proport.on of the
water vapour present is condensed out in the vorking seotion.

IV.4.4 Physical Appearance and Characteristics of the Vupour Ncreen

Oon the addition of & amall quantity of wator to the ‘dry* tunnel no visible con-
donsation could he doteated, oven if, as ocourred at nominal Mach numhers of 1.81 and
2,00, a rise in working sootion static pressure indioated that a condensation shook
was presont, On further inoreasing the humialty a point was reached whore the outline
of the beam of 1ight could just be dircerned in the working section, giving rise to a
vory faint, deop blue vapour soreen, The approximate humidity at whioh this blue haze
could first be deteoted wos noted and is plotted as & Junction of Mach number in
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Pigure IV.50 and of total pressure in Figure IV.52. In both cases it is seen to vary
in a similar manner to the quantity of water required to produce a satisfactory vapour
screen,

Further development of the vapour screen with humidity depended on Mach number. At
Mach numbers up to and including 1.51 the screen at first became slightly denser, but
it then gradually acquired an iridescent character in which wide vertical bands of
violet, blue, green and yellowish-green light could be clearly seen when viewed from a
suitable position. At the higher Mach numbers, the blue haze just became denser and
slightly paler in coclour.

The optical properties of fogs ars rather complex and it is not proposed to enter
into a detailed study here, but some consideration of the observed phenomena can yield
interesting information concerning certain physical characteristics of the fog.
Suppose & beam of light is projected through air containing a very large number of
very small particles in suspension (of radius less than 1078 in,, say), whose size is
small relative even to the wavelength of visible light (wavelength 1.6 x 107% to
2.7 x 10°° {n.). 1In such circumstances a scattering of the light will take place
(Tyndall effect), the scattering being much more pronounced for light of the shorter
wavelengths (blue and violet) than for the long (Ref.IV.8). It is believed that such
light scattering is responsible for the bluish colour of the vapour screen when the
humidity was such that condensation could first be detected by eye. On increasing the
humidity the fog particles increase in size. True scattering will also increase (in
proportion to the increase in surface area of the particles) and will tend to occur
more equally for light of all wavelengths, but effects due to diffraction of the light
muy 2130 become important if the particles exceed a certain critical size. With a
spheriocal partiole the intensity of the diffracted light passes through a series of
maxima and minima in directions making an angle & with the original dirsction of the
heam given by

A
sind = ko ';' (Ref.IV.9)

witere A = wavelength of the light
radius of the spheriocal particle
k = a consiant,

u

r

The first maximum oocours when Kk = O (undeflected iight) , and the first minimum when

k = 0,61 . FPFurther maxima ocour when Kk = 0.810 and 1.333 , and minima when X = 1,116
and 1,619 . The intensity with k = 0.810 1is ot.y 1.7% of the incident light and the
subsequent intensity maxima are smaller still. However, it follows that for each wave-
length there are oertain direotions relative to the direotion of the incident light
along whioh light of that particuiar wavelength has a maximum or minimum intensity,

80 the diffracted light is split up into a spectrum. In the case of the vapour screen
there is a very large number of illuminated water dropleis, each diffraoting some of
the lighi scriking them, so that viewed at an angle from the side of the tunnel, hunds
of coloured light might be expected to appear across the scresn in spectral order,

with red nearest the observer (long wavelength and correapondingly large value of ¢
for maximum intensity), This is in agreement with observation at Mach numbers between
1.3 and 1.8, with the exception that no red or orange bands were detected. A possible
explanation for the absence of these colours is discussed later,
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The existence of these coloured bands implies that all (or the greater part) of
the water droplets forming the fog must be of nearly tuniform size. If there is a
variation in size, each droplet will diffract the light differently. With a large
number of droplets whose size varies in a random manner, the resultant diffracted
light would presumably appear white, since if a particular direction were the
direction for maximum intensity for a certain wavelength from one droplet, there
would be other droplets for which this direction was the direction of maximum
intensity for other wavelengths, giving, in effect, a continuous spectrum.

It is possible to obtain an estimate of the size of the droplets in the fog by
observation of the coloured bands in the vapour screen. A test was made at a Mach
number of 1,41, with a total nressure of I2 in. Hg and a total temperature of 46°C.
Wwith 11 pints (6% litres) of water added to the ‘dry’ tumnel (the quantity necessary
to produce a satisfactory vapour screen under these conditions), it was found that
the first and second intensity maxima for blue light occurred at angles of 30° and 55°
respectively to the direction of the original light beam. The wavelength of blue
light is approximately 1.8 x 107% in., so from the first maximum we have:

0.810 x 1.8 x 10°° s
r, = —— = 2.9 x 10°° in.
sin 30

1,333 x 1.8 x 1078
sin 55°

2,9 x 107% in.

il

and from the second: r,

Such perfect agreement between the two results must be considered fortuitous, since
it was not possible to measure the angles to better than about 2°, but it may be con-
cluded fairly confidently that in this case the radius of the droplets is about

3 x 1073 in. This is of the same order as the size of the droplets in an artificial
fog (produced hy the sudden expansion of some wet air in a flask) as measured hy
Stodola (Ref,IV.10), using a light diffraction method.

1t was mentioned above that no red or orange bands were observed in the vapour
screen. Assuming a droplet radius of 2,9 x 10°% in,, the first maximum for red light
should ocour at an angle
., 0.810 x 2,7 x 10°°

6 = sin = = 490,
2.9 x 10

The second maximum for violet light will ocour at an angle

« 1,333 x 1.6 x 107°

— 470,
2,8 « 1078

t/ = gin

There is thus some overlapping of the first maximum for light of long wavelength with
the seconc maximum for light of short wavelength. Now the speotrum of the meroury
vapour lamp is rich in blue and violet light hut rather deficient in red and orange,
80 that although the sevond maximum for violut is less intense than the first, It is
probably atill stronger than the first maximum for red or orange. This offers a
plausible reason why the red and orange bands ocould not he detected.
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With regard to the change in character of the screea between Mach numbers of 1.5
and. 1,6, it seems probable that this is due to & change in the mechanism of con-
densation, which results in a greater number of smaller particles being formed at the
higher. Mach number so that dispersion of light by the fog remains a true scattering
effect without diffraction. 1In addition to this change in size, a change in the
rature of the fog particles from water droplets to ice crystals is also likely,
although the two effects are not related. It is known (Ref,TV.1l) that small droplets
of pure water can be supercooled to approximately -40°C before freezing takes place
when cooled slowly. With droplets formed during the rapid expansion of saturated
water vapour, an even greater degree of supercooling appears necessary, and Sander
and Damkchler (Ref.IV.12) have shown that under such conditions a temperature of
approximately -62°C is required before ice crystals form. It may be that at these
low temperatures the vapour condenses directly into ice crystals without passing
through the liquid phase, but this point is uncertain. However, a temperature of
-62°C corresponds to the working section static temperature at a Mach number of 1.59
~ under isentropic conditions and with a total temperature of 45°C, so that at the
higher Mach numbers the observed fog almost certainly consisted ot ice crystals.

1v.4.5 \'l'he Mechanism of Condensation

A saturated or supersaturated vapour will condense only if there are ‘condensation
nuclel’ present. These nuclel can be of two forus - minute particles of dust or
other foreign matter, and nuclei which are generated spontaneously in the vapour by
random molecular aggregation. Nuclei of the former type are invariably present to a
greater or lesser degree, bul whilst groups of molecules are continually forming in
any gas or vapour, they are unstable and immediately break up again and so cannot
form condensation nuclei unrlesa the vapour is heavily supersaturated. When con-
densation ooccurs on foreign nuclei, the number of droplets formed per unit volume is
limited by the number of nuclei present, and the rate at which the vapour condenses
is determined hy the rate at which the droplets oan grow, vhich in turn depends on
the degree ot supersaturation, the rate of diffusion of vapour molecules onto the
surface of the droplets and the rate of transfer of the latent heat of evaporation
away from the droplets. On the other haud, with self-generated nuclei, the number
of nuclei per unit volume can remch astronomical figures when the vapour is
suffioiently supersatureted and condensation can take place extremely rapidly (oon~
densation ‘shock’), leading to a very large number of minute droplets. These two
condensation processes and their relative importance in wind tunnels were first
discussed in detail by Oawatitsch (Ref.IV.13), who conoluded that in supersonic
tunnels the effects of foreign nuolei could be negleoted. In the present case,
however, it is believed that at Mach numbers up to and inoluding 1.51, condensation
is ocourring prinoipally on foreign nuclei and that only at higner speeds do self-
genoratad nuclei become predominant., The reasons leading to the adoption of this
oconolusion are discussed at some length in Appendix IV.1., It must be emphasised
that this conslusion is only valid for the 3 ft tunnel for the parviocular conditions
under which it was operated, and does not necessarily apply in general, It is shown,
for instance, that a reduction in total temperature considersbly decreases the
importance of foreign condensation nuclel. The question of tunnol size is also con-
sidered briefly and 1t is conocluded that in a smaller tuwnel a greater stagnation
humidity will be necsssary to produce the same density of fog in the working section
at the same total pressure and Mach number.
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1V.4.6 Effect of Humidity on Working Section Static Pressure
and Mach Number

Measurements were made of the variation of working section static pressure with
quantity of water added to the tunnel at several Mach numbers, and the results,
expressed as the ratio of the actual static pressure to the pressure with dry air,
p/pm,y , are presented for nominal Mach numbers of 1.51, 1.81 and 2.00 in
figures IV, 53 and IV.54. ‘The actual Mach number in tne working section was measured
at nominal Mach numbers of 1,51 and 2.00 by sticking strips of cellulose tape approxi-
mately 0.003 in. thick on the top and bottom walls of the tunnel just ahead of the
windows. These generated very weak shock waves (effectively Mach waves), which were
photographed using the tunnel Schlieren system, The included angle between the two
waves (equal to twice the Mach angle) was measured from photographic enlargements and
the actual Mach number obtained, The variation of actual Mach number with humidity
is shown in Figure IV,54. Some Schlieren pictures obtained at a nominal Mach number
of 2.00 are shown in Figure IV,55.

At Mach numbers less than 1.51 it is possible to obtain sufficient condensation to
produce a satisfactory vapour screen without affecting either the working section
static pressure or Mach nunber, In this Mach number range it is believed that con-
densation is occurring progressively on foreign condensation nuclei without a
condensation shock. At the higher Mach numbers a condensation shock is clearly
present, and at a certain humidity the static pressure suddenly starts to increase
and the sorking section Maoh number to decrease, The humidity at which the static
pressure diverges by 1% from the ‘dry’ value is & convenient indication of the onset
of the condensation shock, and this humidity is shown as a funotion nof Mach number in
Figure IV.50 for a stagnation pressure of 12 in. Hg.

It will be noted from PFigure IV.50 that at M = 1,81 and 2,00 a condensation »i:ock
ocours at a lower humidity than that at which fog is first visible in the wurking
seotion, whilst at Mach numbers less than 1.6 there mey be visible condensat .on withe
out & condensatiocsn shock. Thus, as has been previously pointed out hy Oswatitsch

" (Ref.1V, 13), the appearance or disappearance of fog in the working seotion is not a

reliable guide to the presence or absence of oundensation effects,

Once a condonsation shock is established, the working seovion statioc pressure does
not necessarily inorease steadily with inoreasing humidity, At both M = 1,81 and
2.00 (Figures IV.53 and IV.54) there is a range of humidity soon after the cone
densation shook forms over which the static pressure is constant, and at N = .81
and 1,81 ot the maximum humidity investigated the rate of increase of pressure with
humidity is again nearly zero. Tho reason for this is uncertsin, but it may be
associated with the passage of a reflection of the oondensation shock across the
static pressure tappings, which are looated in the sidewalls of the tunne! juat ahen.
of the windows, Thease shock refleotions can be clearly seen i the Schlieren photu-
graphs, Figure IV.55. At a nominal Mach number of 2.0 the aotual Nach nusber in the
ocentre of the working section deoroases monotonically with {ncrvasing humidity and
does not show any discontinuities, The rate of deorease ol Mach number with humidity
is greatest immediately after the condensation shook forms,

Making the assumption that the fluw ig one-dimensional and iswmntropic before and
after the condensation shock, Monaghan (Ref.IV,14) has derived the folluwing
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approximate relations for the working section static pressure and Mach humber when
a condensation shock is present in the nozzle:

P YM3 q
— 2 1+ g0 1+ yuD) - M) =
Pary Mdry -1 Sttt
Y- 1 2
(1 +yNY (1 + ——M )
W ) LA g ldry a
- S 3 . 2 . o
Mdry Mdry -1 oty
where M, = Mach number just ahead of the condensation shock

q = heat lnput per unit mass of gas (C.H.U./1lb)
= gpecific heat of air at constant pressure (0,24 C.H.U./1b °C)
T, = total temperature of the alr mhwad of the shock .

These theoretical values have been compared with the experimental results at a
noainal Mach number of 2,00, Details of the calculations are given in Appendix IV.¢,
and the resulting values of M and "/pdry liave been added to Figure IV, 54.

The calculated Mach number compares well with experiment at the lower humidities,
but the theory overestimates the effect on Mach number s the humidity is increased.
The ‘step’ in the experimental value of p/pdr is not predicted, of course, but the
mean rate of increase of static pressure with ﬁumldi ty {8 approximntely correct.

Iv.5 NOME TYPICAL VAPQUR SCREEN PHOTOGRAPNS

™e vhljeet of this section I8 to introduce a selection of typical vapour screen
paotographs obtained with a series of wingebody combinations and to point out features
of purticulur interesat, It 18 not proposed here to relate details of the flow re-
voaled by thowe photographs to the general aerodynamie characteristics of the winga:
for such u ¢1counston the reader is referred to Reference IV, 15. A hrief comparison
1» mide, however, hotween some results obtained with the vapour scroen technique and
the corrvesponding surfuce oll-tlow pattorns,

All the medels mentioned in this Note consisted of various delta wings mounted on
U oylindrical part of an ogive-cylinder body. With the exception of that used in
seetion 1V, 5.4, all the wings hed a leading edge sweep of 65° and n thicknoss/chord
ratto of 0,04, Te extrems tips of the wings wore removed, giving a taper ratiuv of
0.M, hased ot the oot chord ¢, of the exposed wing, In all cases free baundury
Luyer tranattion was peraitted,

¢

v 8 Flow Rehind o vambered Wing at Two Bittervniv Mach Nuwhare

U Rerins o vapour gereen photographs ahown, o0 ner 4\'“ \l:ﬂ"‘"" Lo
boly btk ol b 1. 0 % cotl wridt . u\ml difforont ineldences at
e L m.{ .00y presented in Plgures IV, ot
o . = U1 Roctlon und cambered conjeally with respect Lo
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the apex of the gross wing to give an approximately elliptic spanwise loading at a
lift coefficienv of 0.15 at M = 1,57 . The photographs have been reproduced to about
three-quarters full model scale, and from the point of view of technique the most
remarkable feature is the wealth of fine detail shown at low incidences, particularly
at the higher Mach number. Fdr example, at incidences of 3° and 4° a tiny vortex
about 1/16 in, diameter can be clearly seen behind the extreme tip of the wing. With
increase of incidence this vortex grows in size and retains its roughly circular form,
but at incidences less than 3° it becomes mergoed with & more compler flow originating
on the under surface of the wing in the tip region. At M = 1,88 the flow near the
tip at zero incidence is particularly intriguing.

Cunsiderahle differences in the flow over the upper surface of the wing may be
observed between the two Mach nwmbars, At M = 1.51 the flow appears to be completely
attached to the wing surface up to 4° incidence, but at M = 1.8F the photugraphs
suggest that the flow is separating at incidences greater than about 1°. ‘e design
lift coefficient for the camber corresponds to an incidence of approrimatnly 4%, so
it appears that the camber is successful in delaying leading edge meparation at Mach
numbers near the design value. In general, the inboard end of the vortex region is
more clearly defined at M = 1.88 , a rather thick wake from the inner hulf of the
wing tending to ohscure it at the lower Mach number, Also, the shape of the vortex
region {8 more {rregular at M = 1.88 , and there is 4 sudden incresase in its span-
wise extent between 6° and 8° incidence. This ls probably due to thi nrenanee of
shock wive above uhc vortex, which can be seen in the photorrapl O ——
The shock {8 rendered visible by the change in density DCOUTR ACross t. At
this Mach number condensation is virtually comp

forces on the fog particles the numbher o » and in the absence of extraneous
amount of light Rcattered) will be dig icles per unit voluse (and hence the

Fotly proportional to the loocal air denaity.

On passing throukh a shock wave e, " oreces & very rapid deceleration which the
for particlos cannot foll g " " hoir nuch greater inertis. A relative velocity
thovefore ox‘"t? botwogghe air and the fog barticles, but a simple culoulstion shows
thut this will boglf, )y reduced to zero by the sction of viscosity and @ short®
distance aftegglle ing through the shock steady state conditions will be re-established
Wl S donsity will again be proportional to the local air demsity. The ex-

Xlon over the jeading cdie omuses a roduotion in density and the screen darkens
progrossively from the loading odge towards the terminal shook. At the shook there
ia a sudden fnereaso in donsity and the screen appears lighter due to the greater con-
conteation of fog particles. The position of the shock therefore curresponds with
the boundary hotween the darkor and lighter regions, and some idea of the shock
strongth may he gained from the change in shade between the two ragions., These effects
ure shown up much more olearly {n Pigure IV.58 than in the present example.

e st s oAt 3SRt ;i e v tmes “ e —

* e retutive voloelty Su at time t aftor pasaing theough the xhook wave fe given approads

mutely Ly
R . 1A t
I Ol ORp |- T T
.,
abiere b ix the diumeter of the aarticle (anstwed to he swpherical), o ite denstty

lug/ 0y und o the viscostty of the wlr (3 seo/ft%),  For o Illhlﬂ‘{‘l?ll particle of radlus
107 tn the relative velocity will be reduoed Lo 1% of ftu Inttial value (o u tiee of
apnroximutely & & 107 seew, Lo, in e distunce of lean than 0.1 10, ufter passing througn

the shack wave,
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A row of small black patches about 1/8 in. diametsr is visihle behind the luncr
part of the wing at M = 1.88 and 1° incidence (Fig.IV.57). It Is believed that
these are due to strvamwise vortices in the boundary layer, caused by an instability
of the three-dimensional shear flow in the region of the swept leading edge, the
continuous transverse shear breaking dewn into a number of discrete vortices (Ref.
IV, 15). They are probably also present at M = 1,51 , the wake behind the wing at
1° and 2° incidence having a rather jagged appearance, bat are not nearly sc distinct
as at the higher Mach number.

White streaks or patches can be seen in all but one of the photographs at M = 1.51,
below the wing at negativas incideuces and above it at positive incidences. Originally
these were thought to be of no account and due merely to light reflection from the
body. However, it now seems certain that they are caused by additional cuwdeusation
fn regions vt local flow expansion wround cho model. The matter is considered
further in Section 5.4. No condensation streaks were ever encountered at Mach numbers
above 1,51,

IV.3.2 Flow Over the Upper Surface of u Plane Wing at M = 1,75

Some photographa of the flow over the upher surface of s plane delta wing at an
actual Mach number of 1.78 {Mgey = 1.6%)  are shown in Figure IV.58. The wing was of
the same seotion (R.A.B. 101, 4% thick) aa before, by . uncambered. The plane of the
vapour soreen was located approxizately 0.28 o, ahead of the trailing edge.

As mgntioned previously, a shock wave {s clearly visible above the wing vortex in
this case, ita atreagth inoreasing quite sharply with inoidence above 16°

An xntaresuul changs in the ﬂ"w prttoern ocours at an irnocidence of about it}"

S TICRLTIS AT "leading edge, but later ra-aitavhas,
leaving o closad bubble containing a vortex on ths wing surface. At higusr inclidencer,
however, a sheet uf vorticity oan be ason springing from the lvading edge and rolltng
up into a vortex some distance wbove thu surface, This vortex induves an outtlow
near the wing surface, but the cutflov itself appesrs to sepstate aud form 3w sccondsry
vortex underneath the main vortex sheat.

Tun further vorttoes nlone to the body st 18° and 18° {ucidence can be ldentified.
The upper is une of a pair of body vortices caused by &eparativh of the eraas-fiow
over the forsard part of the body at high lucidence (Ref.IV.1). The lowdtr afpesrs to
Le a wing-body junction ‘ortex of the type described by Stanbrook {(Ref.1V, 18), shish
{s caused by the intorac.ion of the bods hounsary iayer witn the laadiag edge of the
wing. A vortex sheot can be seen separuting from the body et an angular pasition
wvmumtoly 4Y above the plwu of tho wing oad rolling up to fure thia v\mes.

IV.5.3 Comparison of Surisce Ot1-Flow and Vapour Soreen Yechuigues
on Two Wiagn at W = £, 81

Flgures IV.89 and IV.60 havy been preparad so that detatis uf the flow shown by
the vapour screc. may be easily compared eith those given by surface nil-flow patteoras,
Both of thesa figures show yapour screen photographs shtalned juat Dehiknd the traiitag
edge and at three stationy oh & wing al 87 tncldence st a Mech nosder of 1,51,
together with & photograph of “he oil-flos pattern fobtalned ualag & alxture of heavy
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oil and titanium dioxide with a trace of oleic acid as anti-coagulant) at the same
conditions. The two wings used were the plane and cambered 4% thick delta wings
referred to above, Figure IV, 59 showing the results for the plane wing.

The only significant differences showa by the oil-flow patterns are that on the
cambered wing separation cccurs slightly further aft of the leading edge, and the
re-attachmont iine is slightly curved. However, the vapour sereen pictures show that
the helght and area of the vortex regien and the angle at whieh the flow separates
from the wing surfuce are appreciuhiy a&rsater in the cnse of the plare wing. The
vapour scroen photegraphs on the cambered wing also show shal apposr to be three
smaii verticea in the poundary layer inbourd of the main leading eoge vortex. There
is no iadieatlon of thase vortioes in the cll-flow patitern, and their origin is
ohseure. They way also be seen {n the photegraph at &% {noidonce in Pigure 1V.56,
but there is no similar effect en the plane wing.

Tie position of re-attachment may be obtained with considerable accuracy from tho
eil fiow patternys, and this point has boon marked on the vapudr fereen photographe
for the three stailoms on the wing. Close examination of the vepenr wcresn photo-
graph st the &.88 o, station on the plane wisg reveals that the flow iemediately
shove the wing may be Sividsd inte threa paria - o black rogion aver the outer part
af the =ins shapsd roughir like w segmeat of a circle and shich appears to be devold
af fog particles, & gray rogion which extends as a narrov band above the winz aurface
from the tnhoard end of the black ssgisy to the body, wad 2 thio height line rusning
from the dudy to the lesding edpe of the wing which forma an upher boundary o both
the srer and bleok prexions. It appears that the voint of pe-attachment culzvidas with
the {ntoard end of the black region, 20 it !s dol wiréscombla to mwoposs that the
422 and shabe of thix regisn enrtaspond faivly vlosely #ith those of ths aatyul
Isading odae voPtay, At the clher vapour aciecn stations, and on the exxhared wing,
35 in virtually tepossible te dietinzuish between thess two regicns &nd Lhey appear
s B aingle divR region, Wt in feseral re-sttachuent ocours &% a apaawiee poxitton
near tire peint of ioflection of the bright line surrcunding the dask regiasn, This
ilne, osd the dark Tlon ovor bhe lmes part of the wing shere tha flow i attashed,
are charasteristic of rosnlte oblainud 13 Sgah nushers up 20 1,81, Abese thiz apedd,
&s shosm {o Plgesed V.5V aad IV, &2, the (abosrd wnd of shiat 2 aseuscd ta b ho
ioading odge vertex & guits sharply defined sad there in no cohtipmun dark tend
pyar e Lwier part of e wing,  In Bection IV.0 It is suggodted thal this M flevence
i5 dup €5 ine sealler sive of the fop particles Al the dighor Seuh susbers,

19.5. % AR lotevecting Fhandeehon ot # = 1,32

At gh carly atage of the poesent investigationh, shen fof forwelion 3t differsat
4ath nusbera wa» teing cludicd, a2 test was Boing perfeidsd €% & Mach nvsbder of {30,
A usual during theme tesis, a sadal wix vounted ia the tunkal So Idat the qualisy af
tho sarcir enesss pipsure muld 56 fudivd.  As the bear of 1Lght was BEing mibed
further =it todind the sodol & wost inlerssting phoenossihos cooufved, {a additisa ¢
the pormnl hiack patchas on the scrcun csusod by vorticss from the wipg, & syaselrtownl
pattern of hright dlue lines doveiopad. shich aproered {n emanste frse the gpdtes uf
Ihe acreen sfid beoohe satelned with the vipg vartfesn. It 1B tot Foesidlo i & Dleck
waif shite reprodoctinn o fully secapture the atriking nature of 155 affoxt « 3
sattarn in bloe and bisek oh ay isidemtonl bedhgTiund half green, Dalf vioist - but
the photoxraphs in Flgure V.81, ehich were wrigloalls takon on eoluur file, give o
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good impression of the phenomenon. The model used was similar to those descriled
previously, but fitted with a 53° leading edge sweep delta wing of R.A.E. 10! section,
6% thick. The plane of the vapour screen was located approximately 9.3 in. (1.2 wing
root chords) behind the trailing edge of the wing. The hlue lines were present even
at zero incidence, when they formed a roughly triangular shape behind each wing panel,
with the apex towards the bodv. With application of incidence, their shape changed,
the upper side of the triangle becoming curved and the lover side swingiug round as
{f to ynite with the wing vortex.

The lines from the body became rather diffuse by about T% intidence, but two blue
lobe-like shapes appeared in the screen on top of the sting on which the model was
mounted, With further increase of incidence the vertical height of the lobes
increased and their tips sssumed s «iuitisn tiage. It wes found that on moving the
light beam towards the model the main pattern of blue lines became fsinter, and they
disappearsd completely when the bems wag aboyut § in. from the trailing edge of the
wing. The bluye lohes above the body st high ineidence parsisted, however, until the
hous was shead of the trailing edge.

At tha time, the arigin of the hlue }ine was the subject of much speculation. No
quite sinllar effect could be found at rther Mach nuabers, although st M = 1.41 and
1.31 blue lobes could be sevn at high {neidence when the light hosw was behind the
wing trailing edge. The matter was finally resolved =hen a long, slender body of
revolution was heing tesled at a Mach number of .45, The light heam was located
tuwards the rear of the body and the mode) hapnened to Be at & considerable incidence
while wator was being added to the tunnel. It was discovered that two faint blue
lobes eould Le ueen above the body in the path of the light besa before the humidity
wag sufficlent to produce a visible vapour soresn. It was therafore concluded that
the bhlue colerativn was due to local condensation, zaused by flow cxpansion in the
impodinte vicinity of the sodel.

™his explanation further confirms the spchaniswe of condedsalion proposed in
Soetion IV. 4.8, No blue lines were dotéated uader any condifions at a Mach susber
greater than 1.51. However, condensation oecurs wt u condensation shock ‘tbove this
Mach nusber and the flow 18 not supersaturated after the shock. 1t is therefore not
poasible for additional comdsnxation 19 occur 2% the aadel. At dach nuabers up to and
fneluding 1,81 12 is beiieved that the primary cosdeasation occurs on foreign aucled
and osly a fraction of the water vapour prexsat in the warking section iw condenaed .
sul. The flow {a still well supersatuysted and secondary condensation say oeour in
any region shere expansicn of the flow iy sufficient to raise the local laevel of
supersaturation above the 2ritical valve. 16 view ol the cosgaratively amall size 2f
tae reglons causing additional condenxation, It is prodable that such condensativn
occurs on self-generated nuclei. This laplies that there gay bde cundenssiiocn sbreka
in the vicianity of the avdel, but 11 {a gnnaidored that the ‘nlluagase of ihzso shodls
on e oversll flow arcund the model {a 1ikely to be very saall. .

L2

1¥.6  THE FORRATION OF THE /4PDUR SPREEN PlETURR

The sechaniss by shich a shock save ia readered vimible bty the vupour anreen has
already been discussed in Seativn IV.5.1. ¥ wil]l nos ccnalder briefly other eays o
which the valfore distritution of fny particles say be disfurbed sufficiently to
pretuce nnticeahle changes in the sanunt of 1{ght scatteren sy {he fog
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A priori, twe causes would appear to be responsible - heating, so that the fog
particles tend to evaporate, and failure of the fog particles to follow the motion of
the air in repions of flow curvature or acceleration due to their much greater
inertia.

Heating due to compression will only occur to a significant extent near a stagnation
point or through a strong shock wave, but in these civcumsvances effects due to droplet
inertia will be much more important. Other regions in which the temperature may be
considerably above the stream temperature are the boundary layer and regions of low
mean velocity after boundary layer separation. However, Crane (Ref.IV.17) has deduced
from measurements of recovery temperature that in a laminar boundary layer no re-
evaporation occurs and that with a turbulent boundury layer re-evaporation is only
partial. It therefore appears tuat localised temperature effects are not important
in the formation of the vapour screen picture, except possibly in the case of wakes
behind wings or bodies at low incidence.

Effects due to droplet inertia occur in two distinct regions - the region near the
leading edge of a wing or the front stagnation point of a body, and regions of vortical
flow. The behaviour of water droplets in the neighbourhood of the leading edge has
long been of interest in connection with the problem of ici.g (Ref.IV.18), Unfortun-
ately the equations governing the motion of the droplets cannot be solved in closed
form, but numerical solutions have been obtained for a number of differant aerofoils
at subsonic speeds, and the effects of wing sweep have been examined (Ref.IV. 19).

The bshaviour of the droplets depends on the dimensionless inertia parameter k ,
defined as

.2
R A
9 uec

where W 18 the density of the droplet of radius r , u the viscosity of the air,
U the free stream velocity and ¢ the chord of the aerofoil. For a particular aero-

“foil at a given incidence there is a critical value of k . If k 1is less than the

critical value, no droplets strike the aerofoil, but if k exceeds the oriticul
value, all the dropiets in a certain stream tube an infinite distance ahead of the
leading edge strike the aerofoil. Both the width of this stream tube and thc ares of
impingement increase with k& . This effect may explain the dark bands over the inner
parts of the wings shown i1 the vapour soreen photographa at M = 1.51 (Pig IV,.59
and IV.60) and mentioned in Section 1V,5.3. At M = 1.51 , when the radius of the
fog particles is wbout 3 x 1079 tn., k is of order 0.1, The radius is not kiown
with any degree of certainty at higher Mach numbers, but it is probably not greater
than 1075 in., so that k is of order 0.01. Thus at M - 1.A1 droplets are likely
to impinge on the nose of the aerofoil (where they presumably evaporate) and so the
air immediately above the surface is devoid of fog partioles, but at higher Mach
numbers the lower value of k greatly reduces this tendenoy, and may even eliminate
it completely.

There is little douht that all the above mentionud effuots are of quite minor
importance in the formation of the vepour soreen pleture compared with the influence
of vortices. The radial acco.eravion produced by oirculatory flow uxerts a powerful
centri fuging action on the fog particles and they are rapidly swept from the centre
of the vortex, A point of great interest, but one which oannot be definitely resolved
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from the present tests, is the relationship between the size and shape of a region
clear of fog with those of the vortex causing it. The boundary of such regions is
invariably well-defined, but can a vortex possess such a boundary? This difficulty
is removed if it is remembered that the vortices under consideration here are quite
different from the classical concept of an irrotational vortex in an inviscid fluid.
They are essentially three-dimensional, rotational and viscous, produced by the
accumulation of vorticity shed from lines of boundary lay.r separation near the
laading edge of the wing or from the body. From examination of large numbers of
photographs, it is suggested that the black regions shown on the vapour screen are
caused by these rotational vortex cores, and the borndary of the region is & fairly
close approximation to the boundary between the core and the outer irrotational flow
field, but a detailed survey of flow conditions is nrecessary before this can be
definitely established,

IV.7 THE VAPOUR SCREEN AT SUBSONIC SPEEDS

All previous applications of the vapour screen technique have been restricted *o
supersonj¢ speeds, but there are no fundamental reasons why the method should not be
employed at ths highsy subsonic and transonic speeds provided a sufficiently large
drop in temperature between the settling chamber and working section can be achieved,
Some tests were thereforn made to exumine vapour screen production under these
conditjons.

Ideully, the use of & slotted or porous wall working soction is necessary for such
an investigation, but this was impossible in the present instance since the transcnic
working section of the 3 ft tunncl does not possess any apertures sujtable for the
pussage of the iight boam, As an alternative, a flat top liner was used in the super-
sonic working section, converting it, in effect, %o a subsonic tunnel. This presented
no serious disadvantage since the main purpose of these tests was to determine the
lowest subsonic Mach number at which the vapour Joreon technique could be usefully
eaplayed.

The f1rst lost was made at M = 0,80 (based on the value of p/p, and uncorrected
for constraint effects) with a totas pressure of 2u in. Hg nnd a total toaperature of
approximately 40°C, Tho sume procedure was followed as in previous tests at super-
sontc apeeds. It was found necessary to {nject some 15 gallons of water before an
adequutaly denge vapour screan was pruduced, but the screen tended to thin once the
flow of water into the tunnel ceased. Thia was because the air was suturated at
stagnatlion conditions and condensation occurred on the tunnel walla wnd in other cool
parts of the cireuft. The trouble was cured by injecting water continuously into the
tunnel at a rate sufficient to make up for thia condensation. fHowever, in spite of
the screen appearing reasonubly satisfactory when viewed from the side of the tunnel,
atteapta to photograph it from dowmatroam were unsuccessful, tne picture heing almrat
completely obscured by dense white pitches caused by local conden®alicn atumad ihe
model. An lapressjon was gajned that the droplets fortaing the fog were considerably
larger than thuue wi higher spoeds, and globules of water could frequontly be seen
sireaming over the wurface of the model and co)lecting at the trajling odge of the
wing ant the base o7 the body.

A socond text at M - 0.85% with the same total tesperaluie and pressure ax Refore
proved mich more succedsnful, About 10 gallons of water «ore required to produce an
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adequate vapour screen, which had the same iridescent character as at the lower super-
sonic Mach numbers. Some typical results are presented in Figures IV.62 wund IV.63,
which show the rolling-up of the vortex sheet at various distances behind a 65°
leading edge sweep delts wing at incidences of 4% and 8% At 4° incidence the

results are quite normal and the edgus of the vortex sheet are clearly defined, but

at 8° it is possible that the higher velocities inside the vortex region caused a drop
in temperature sufficiant to cause condensation to occur at a greater rate than the
fog particles could be swept from the core of the vortex. At the must rearwsrd
station there is a complete ‘image reversal’ effect, the vortex sheet appearing white
on a relatively dark background. ’

The conclusion drawn from these tests is that the lowest Mach number at which the
vapour screen technique is practicable is approximately 0.85, but this may be rather
too low if the shape of the model or the range of incidence over which it is to be
examiiied is such that flow expansion around the model causes excessive local con-
densation.

IV.8 USF OF LIQUIDS OTHER THAN WATER FOR
VAPOUR SCREEN PRODUCTION

An undesirable feature of the vapour screen technique is that at Mach numbers
greater than about 1.6 a condensation shock ocours upstream of the working section at
a humidity less than that necessary to produce a satisfactory vapour screen. This
shogk reduces the actual Mach number below the nouinal for the nozzle, inoreases the
static pressure and may produce flow disturbances in the working section.

The condensaticn shock is caused by the sudden liberation of the latent heat of
evaporation when vapour condenses into liquid, and to first order the strength of the
shock and its effeot on the flow are direotly proportionel to the amount of heat added
por unit mass of sir. It is pormihle to reduce tha strength of the shoek for a given
degree of condensation by inoreasing the total pressure, but the improvement available
is strictly limited hy the design of the tunnel. A more fundamental approach lies in
the tac of liquids which have a lower latent heat of evaporation than water. Now the
latont heat h and molecular weight m are related by h xm=C x Ty (Trouton's
Rule), where Tb is the boiling temperaturc and C {is s conatant which has the value
2 for substunces which are unassuciated in both the liquid wnd vepour atates. It
therefore follows that a liquid of high molecular weight will have a lov latent heat
of evaporation. The advantage that could be gained from liquids having s lower
hofling poiut in nekligible in comparisen with that avalilable from the high valuses of
moleoula> welght that are phyaically attainable,

The propertios desirable in a liquid whose use is conteaplated for vapour screen

production can be summariswt ag follows. It must be (a) chesically stable, (b) of
high moleculur weight, (¢) of low toxieity, (d) non-corromive, (&) non-infiammable,
(f) preferably readily available commercially. and (g) have a saturated vapour density
such that (1) a sufficient quantity oan be intrvduced before ret~hing aaturation under
stagnation conditions, (i1) an oxc~asive quantity ir not required to produce saturation
atl the working section static temperature. The nuaber of 1iquids satisfying all these
conditions is quite sanll and the most promising appear to be & group of organic
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chlorine compounds, carbon tetrachloride*, CCl,, tetrachlorethylene, szu-
tetrachloroethane, Czﬂ,‘,Cl“. and pentachloroethane, C,‘,Hcls. n-Octane, CH ., ard
turpentine, CwH“. are also attractive in that, due to their low specific gravity,
their latent heats per unit volume are some 30% less than any of those listed above,
but the fire risk obviously renders their use impracticable. Data pertaining to all
these compounds are given in Reference IV.7, and the density of their saturated
vapours as & function of temperature has been estimated fiom the values of saturated
vapour pressure quoted therein: the results are plotted in Figure IV.64.

It was decided to carry out a test using carbon tetrachloride as bulk supplies
were immediately available. The relevant physical properties of carbon tetrachloride
and water are compared in the Table below:

ce1,

Specific gravity at 0°C 1.63

Boiling point at 760 mm Hg, °C 6.8

Freezing point, °C - -23 0
Molecular weight 154 18

Latent heat of evaporation (C.H.U./1D) 468.4 at 76,8°C 595 at 0°C
Latent heat of fusion (C.H.U,/1b) 4.186 79,7
Specific heat of liquid (C.H.U./1b °C) 0.20 1.00
Surface tension at 20%C (dy.ss/om) 27 72.%

The test was made at a nominal Mach number of 2.00, with a total pressure of
9.00 in, Hg, and & total temperature of approxiuately 47°C. The air was dried as
thoroughly as possible before admitting any carbon tetrachloride. The liquid was
injected into the diffuser one pint (0.57 litre) at a time and the working section
static pressure measured. Condensation could first be detected visually after 4 pints
(2.3 litres) had been added. and by the time 8 pints (4.6 litres) were added the
vaponr screen was adjudged to be sufficiently dense to permit satisfactory photoeraphs
to be taken. The screen appeared a deep hluish-violet colour viowsd from the side of
the tunnel.

The inorease in static pressure, p/pdn . with quantity of oarbon tetrachloride
in the tunnel is shown in Figure 1V.54. Between 2 and & pints (1.1 to 3.4 litres)
the mean slope is approximately one-soventh thai when using water, which is roughly
the ratio predioted by simple theory. With 8 pints {n the tuunel, p/pdr = 1,040
and tho actusl Mach number = 1,96, approximately. Using 6 pints of wster at the same
total temperature and pressure, P/Dypy = 1,205 and ths actual Nach number = {,88.
It is thus seen that the severity of the condensation shook may be greatly reduoed by
the use of vathon tetrachloride in place of water.

* The aaturated vapour of carbon tetrachloride is over 300 times as dense s that of water at
low temperatures and initially there was some doubt as to whether it would satisfy coadition
(i) wbove, Lhat ia shether a sufticient degrec of . uperaaturation could be obtained with a
reasunkble quantity of the liquid. Howsver, results proved this fear groundleas, at least
at M v 2,0, All the other compounds mentioned have & considerably lower saturated vapouvs
donsity than oarboa tetvachloride at the same temDerature,

4
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Some photographs of the flow just behind the trailing edge of a 65° leading edge
sweep delta wing with a 4% thick biconvex section obtained using the carbon tetrach-
loride screen are presented in Figure IV.65, with thc corresponding photographs using
water in Figure IV.66 for comparison. ‘The general quality of the photographc is
similar in the two cases, and the most noticeable difference is that with the carbon
tetrachloride screen (and higher working section Mach number) the shock wave visible
on top of the vortex et incidences of 6° 8° and 10° is located approximatelv 6% of
the semi-span further inboard. N

IV.9 CONCLUSIONS

The vapour screen technique uffords a simple and practical method of flow visuali-
zation at supersonic speeds, and, with some limitations, may even he employed at Mach
numbers as low as 0.85, It is capable of providing much useful information about the
flow over and behind wings and bodies, such details as wortices, vortex sheets, lines
of flow separation or re-attachment and shock waves being rendered clearly visible.

A high standard of temperature uniformity over the working section is essential if
good results are to be obtained, and to achieve such a standard in the 3 ft tunnel
entailed shutting off the aftercooler and running at reduced total pressure at a total
temperature of 40° to 50°C. Close control or the humidity is also necessary, the
procedure used consisting of running the tunnel with the driers in circuit to reduce
the humidity to & low level (corresponding to a frost-point of about -40°C), switching
off the driers, and then injecting measured quantities of water into the diffuser,

The humidity required to produce en optimum density of fog in the working section
(from the point of view of obtaining the best photographs of the vapour screen picture)
is fairly oritical, and is affeoted by Mach number, total pressure and temperature.
With a total pressure of 12 in. Hg and a total temperature of 45°C it was found that
the ‘optimum humidity resched a minimum value at about M = 1.6 , increasing very
rapidly below this Mach number and rather slowly above it. At Mach numbers up to and
including 1.51 (with the abhove conditions of temperature and pressure) the screen had
an iridescent appearunoce due to diffraction of the light beam by tho fog particlecs,
An estimate of the size of the particles based on the position of the coloured
diffraction bands at N = 1.41 gavs the radius as approximately 3 x 107% in,,
corresponding to a particle density of about 107 per oubio in, In this Mach number
range it was possible to obtain sufficient condensation to form a satisfaotory vapour
soreen without affacting either the working section static pressure or Mach number
and it is suggeatod that condensation oovurired vn foreign condensation nuoled.

At higher Mach numbers the vapour screen was pale blue in colour and the fog
probably consiated of ice orystals rather than water droplets, Condensation ocourred
at a condunsation ehaok in the nozzle upstream of the working section, which inoreased
the static pressure and deareased the Mach number in the working seotion. Terts at a
nominal Mach number of 2.00 showed that the variation of Mach number and statio
pressure with humidity agreed well with the first order theory of Monaghan at low
hupidities, but the theory was unduly pessimistic of the effeot on Mach number in the
range of humidity necessuwry Lu produce a satisfactory vapour soreen.

The quality of the vapour screen pioture was generally superior at Mach numbers
above 1,51, this being asoribed to the amaller aize of the fog partiolea due to the
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uiiferenc mecnauism of condensation. At lower speeds the flow in ihe working section
was still supersaturated and patches of additional local condensation caused by flow
expansion around the model were froquentiy observed. Under certain conditions, and
particularly at M = 1,32 , these condensation patches or streaks formed am intricate
pattern superimposed on the normal vapour screen picture.

The adverse effects of the condensation shock on the flow at the higher Mach
numbers may be alleviated by the use of liquids with a lower latent heat of evaporation
than water, A test at & nominal Mach number of 2.00 showed that a vapour screen
picture of a quality comparabie with that obtained using water vapour could be pro-
duced with carbon tetrachloride vapour. The actual Mach number in the working section
was 1.98, compared with a value of 1,88 when using water vapour.
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APPENDIX 1IV.1

The Mechanism of Condensation at Mach Numbers Less than 1.3

It is suggested in Section IV.4.5 that, at Mach nvmbers up to and including 1.51,
condensation is ocecurring principally on foreign nuclei rather than on nuclei generated
spontaneously in the supersaturated vapour by random molecular aggregation. Since
this is gt variance with the commonly accepted view of the mechanism of condensation
in wind tunnels at supersonic speeds, the matter will be considered in some detail.

We will first attempt to show ihat the size of the droplets, as estimated from
observation of the coloured diffraction bands at M = 1,41 , is of the same order as
that predicted theoretically on the assumption that a droplet starts to form around a
condensation nucleus at the point in the nozzle where the water vapour is just
saturated and continues to grow on its passage down the nozzle hy a process of dif-
fusion of water vapour onto the surface of the droplet. To perform this calculation
it is necessary to make an assumption concerning the variation of the density of the
uncondensed water vapour elong the length of the nozzle, This variation is known
when there is no condensation, but is indeterminate once condensacion has started
unless the number of droplets is also known. Consequently, the calculated value of
the dronlet radius wust be regarded as a rough estimate only, but its order of
magnitude should be correct.

The equation governing the rate of growth of a droplet in a moving airstream is
glven by Oawatitsch in Reference IV, 13 as

NN
dx ", u
where r = radius of tho (spherical) droplet
x = axial coordinate
w = density of the uncondensed vapour surrounding the droplet
Wyat = density of saturated vapour at the surface ol the droplet
w, = density of the liquid forning the droplet = 62.4 1b/ft’
D = ocoeffioient of diffusion of water vapour in aiy

= velooity of the airstream,

This equation may be integrated to give

W-w D
ra = 2f—.-4-‘£.-..dx
H ", u

where | 1is the distance travelled by the drop since its formation. In the case of
the flow through & supersonic nozzle, all the quantitios on the right hand side of this
equatiun (with tho exception of v ) are functions of x , but it may be shown that
in the Mach number range we are concerned with here (1.0 to 1.5 approximately) the
ratioc D/u ir very nearly constant, so that
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Unfortunately, the variation of (w - Woos .) with distance along the nozzle is in-
determinate, but we can obtain a rough estimate of the droplet radiue by assuming a
simple, plausible variation of (w - wsat) with x . "For example, suppose we assume
that (w - wsat) increases linearly with x . We then have for the radius

F =5 o]

Let us consider the case of M = 1,4, with a total pressure Py of 12.0 in., Hg,
a total temperature T, of 45°C, and with 12 pints (6.8 litres) of water added to the
tunnel. The flow becomes just saturated at a point in the nozzle where the local Mach
number is 0.98, and in accordance with our initial hypothesis it will be assumed that
condensation starts from this point. From Reference IV.8, the distance from this
point to the centre of the working section, i.e. the distance !, is 9.5 ft. The
coefficient of diffusion D is given by Oswatitsch as

D = 0.,000225 ¢ (T/273) 1*®% ¢ (30/p) ft¥se0

80 that the mean value of D/u between M= 1,0 and M= 1.4 18 0.93 x 10°° £t
for the conditions specified above, The working section static temperature is -43°C
under isentropic conditions, and from Figure 1V,51 the corresponding density of
saturated water vapour, Weat ¢ 18 5.1 x 107% 1b/£t® . If we assume that half of
the water vapour has condensed at the working section, the aotual density of the
unocondensed vapour is

12 x 1.25
ix = 73 x 10°% 1b/1t0,
745,000 M 1

Inserting these values in the equation for r gives a droplet radius of 3.8 x 10~%1in.,
which i{s considered to be in nuite reasonable agreement with the value of 3 x 10°° in,
ostimated from ohbservation of the coloured diffraction bands at M = 1.41 .

7f we again assume half of the vapour to have oondensed hy the time the working
section is reached, and taking the droplet radius as 8 x 10°° in,, the number of
droplets in this case * rks out at 107 per ou.in. ‘Therefore if condensation is
oocurring on foreign condensation nuclei, there must be at least this number of
nuolei present in the air in the tunnel. At first sight this may appear to he an
exoessive numoer, but in faot is less than the number that have been moasured in
ordinary voom air, and is of the same order as that found in an urban atmosphere.
We thus oonclude that the size and number of the diroplets are not inconaistent with
the proposition thut oondensation is ocourring un foreign nuolei.

The theory of moleoular nucleus formation is based on the kinetic theory of gases,
and whilst complicated in detail, the results may be expressed comparatively simply.
It ia found that the rate of nucleus formation per unit volume depends on two
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parameters - the temperature and the ratio of the actual vapour pressure to the
saturation vapour pressure, i.e. the supersaturation.

Burgess and Seashore in Reference IV.20 present a chart of the rate of nucleus
formation as a function of the supersaturation and stream temperature. At a Mach
number of 1.4, with a total temperature of 45°C and a static temperature of -43°C,
the relation between the supersaturation S and the rate of nucleus formation J
(expressed as the number of nuclei generated in 1 cu.in. of vapour while travelling a
distance of 1 ft) is as follows:

J s

1 10.0
10? 11.3
10" 12.9
10° 15.2
108 18,2
1040 22,2
1042 28,7

Thus the number of self-generaled nuclei hLecomes of the same urder as the number of
droplets estimated to be present when a 18-fold supersaturation is attained.
Referring to Figure IV.50, it is seen that at M = 1.4 condensation is first
detectable in the working seotion at just this level of supersaturation. This might
be considered excellent agreement hetween theory and experiment and fully justifying
the assumption that in supersonioc tunnels condensation is due to self-generated
nuclei, but there are reasons for supposing that this agreement is fortuitous. If
the supersaturation is inoreased by inoreasing the initial humidity & comparatively
small amount, the rate of nucleus formation inoreases by several orders of magnituds,
wvhich would cause a sudden and complete collapse of the supersaturated state, 1.e.

a ocondensation shock. The experimental results do not reveal the existence of any
such shock in the Mach number range under consideration until humidities rather
greater than that found necessary to produoce a satisfactory vapour soreen. There is
also the evidence (Bection IV,5.4) that the flow in the working section is still well
supersaturated, although this is not the oase at the higher Mach numbers when con-
densation does ocour at & condensation shook.

The molecular nucleus formation theory disregards an important factor when applied
to the flow in wind tunnels. This is the effect of the temperature gradient along
the nozzle (Ref,IV,21). Suppose we expreas the superssturation not as the ratio of
the actual pressure of the supersaturated vapour to the saturated vapour prissure,
but as the ‘adiabatic supercooling'. This is defined as the difference in temperature
between the point in the nozzle at which the vapour is just saturated, and the actual
vapour tomperature. At M = 1.4 and with a 16-fold supersaturation in the working
seotion (where the statio temperature is -43°C), the flow is just saturated at a
point in the nozzle where the local statio temperature is -12°C, Thus the adiabatic
supercooling is 31°C, which is a fairly tvnical value of the supercooling necessary
to oause oondensation, as given by this theory. However, there is experimental
evidence (Ref.1V,21) that even in large tunnels condensation effeots are rarely
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encountered with an adiabatic supercooling of less than 40°C and in a small tumnel
this may rise to 60° or 70°C or more. A change in the adiabatic supercooling trom
31°C to 40°C represents an increase of over 100% in the supersaturation,

It is therefore considered that at the lower supersonic speeds the weight of
evidence is against the theory that condensation is due to self-generated nuclei, and
it appears that foreign nuclei are primarily responsible. It must be emphasised,
however, that this conclusion is only valid for the 3 ft tunnel for the particular
conditions of pressure and temperature under which it was operated, and will not
necessarily be true in general. For example, a reduction in total temperature while
keeping the stagnation humidity constant will have little effect on the rale of growth
of a droplet forming around a foreign condensation nucleus, but it will increase the
adiabatic supercooling, thus greatly increasing the likelihood of self-generated
nuclei dominating the condensation process, It might well be found that at a total
temperature of 15°C the presence of foreign nuclei is significant only at Mach numbers
less than about 1.2.

The effect of a reduction in tunnel size is interesting. The shorter distance
between throat and working section is obviously unfavourable to the growth of droplets
on foreign nuclei, which tends to increase the supersaturation of the uncondensed
vapour, thus increasing the probability of molecular nucleus formation. However, the
stesper temperature gradient in the shorter nozzle increases the adiabatic supercooling
necessary to cause condensation. It is therefore difficult to predict the effect of a
reduction in tunnel size on the mechanism of condensation, but it is certain that to
produce, at the same Mach number and total pressure, a vapour sorsen of equal density
in a small and in & large tunnel, then the stagnation humidity must be greater in the
former ocase than in the latter.
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APPENDIX 1IV.2

Estimation of Working Section Mach Number and Static Pressure
when a Condensation Shock is Present in the Nozzle at “dr:r =20

Monaghan (Ref,IV,14) has derived the following approximate relations for the
working section static pressure and Mach number when & condensation shock is present
in the nozzle:

P M2
—_ 2 14 _lﬂ(l,»;vuf)_yu? £
p 7 2 -1 b 1 CT
dry dry Dt
7"1 2
(1 +yNdD (1 b N )

N 1 % 7Ny g dry o
—_ % ] - > —_—
Mdry l‘dry -1 CD Ty

where M, = Mach number just shead of the condensation shock
@ = heat input per mnit mass of gas (C.H.U./1b)
C, = speoific heat of air at constant pressure (0.24 C.H.U./1b %)

T, = total tempersture of the air ahead of the shock (%K),

: Before these expressions oan be evaluated it is first neceasary to estimate the value
of N, , and this has heen done by assuming a constant adiabatio supercooling of 30°C
(see Appendix IV.1), which corresponds to condensstion effects being just deteotable
at s frostpoint of -87°C with an fnitiml total tempersture of 47°C, It is assumed
that tho wot air expands isentropiocally through the nozzle until condensation ocours,
and that the density and teaperature of the small quantity uf water vapour presont
vary direotly as that of the much larger mess of air. The temperaturs ‘l‘“t at
which the vapour is just saturated may then ba found for any stagnation vapour density
by oross-plotting on Figure IV.51. With a total tomperature T, of 47°C and esmuming
an initial vapour density of 0.7 x 10°% 1b/£t% (corresponding to m frostpoint of -40°C)
for the ‘dry’ tunnel, we can caloulate N, a8 follows, W {is the quantity of water
added to the tunnel, " the density of the water vapour in the settling chamber and
T, the teaperature just ahead of the ocondensstion shock,

1 ] " Taat T, /T, W,
b /1t? % S

2.5 6.3 x 107° .24 -4 0.612 1.7¢
5.0 11,8 x 10™% -18 -88 0,84} 1.67
7.5 17.3 x 1078 -13 -63 0.657 1.62

In osloulating ¢ it has been wssumod that all the water vapour is cundensed out
at the shook, and that ioce oryutals rather than water droplets are forwed, 50 a total
latent heat h of 690 C.H.U./1b has besn used, With a total pressure of Y in, Hj.
the density o, of the air in the settiing chasber is 0,0218 1b/2t®,  Stnce
q = hw/o, . we have finally:
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W L IR 715 M P Pyry
1b
25  L74  0.026 1.92 1.07
5.0 167 0,049 1.86 1.13
7.5

1,62 6.072 1.80 1.18

These values of M and p/pm.y have been added tn Figure IV, 54.
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Pig.1v. 88  Vapour soreen photogruphs of the flow hehind a cambered delta wing
at M= 1.8
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Pig. V. 88 v-naur scresti photographs ot ths flow ovee the upper aurface 0f o oum
. wing at N = 1,73 (Id,,= 1.84)
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{tv)  BEAM PONITION 0-50 Ca AFT OF TRAILINC EOGE

Pig. IV.82  Vepour screen photographs of tho flow behind a delta wing
at M= 0.8, a=z ¢




Pig.Iv.03

(£l) SEAN POSITION 0-30 Co AFT OF TRAL WG SDGE

Vepour screu photographs of the tiow beliind a delta wing
at M =088 ac=z8°
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Vapikir seresn photopraphs of the flow juet vehind e delta wing, ucing

ocarbon tetrachloride vepour.
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Pig. IV.68  Vepour screes photographs of the flow just behind a delta wing, using
water vapoutr. N z 1,48 (l‘". e 3,00)




PART V

BIBLIOGRAPHY




166

V.3

V.4

V.3

V\s

v.1

v.8

v.9

V.10

CONTENTS

INTRODUCTION

GENERAL

METHODS

METHODS

METHODS

NETHODS

NETHODS

KETHODS

MEYNODS

REFERENCES

USING DRY ICE

USING DUST ANR BALSA DUST

USING ELECTRIC SPARKS

USING OIL FLOW

USING SMCKE

USING TUFTS

USING VAPOUR BCREEN

TRANSITION MEABUREMENY

Page

167

167

168

168

168

169

170

178

1718

116




187

PART V. BIBLIOGRAPHY

V.1 INTRODUCTION

In Parts I to IV of this AGARDograph references are made to papers which bear
directly on the subjects being discussed, These papers are listed at the end of each
section. The list of papers given in the Bibliography is intended to give references
over the whole range of indicator flow visualization techniques and perticularly
those techniques which are too well established to be dealt with in the text. It
does not seem appropriate to attempt an exhaustive list in a paper with this title
but a representative sslectinn of pupers in English has been chosen together with a
fow in other languages where they are known to oontain additional iuformation.

V.2 GENERAL REFERENCES

8. 1 July 1932
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Visual Flow Analysis,
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Moas, G.P. and Hiils, R,

Visualizatio: of the Flow at the Stall on Wind Tumnel Nowdels.
Unpublished MOA Report ARC 138985,

(White oil, wedivm geartox oil - Duckhana 1} 400 L& used)

Pebruary 1935

Manont, L.A. and Cadwell, J.D.

An Oil Spray Technigue Suitable for Visual Transonic Floe Obssrvationa.
mx“d ‘*ch Coﬂ.. U.&n\. ”.n DGW. m l-l“m’-ﬂ.

September 1084

Halnes, A.8
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ARC 10396, 13004, ARC R & M 2657,

April 1951
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(Using a smoke tunnrl.}

Angust 1982

Heraig, H.2., Hansen, A.G. and Costellio, G.R.

A Visualization Study of Secondary Flowe 1a Cascades.
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Operating Charscteristics of the Princeton Uatverstty 14 & 2 ft Saoke
Tumrel,

Priuceton taiv. Dept. of Aeru. Bog. Report 233,
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