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Summary.

The turbulent mixing of two jets of fluid of the same density is
investigated theoretically by means of Prandtl's theory of turbulence
and the results compared with experiment. The mixing length is assumed
proportional to the breadth of the mixing reglon with a proportionality
eonstant which is the only empirical constant in the theory.

In Part II a solution obtained by Tollmien for the mixing region of a
plane jet, in which he considers the fluid bounding the Jet at rest, is
extended to the general case of the mixing of two streams of different
veloeitios separated initially by & plane surfece. Distribubions of the
tangential and normal veloeitics in the nmixing region are given.

Part III dssls with the turbulent mizing region swrrounding en axie
ally symmetric jet issuing into fluid st rest. The problem is solved, as
far as the core of potential Flow extends, by the appliecation of a new. .
method of approximation directly to the partial differential equation of
motion. The velocity field, as determined by & sscond approximation to
the veloeity profiles, is given. An extension of the method of solution,
applicable to problems in which the velocity profiles differ widely, is
ment ioned.

In Part IV the emplirical constant ocecurring in the sssumption for the
mixing length is evaluated. Velocity profiles in the mixing region of an
axially symmetric jet were measured by meens of a pltot tube and good agroeow
ment is found betwoen theory and experiment.

Finally, some measurements of the velocity fluctuations, made by means

of the hot-wire angnometer, are givon.



-s},u-

I. Introduction.

This investigation deals with some of the many cases of the ture
bulent mixing of two parallel streams of fluid of the same dengity mo-
ving at different velocities. The boundaries of the open jet wind
tunnel and of the slipstream of a propeller are two very frequent cases
to which the results apply.

Considering first a perfect fluid, it is well known that a surface
of discontinuity in the veloeity, though not in the pressure, may exist
at the boundary separating the two streams. Helmholtz (1) Pirst pointed
out the possibility of the existence of this swrface, but proved it to
be unstable*, i.e., a slight disturbance will build up into & regular
succession of vortices travelling along the surface. The vena contracta
and the boundaries of the dead water region behind a flat plate are exome
plea which have been treated by Kirehhoff, Rayleigh and others.

When a Jet of viscous fluid issues at a low veloeily into fluid at
regt & repular succossion of vortices is given off at the rim. As the
velocity is increased beyond a certain low limit this periodic flow is
replaced by a turbulent mixing region.

Turbulence, as distinet from those cases In which a regular succession
of vortices is formed, is characterized by an irregular fluchuating motion

superposed on a mean flow. These fluctustions give rise to & momenbum bransport

* On the other hand, Ackeret {Helvatice Physica Acta, I:V, p. 301, (1928))
has shown that, for hyper-sonic velocities, the surface is stable.
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between neighboring fluid regions and, as a result, "apparent stresses” will
act between these regions. I we consider a flow, the main component of whish
is in the x direction, its magnitude belng 2 function meinly of y, the
momehdun Pransport will depend upon the veloeliy gradient and the mosh

importent apparent streas will be ’47,% « Prandtl {2) gives the expression

- - t Juy | dw
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where f is the density of the fiuid, v is the wean velocity, and L the
so-galled “mizing length'. £ is analogous te the mean fres path in

the Kinetie Theory of Gasee and is proportionsl to the mean disbance
which e fluld mass will travel in the y dirvection without losing its ine
itial momentun. In ecases of free turbulence, i1.0., cases in vwhiech there
are no confining walls, the very simple assuspiion that L io constant
over any e¢ross-section and proportional to the breadth of the miﬂm:; o
gion zives resulis in good egreement with practice.

Tollmien {5}, with the aid of (L.1), solved the problem of the plane
jet issuing into o medium at rest and also obtain@éi a solution valid at
great distances from an axially symmetricel jet. These solutions hold
for a wide rense of velocities snd this is not surprising when we eonglider
the strong &lscontinuiby in the veloeity at the rim of the jet. Very
large velocity disturbances rosulld end the completely turbulent state ia
realized at o comparatively low velocitye

The object of the present wori was to exbtend Tollmien®s resuits to
other ecugses of practical importanse. We treat ab first the two dimensional

problem and iabter that of the axially symmetrie jet.



II. The Plane Jet.

The arrangement, as shown in Figure 1, in which 17, and 72 are the
boundaries of the turbulent mixing region, finds practical application
both in the case of the open jet wind tunnel and the mopeller slip-
stream. The liﬁiﬁ of ite applicability due to the finite diamster of
the wind tunnel or the propeller, will be discussed in Part III.

Tollmien's solution for u,= 0 is here extended to the case in which
u, has any value from O to u,. Since the flow in the mixing region will
have its main component parallel to x, we can assume that no apprecisble
preasurs difference exists normsl to x between the two streams, and, since
the pressure in the jets cubeide the mixing region is mnatant,‘ the
pressure gradients can be completely neglected. Hence for flow in the
% direction we need only sonaider the firot equation of motion, and this

raduces to

éﬂ- + ‘d‘—g&é - 2%
2.1) Yo 0 ot

where v is the v component of the mean velocity and ’Uﬂ} is given by {1.1).

This equation, énmbimd with the continuity equation

‘ o, v
2.2) W j:ol 0

and suiteble boundary conditions then deseribes the field of flow in
the mixing rogione.

Sinee an x gradient in u exists, from continuity, it follows that
there is a v component. The value of this component at the low-velocity

boundary of the mixing region we term the "suction veloeity".

W = f(_%}/,x)

ie8., that the broadth of the mixing region is proportional to X.

Ve assume



Henee the zssumpbion that the mixing length is sropordional to the
breadth of the nixzing region can he expressed as

2.3) £ - ex

whers ¢ is an ovpiriesl constant.

e obbain, from (2.3), the stresm funebion

t]"——'xf:(%)

and, congecuently,

u-F"'
Z.4) . _F+
i FrtF

Substituting (1.1), (2,3) and [2.4) ir {2.1] leads to the ordéinary 4if-
ferenticl sousiion
2e5) F(}Y) + F O =0
where
.1 - ,__-1—'
3
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The solubion to {2.5) can be expressed in the following form
N A N - _
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where 7] =77 2 and d,, 4, and 4, are consbants. To determine these

sonstants and the boundaries of the mixins region we choose the boune -

dary sonditions,

w= U,
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The sondition v=0 at the high veloeity boundory is an assumpiion the vali«
dity of which may depend upon the details of the sxperimental arrange-
ment outside the neilglborhood of the mixing region. Ixperiments indieate,
however, thaet the assumption is justified in a large number of cases of

practical imporience.



In $erms of the funetion F( ;1” Yo {2.7) reduces to

F (o) = ‘r"u.

2.8) F'lo) = u, F'(i]‘p) = U,
F)- o F"(i]-"): @
From the first threes conditions we get simply,
- U,
d, - 3 (}],"1) 4
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These expressions are substituted in (2.8) and F”(ﬁt} =0 yiclds
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Substituting {2.10) for " in (2.11) we get m us a function of 7,. This
function is plotted and for a glven value of m the corresponding
value of 7 1is substituted in {2.10}), giving UiE fliis then obtained
from the formula 1'7';7;7], +» The results are shown in Firure 2.

It is seen that Tor m=0 the mixing region is not symetricel about
the extension of the boundary initially separating the two jets, but, as
m inereases, the houndaries gradually approach a position symmetrical about
this line. Figure 3, in which u veloecity profilea for threo values of m
are plotted, shows clearly this tronsition. If ﬁ» is replaced by an, or

- 27, and the series expensions for the various terms are substituted in

(8.11), we find, near m=1,

2.12) Je=" " Tra-m

5
where termw of opder 17, are neclechod.

To £ind the veloelty mrofile, civen any m {Z{)}‘ {if the given value
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is greater than unity, its reciprocal is to be used}, the correspon-
ding value for M, a8 read from Figure 2, is substituted in (2.9),
giving the values for the d's. W 57" } is then obtained from (2.8) and
the corresponding veloeity mrofiles from {2.4), where it must be remem-
bered that the secale of (i Las been reduced by the factor .

To show the change in shape resulting from & change in m the ve-
locity profiles of Pigure 3 are re-plotted in Figure 4 where ordinates
and abscissae are chosen so that all profiles have the same limlits.
Figure 5 shows the corresponding distributions for the normel velo-
sities. In some cases 1t is of intersst to know the suebicn velocities
as a funekion of m. This ia shown in Figure 6.

Measurements of the mean veloecitles in thé mixing region at the
‘zoundary of the open jet wind tun;nei in t}m:ingezi ahow that ¢= 0.0174,
;%= 0.0845 gives good agreement between theory and experimenta.

Tollmien carried out an investigation of the pressure difference
existing betwoen the ecenter of the nmixing reglon and the undisburbed
flow by substituting his results for u, v, © {u,=0) in the second
sgquation of motion

2T
v +U‘.)i:~§)—_éﬂ+f}; 3

w o 5y %4
and determining p by integi‘ating with respect to y« He found this dif-
ference in pressure to be 0.00432 éu,z, which, if taken into account,
would not appreciably slter the stream lines. Ience we can safely say
that neglecting this cuantity for the cases considered above is jus-

tifiable.
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IIT. The Axially Symmetric Jet.

The cage of the discharge of an axially syrmetrie jel into fiuid
at rest oceurs very frequently, especially in experimental arrangements.
Tollmien's solution for this case in which he conglders the jot os
issuing from a point holds very well for values of X greater than about
eight dlemeters. However, if we wish to obtain a solution valid near
the mouth of the jet, it sppearas impossible to trausform the eguation
for tho mean motion into a total differential eguation. Accordingly,

a method for obtaining an approximate solution was applied dirsctly to
the partial differential eguation.

e gan form a gualitetive pleturs of the flow from a cousideration
of the building up of the turbulent mixing region. This region, origi-
nating st the rinm of the jet moubh will form an annular ring enclosing
& core of potential flow in which the veloeity is constant and equal to
the outflow velocity. A% a point x=x, this cors will vemish and the
entire jet then becomss a turvulent mixing regions A coross-section of
the flow ig shown in Figure 7. Region A consisis of the annuler mixing
region surrcunding the core of potential flow. In region B the entire
jet 1is 2 mixing region and the cenbtral veloeity u, decrsases as X ine-
ereases. The veloeity profiles and the x gradient of u, finelly reach
an agymptotic state us the fluld enters region C. In ¢ the central ve-
loeity is inversely vrroportional to the distance Irom gome point near
the jet mouth and o1l profiles are similar, i.e., plotting w/u, against
v/b where v is the radial distance of a noint from the axis and b is the
breadth of the jet, all nointe fall on a single curve. It is in this last

rezion that Tollmien's polution is valid.



At the point x=1x,, i.e., whore ths potential core vanishes, we can,

Y

Cioulby in

for physicol and mathematical reasons, expect considerablis {1

finding a solution ressonably close to practice. Consequenitly we will

consider at firet only rozion A,

- e

Yor the swic roawong ns in Carxs IT the pressure grauients are noe
glected =ud the equabion for the womn nmotion is

Ju Ju 1) ¢
w® 4+ v2& 1 J (T
341) Jx 2y f? 3 3)
The conkinuity equation ig

&
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Qluy)y . d(vy) -
2 ) 5 $) =0

For region A we have the followiny boundary conditiona:

3b=' u=0

' o un 5 -

5‘5} M J = d. 3——5’ -0 y at a = d"‘ze 3/;_
J =0

where 4 is the radlues of the pobential core and v=0 is ou assumption,

Justified, as for the vlans job, by experimental reosults.

At =0, yv=1, {taking the jet moubh to be of unit radlius) ecuation
{3.1) reduces to the two dimensgional eguation {2.1), ao that, the
limiting profile is that for m=0 in Figure 4. Then, seg ¥ increcses,
there rust be a grodual transition from this mrofile to that ohtained
by Tollmien for x large. These two golubions are ghown jin Pigure 8.

In both euses the mixing lovsth f s talten nropbriional to tho
breedth of the mixing region but this is justified only when the Droe
flles ars sinilar. Ibwever, since the profiles do not diffor markedly,
we can, o a good approximotion, again set

Bed) { - o A



where the value of ¢ is not the same as it was in Part II. Substitu-

ting the expressions (l.l) and {3.4) in (3.1) we obtain

Jw _ bt ¢y du
se) wde eyl oS ()

To solve this differential equation approximately we first assume,
as a first approximation, & reasonsble veloeity distribution in the mixe
ing region. Then, by means of the differential eguation we obtain a
second spproximation $o the solution.

Wo can consider u as a funetion of y, 4, and‘b, where d and b are,
as yet, undeternined. We assume, for simplicity, that u,, where here
as in subsequent expressions the subseript refers $o the order of the ap-
proximation, is & funetion only of 8, defined by the formula

3.6)  w= £(6) where 6 - 454

This assumption expresses the fact that the first aepproximation is made
up of similar profiles. The dependence expressed by {3.6) is in complete
sgreement with the results of Part II at the rim of the jet mouth whem
the origin of coordinates is trensformed to that point.

The simple expression

¥ \%
3.7)* w, = (+-€")

satisfies the boundary gonditions (3.3) and, as is shown in Figure 8,

* The eorresponding expression

g )&
we Lo '
was found by Miss Swain (4) and Sehliohting (5) as a first approximation
to the veloeity profiles for the axially symmetrie and the plane wind.

shadows respectively.
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is reagonably close to the limiting profile at x=0. It was there-
fore chosen as a {irst approximation to the profiles in region A. The

corresponding value of v,, as determined from {3.2) is

338} 1[', - - L Lu’ 4
J 4 )1, ¢ 3'
In the first approximation (5.7) the quantities 4 and b are still
unknowns. The first attempt to Find these parameters was made by mesns
of the well known "Momentum Theorem". Multiplying both sides of (3.5)

by y and integrating with respsct to y, we get

3 d+4
349 Uty — = / b = oV pr 9,& =
_,), X 7“’343' c,,é()#);
| ¢
This relation is specialized for y= 0, corresponding %o the axis of the

jet. Then
d+4

3.10) w;d& - st =/3 45 - DE

where the integral ropresents, to a faetor of 21, the total momentum
passing any aeetian por second. This is set equal to the momentum is-
suing at the mouth of the jet. GSecondly we place y in {3.9) egual %o
unity, eorresponding to the point in the mixing region on the cylindrieal
oxtension of the jet mouths e now substitute u-u, and v- v, from
(3+7) and (3.8} in (3.10). There result two relations between b, d, ‘2:(—%
and 5—;‘! from which we can sasily determine b and 4 as functions of x.

This methed of bullding up a first approximation is similar to one sug-
gested by Prof, von Kérmén and applied by Pohlhausen {8) in the theory of

the laminar boundery layer.



To obtain a second approximation up, we substitute the first ap-
proximation u,, v, in the left side of {5.93 and identify the right side

with the second approximation. mm 1ntegx*atim then gives

d+b
. d+b
J.11)
/ oy {w 2‘{ pdgh dy

This expression is so constructed that the boundary conditions WU,- Qsz =0
¢
at y-d+d are satisfied. Unfortunately, the second approximation had a

strong deviation, amounting to from five to ten percent, from u, at the
inner boundary y-d of the mixing region of the first approximation.
This behavior would have been very difficult to correct since it sizni-
fies en overlapping of the mixing regions for the two approximations.
Agcordingly a method, suggested by Dr. Tollmien, by whiech the coineidence
of the boundaries of the two approximations wes immediately insured,
was applied.

We shall delay for the moment the determination of the parameters
b and 4 in the firat approximation in order to develop & different and
more convenient method for proceeding from u, $0 u,« For this purpose we

write the equation of motion (3.5) in the farm

2 w = T
3.12) et . W - betu
24" u 4 oy

u
The denominator 3# causes no singularity at its vanishing points, since,
at thesse points QJL vanighes with at least the same order. Ve now place
u; in the right and u, in the left side of (3.12) and get, for the second

approximation,

U _ b Jdu { 4
3.13) / - { X _ oy - BE U } 4
D(a_ K } 33
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3.14} u-'z = / J?E—a" B % y' ;
¢ K

where the integration limits are chosen so that %i* -0 at y-4,

u,~0 at y=-d+b. According to the idea outlined above the bounderies

of both approximations shall goineide, i.e., the boundary conditions
2%

u,-u,-1 et y-4 and . =%’i3ho at y-d+b shall be satisfied., Then,
from 3«13) and {5&3.4); du .

N S PR
| del 5
2!
b*db‘ g, L e gy dy =1
//1[ 'Bxpzr,—/j—]?fg
2be du,
4

We agaln assume thab
w, = JC(G)

Then the zhbove conditions are transformed into

1
Y ¢ _ Jdw _1 lyp-o0
3,15) jé_)‘/ﬂfu,(d—+b6)’ e~ Je 6+S§d
[e]

o : v, Ju, 1 %dede; A
3.18) —é‘ Zu,(d'+b6) '—(’_,:1‘, - e g+ 4
b 0

d-. '-.'_-4_—(-1—' ’:—L‘d_—é
o> R » b= dox

The expressions {3.7) and (3.8) are again used as a first ap.

where

proximation. If theme are substituted in {3.15) and{3.16) the into-
grations can be carried out annlytieally and result in equations of the
type

b fl(x) + d fd” + $,®=0

170 f,(5) -+ & TAONESS AN -0
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Eliminating b* and 4' successively gives
b - q,(6)
3.18) d - %;(9)
r dd 28) _}p4s
or T E s = 5’
db g’jf@) db

Integration of this differential equation gives

J
e =
where b, is an integration constent. The indicated integration can
be ecarried out graphically and we have
3.419) -’f; - R(8)
In order :ta determine b as a function of x we first plot the
first aqustion of {3.18) and (3.19) and eliminete §. Then, plotiing

cdx . _t— against b/b, and integrating, we obtain

. b ()
o (B) - b
3.20) / é—'—b'— = g—l:“* F ()
b '

o}

where the condition that b-0 at X-0 hes bheen used. Further, from

{3.19) we got & as a function of C»fbl « Then, from the relation d-Sb,
3.21) crx, d '
£ G (%)

Pinally, by the condition d-1 at x-0, the integration constant b,

is determined end we have both parameters in the form

b- b (ex)
3.22) 1 d - 4 (&%)

The boundaries of the mixing region are now fixed and u , is cal~
culated from {3.14). Figure 9 shows two profiles (- 0.04 and J=«)
caleulated in this menner. We know the limiting profile for S=oo to

he that for the plane jet for m=0, where m is again the ratio of the
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outside veloelty to the jet veloeity. This profile is also plotted
in the figure and we see that the agreement between the second approxi-
mation and the exact solution is very good indeed.

Figure 9 shows the boundaries of the mixing region as given by
(3.26) and also the lines of constant velocity as derived from the
profiles for various valuss of §. At 0-0O the main corrsction term
in u, vanished, having an infinite derivative at that point. The eal-
culated profile was obviously considerably in exrror and consequently
is not given hers.

Since the momentum integral (3.10) hes not yet been used in this
process, we cen, by means of it, determine how far we may consider
the approximation good. The momentum for the profile at §=0 was
twelve percent high while that for 5-0.04 was still within wo percent
uf the correct vaﬂ.ue;‘ Henes the raaulté are given only as far as
or ¢“x = 0.044.

Figure ¢ shows that the lines of equal veloeity are very nsarly
straight and we know that, for x small, they agreé with those for the
plane ¢ase. Iurthermore Figure 8 sha%vs that the divergence botween
prefiles in region A 18 not larze.

We can then easily predict the approximete flow picture if the jet
iz issuing into a moving fluid, which is the problem analogous tr:t that
considered in Part II for the plane jok. We know that the limiting
conditions at the jebt mouth will be those alrealdy eonsidered for the
plans jot. For m=0 the results of the foregolng analysis show that the

- ghange, both in the boundaries of the mixing region and the velecity
mrofiles, is not larges This indicates that, for any m, the resulis
of Part II for the plane jet ean be used to s first approximation as

far as the core of potentisl flow extends.
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A refinement of the above method was applied in region B. How-
ever, near the point where the core of potentiel flow vanishes, the
results were not in accord with experiment. Sinece, at this point, the
physical behavior is not clear, making the assumption for l very
doubtful, no further attempt wos made to deseribe the field of flow
in this region.

The refined method consisted essentially of introduéing nonwsi-
miler profiles for the first approximstion. Hence, u, must contain a
"ghape factor". For region A this proposal would lead, f.i., t;:: an
as on 2
IR PR T
In addition to b and d we must now determine p, the shape fastor, as
8 function of %« To carry out $his determination we must have tht_s&
mnditi'ons, one more than was required by the foregoing method. The
momentum theorem (3.10) applied to u, gives us this third condition.
This is differsntiated with respect to x and we have three simultsneouns
differential eguations to solve for b, 4 and p. The method of solution
is similar to that outlined for the preceding mebthod.

The utility of the asbove methods are, by no means, restricted to
the above problem. They would be equally useful for the solution of
various problems in laminar as well as turbulent flow. It is necessary,
of course, to know the approximate shape of the velocity profiles.
Higher approximations can be found by repeating the processes, though
a considerable amount of caleculation is involved.

Tollmien, by the method deseribed in part II, carried out an in-

vestigation of the pressure difference hetween the center of the mixing
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region and the undisturbed fluld for x large., This difference was
found to be -0.00295 ,g W, where u, is the central veloeity in the jet
at the point considered. This quantity is again negligible insofar
ag ite consideration would alter the mean streem lines. Sinee the
case c¢ons idered sbove is intermediate between those considered by Toll-

mien no investigation of the pressure difference was made.
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IV. Zxperimental.

For the purpose of evaluating the empirical eonstant in the
caleulation of Part III measurements wero made of mean velocity dise
$ributions in an axially symmetric jet. Moasurements of the velow
¢ity fluetuations as measured by the hot-wire anemometor are alsoc
givens .

The arrangement, a longitudinal section of which ié shown in
Figure 11, wes essentially an Eiffel type wind tunnel, the obseorva-
tion room being 140x188x188 sentimetors end the outlet tube 76 cene
timeters in diameter, This part of the apparatus along with the motor
and fan alresdy existed so it was necessary t0 use an entrance small
enough to permit an exploration of the veloeity field as far as the
asymptotie region.

A ten centimeter nozzle with fairing as shown in the figure was
ehogens Alr was drawn thru the arrangement by a twoebladed fan
driven by a 7.5 horsepower A.C. motor, the speed of which was varied
by varying the freguoncy of the current. With the outlet unobstruc
ted, astrong pulsations, backflow and rotatioa ¢f the stream were
obgerved. The bell mouth B eliminsted the pulsations end the cone C,
supported by three symetricaelly placed guide-vanes, and the annular
ring D eliminated the greater part of the backflow and rotation.

In order to obtain a uniform velceity distribution across the inlet
it was necessary that the nozzle have a e¢ylindrical section at lecst
0.3 diameters in length.

A two-way traversing mechaniam, loaned for the purpose by the

Astrophysics Department, carried the mesguring deviee. By bolting

the dsvice in positions I, II, and IIXI suwcesslvely it was possible
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to obtain a longitudinal traverse of 9.3 dlameters, which, along
with ¢ leteral motion of 27 contimeters was sufficient for the in-
vegtigation.

Lateral traverses were made witha pitot tube at distances from
3 to 9.3 dianmeterg from the jot mouth. Becauss of the high veloeity
grodient and large fluetuations about the mean velmiﬁy, measurements
et distances less than three diameters eould not be relied upon.
However, Tollmien checked his results for the plane jet by come
parison with meesurements (7) made in GBttingen 2% the boundary of
the jet, one half diameter from the mouth,of an open jet wind tunnel
2424 meters in diameber. At that distance the mixing region was
wide enough so that the above diffieulty was not encountered. These
moagurenents showed very good agrcament between theory and sxperi-
ment, &0 that, for the present purpose, the veloeity field for
distances bebween 0.5 and 3.0 dismeters from the mouth eculd be in-
terpolated very clossly. The lines of equal velocity ere shown in
Figure 12, in whieh, for convenience in garrying over the theoretical
results, the radial distence is measured in radii while the longitu-
dinal is messured in diameterse.

The dotted lines in the figure show the agreement between the
theary of Part IIT and experiment for

e¢*= 0.00496
1eGey € = 00705

Figure 15 shows profiles at 0, 2, 4, 6, 8, and ¢ diameters. The or-
dinates in this figure are displaced 0.2 aleong the velocity axis for
sach diemetcr from the mouth.

Pigure 14 shows the scatter of the experimental points and their
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agrsemont with the theoretical curve at x—4.0 diameters, which

is the last point for which the theory is givens Aside from a

mall systematic difference near the center of the jet the agree~

ment is quite good. This difference is in the direction indicated

by the fact that the momentunm ealeulated from the theoretiecal

profile was two percemt low. In Figure 15 the experimental points at x=93dia
are plotted along with Tolimien's solution for x large. There is

again a very small systematic difference near the center.

The apparabus for measuring velocity fluctuations was deve-
loped by F. L. Vattendorf and tie author and follows closely in
principle that of sarlier work by He L. Dryden and the anthor at
the Bureau of Standerds (8). A detailed account of the arrangement
will be given elsowherae. It consists esseontially of an electrically
heated platinum wire 0.0145 mm in diemeber and about 3 mm long and
a vacuum tube emplifier. The fluetuations in the resistance of the
hot-wrire, caused by fluctuations in the wind speed are impressed
across the input of a five stage amplifier. The lag in amplitude of
the resistance fluctustions is corponsated for in the mamner described
in reference 8.

That the vertical hot-wire responds, to a Tirat approximetion,
only %o the fluetuation émpm&nﬁ in the ﬁir&ni;icn of the mean flow
can be appreciated fron the following analysise. Due $o the faect that
one component of tlo fiumctuations will be in the vertical direction
its effect on the resiztumee of the hot-wire will be considersbly
less than that of the other two componanits. Neglecting the lag of
the wire, whieh can hawve no effect here, the instentansous resistance

of the ws.m} represents



20

where the dash inéieatas the mean value of the quantity over the
time, u', v', w' are the thres perpendigular components of the flue-
tuation veloeity superposed on the meen flow and b iz a small facw
tor indicating the fact that the effect of w' is smell., The hote
wire 1s ineluded in a Wheatstons bridge arrangement, so that, the
quantity passed on to the amplifier represents

from the reading at the oubput of the amplifier we caleulate )r_

-and

A

4.1) = P

gince %s%_. and u* ~v*-w*~ 0.

'l.
- %7
w®

l %) °*°‘
qa
<P!
£,

If we assume that u*, v', w' are small in comparison with W, we
gan, to a good approximation, suppress all terms of degree higher
then the seccad in the fluctuations. Then
71}&; Wt o™+ b

and, substituting this in (4.1), we obtain
4.2) {E‘T = {f

Figure 16 shows the root mean square values of the velocity
fluctuations in the core of potential flow. This curve represents
three experiments with different hotuwms and each ons shows a
hump in the curve at xcé diasmeters., Without & more intensive ine
‘vestigation no reason cau be given for this effect., This figure
also gives laterel traverses across the potential core at x=1.5

and x— 2.5 diemeters. These fluctuations, though rather high in
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amplitude, apparently neither contribute to a shearing streass
nor ceuse the potential core to vanish prematurely.

One lateral traverse was made in the asymptotic region at
x=9,0 diameters, the resulis of which are plotted in Figure 17. |
The faired curve represents gualitatively the fluctustion field |
in this region. _

The author wishes to express his appreeiation to Dr. W. Tollmien
and Dre Th. von Kdrmén. The investigation wes undertaken at the
suggestion of Dr. Tollmien, who, along with Dr. von Kirmdn, made
many helpful suggestions in the course of the work.
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Experimental profiles at various distances from jet mouth. Outer

Figure 13.

The ordinate is

displaced 0.2D, where D is the number of diameters from the jet

boundaries are accentuated in the ratio 2:l.
mouth, along the velocity axis.
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. Figure 15. Comparison between Tollmien's theoretical profile

: for x large and the experimental points at x=9.3

: diameters. —
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P Figure 16. Root mean square velocity fluctuations along

1 f the axis of the jet. Broken line indicates
e e S the end of the core of potential flow. Lateral
traverses across the potential core.
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