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The object of 1 exreriment is to make o study of =

fully develored furbulent flow atl himh Reynolds Tumber,

’1'“?
447
Py
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e

using & large cireculsr W

determining the behavior
nged in the vresent ey

G 2

and cther charsctaristic

vreliminary study of

f the tunnel for the subsequent ﬁ{uarix@mt to be eonductad

&

by Hr. A. M. Kuethe of

In

gubsequont experiment., & direct measurement of th

5
e
@

eddyine motion and @ on of the valnes of misohy

flow w111 be made alt the

wer distribution of the

gamo meaguring sectionsg in neing an eleectiric

anemomater and osceillosrs

The following studies wers

r
1) Veloecity distrit e flov at eleven different

maegsnrine the tunnel.

in the twnnel.

sn of bhe of the flow.

irament of the veloelity distribution of the
comrletely turbuient

P

W Ber0s:

as all the

o

5) Determination of the rovwer lavw at this R.

Se e AP de A LEE o Ao e P T LE e g o . - o
gindy of the effects of different entrance

eond

7) Determina o distribution of

P

turbulent flow at this Re




In an idesl, that is ineomoressible, non viscous fiwnid,
a body in motion does not ezperience any resistance, but in
g real fiuid, szueh sg alr ¥ 1 has viscous opsrties, 1%

e

gffers resistance,

Boundary
layer is built up about the body in moetion. 1In the study of
sivreraeft, thlg resistsnce is of extreme imnortance, es 1%

cauges the egraft to behave 41 frerently than it wowld in an

jdeal non-vigogus fluid. are

two kindg of boundsry lo » Bamely: laminar end turbulent.

air flew aflfectsd

its flow

tursulent

of the oo

been done on

«xr;

of Reynolds Humbers, in whiceh %the

ol

so far very little work

boun

¥y laver whieh ugually

&

heen done on the turbulent boun

P ¥ ot

at high Reynolds ¥

ng gtudy ol the Hn snt boundary layers bemause

of the irrvegulesrities of flov

a4 ; hi@% E‘?}y f}i f 'iﬁ.li;'t’iﬁg
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general theory has been met and as yet there is no theory which
sxpresses the turbulent flow completely. Many of the expres.
sions which have been worked ouil are semi-empirical in form
and a congidereble amount of experimental investigation must
yet be carried cut before a complete theory can be formulated.
For the investigation of turbdbulence, flow of fluids 1in
ébamﬁ@l%, both two and three dimengional. have besen studled,
rarticulerly by Wikuradse {(Ref. 7) and DBneh (Ref. 8) end

boundary leyer on flat plates by Hansen (Ref. 9) and van der

Hegee %4ijnen (Ref. 10},

i 5
wdn

#hen an wndisturbed flow of en imcompressible viscous
fluid comes in conteeb with 2 @07id szwrisces, the layer very
cloge to the surfaee tends to sdhere to 1t, znd offers resist.
ance to the moticr. This resiating fores 1z transmitted to
the adjoining layver, rvetarding ite velcelty until the force

ig entirely cornsumed in the retsrdation of the fluid motion.
Beyond this voint out from the wall, the flow is undisturbed
and ig potential. The veloelty distribution eunrve very near
the wall repardless of the spesd and Reynolds Number (R = “%Q*)
ig lamirar and is roughly vwerabolice in shape. W. Tolimien
{Ref. 11) found theoretieslly that 1if the Reynolds Number

(p* = M%ﬁr“} where U 1ig the velocity of undisturbed flow, J

iz the houndary layver tbhickness from %the wall and 2/ i3 the
coaffictent of kinematic viscosity, L1g lower than 1230 approx-
imataly, the boundayy layer 1g laminar and 1ta shane is nence

avproximataely narabolic. This value ig

the critical Reynokds Humber for turbnlent boundary layer, and



by constantly decresnsing

ey of 20,000 has even

the flow, an nprer 1limit

been reached in an sebiller without chanpging thre

laminar leyer o a

ber R¥ i below the

- s AL o .
the Heynolds lum

s

wrticnlayr flow, the bowndary laver

ghannal.

However, whon opr B

veyond its eritlieal bagome

and a turbulent boundary layer forms.

bl

{j}'

subion ourve of $the £iov sgoumss a

funetion
and mey be written (Ref. 15 e y"  wherse u is the

walls and n the

loeal veleeity, y the

ineressas from 7 %o 10

o ., % . o 3
ag the Reynoléis

e

remaing eompletely turisul

oy some digturbshnee







PREVICUS EXpenINEsRDs

Stenton wnd

(Ref. 17} studied the veloeity

s

digtribution of turbulent flow using pilpes of varicus dizmeters

from % to 10 om. and veloeities verying from 30-.6000 em./sec..

o

3

The fluids used were alr and ter snd the range of Reynolds

U D

Vi

ohOG to 430,000. They obgsrved and

Humbhers wus

N

nlotted the surface registonce against Heynolds fSumber uging

b
jug
-
L
-
3
&
}'m

, weTeslgtance,
. 3 J"w~Veluc§LJ 2t the zxis
R.=U p 2 (G |} of the channel,
Pe-.dengity of the fluid,
Dew.diameter of the
channael ,
Powwtveliiciont of
' vigeogity.

~y

Einematic

distribution 1g inderendent of the velues
of tha Reynolds Humber only whan the gurfuces of t%@ pines are
g0 rouzhened that the resisgtance varies as the square of the

veloelty.

rher for & minar flow in & nive

ent flow is about 250G, end during the transi-

J. Mikursdse, using glass Fitot tubes and & sveeciall
devised photogranhiec spparatus mensnred the veloelty digtribu-
tion 4n 2 eireuwisr, o triengular #nd sn onen reetanpuler channel.
i bthe efrenloy sné the triasnsnlar ehonnels weter under nregoure
vng run bhrownsh, and veleocitiss of 8GO and 1200 am. /enc. res-

P

nastively were obtained. The Reynolds Humbers resched were
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rming its coefficlent of kinemalic viscosity was decressed

inereasod. Veloeity

@20 60 the valds of

Lfrom the ent:

distribution at 40, B,
nlotted on the peme sheel, snd vere found to coinelde exaetly,

ne, after the flow beoomes

?iﬁﬁaly de plotied the resiste

Humbear,

shrough the voints delter-

sxtrarolated Lee's

ko

. " s LE 7%
SEy g £ T
A B LY .L’fz o g iﬁfa’*ﬁ'? fxd

(Ref., 22}

C’; =]

oivern. e

comant ete. walls)give a

wre of the velooity, while

nressure dyron for o

gurfoce of & wall of

ig possible to ohisl
ywer greater than the squer

is difficult to nnder

ant was in o trangitional




Fritsen {(Ref. 22} fed the flow in channels

having rough walls keep flow constant and

vayving the velocity wall conditions,

hatveen i% 1S

and famﬁﬁﬁh&t there

tribution of speed,

tions ves made foy eg nressure dropn condlitions, then the

center of the channel were found

to be congruoent, 1t l-Kdrmén sgosumntion

the velocelity 4d rends on the
frietion alone. Fritseh

flatribntion 1is prace

R=1LO0,L0

£

of ¢

N -ty

ot that beyond thisg vaiue

wonld inereasse 0

Bt

n= 8, 9, 10 etc. accoydl znitude of Reynolds

MDD ETH .
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#ind Tunnel

H7.9=38.1 gm. ) and BET oM. W

unnel was cohngitrueted of sheet metal rivebted ot

and tightly sesled h avoid any ailr
Ag ghown in the Flg. 1, pered out from the
parallel seetion to the outle where o 2875 repeme B Neve

appeeially designed for this motor and the tunnel by

Dr. Trolier of

and, several adjustables

for the re

rroximately

nalf way between the tun-el joints mo ag $o svold loesl disturbe

and of the tunnel wss

taken to be the stands measuramant for the

airflow v regulation was throughout the

antire exveriment.

Yitot Tubes and Mieromster

Two Pltot tubes of &ifferent sizes vere used. (ne as

shown in Flg. 4

left hand corner of Fig. 7,

was used Lor the veloelty distributicn over

tunnel section from

roximately .b om. oub from

ite wells and the other asg in Figs. &, 8 and

L mi@f@m@%@%%
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near the wall, n JUSEE o L.4  ome from the wall. The

7

e movement of the Pitot

onsl difficulty, the
to be only 002 om.

aunrement of the locstion

aeourate to U5 am.

Ihe contact

determined by mesns of an

globe ag 8

s

w Pitot tube

onition wore

Irom this contact soint.

irad by means of 2 series

The static nre:

8 em. in lengih,

the tunnel wall.

A ¢ E P T S T SRS 1
L8 mennos 05 anuasain g’; [ 815

as follows:

Pitot ftubs holderws 1t the tubes,
of three sorews which

gurfece of the tunnel.

A T g 0 oy e F- o) .
bng statie tube are
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Diagram 3
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FRELIMINARY IUNYESPIGAT ION

Varistion of Turbulence under Diflerent Intreng

In order to determine -

wag sufficiently far back

from the entrance 0 obtain s fully
developed turbulent fiow, & vreliminsry measursnsnt under
different entronce conditions was made.

woopg Lone

{1} Stream Lined W

Mrst & well nes entrance m@ﬁ@a(ﬁigq 12 ) was attached

to the tunnel, and the veloeity distribution st the ssetion

12 was messured with ithe nmotor running at 1ts full spesd. The

velocity distribution at the center section was very flat, and
from the appesrance of the veloelty digtribution curve, a

gonelusion way reached that the howndary loyvers hed not Joined,

el

although the boundary layer wes turbulent. (Disgram 1, & and 3)

Disz. & was plotted using the curve of the Diag. 2, and

4 indie
cates that the value of the vower coefficient "n"™ is 10.5
which 1g far greater than 2, which ig the usual value of "n"
for a laminsr Tlowvw.

| Ag the motor was run at its full gpeed, there wos no

sxeept by changing the

tunnel or changing the motor. As the low near the wall vas
turbulent, the boundery lavers mey be mnde to meet by lengthe,
ehning the @ﬁmﬁ@i} or by employing some means by which the
turbulence may be got uwp without decreasing the velocity

materially. For thie reason, in order to obtaln & Lully

developed turbulence without lengthening the tunnel or chiang.

o

ing the motor, different entrance conditions were tried as

described in the following varagranhs.
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{2) Stream Lined Entrsnce Cone with a Ring Breaker

A ring made out of o inch (dizmeter) copper
ahtached on the inside of the cone 8t & point where the curvee

Ee

511al with the axis of

ture of the cone giraightens ount p

the tunnel, and ¢ measurencnt of velocity digtribution at

the gection 12 was tekern. This decreassed the meximum velo-

reguired turbulence, and the “@,@ﬁl@v diatribution at the
saction still was fiat st the centar of the funnel section.
{(Diagrem 4. )

{5} Seresnsd Intrance

Waxt, the entrance cone removed and o rough gcereen

s, oy A R T P ; y -
(Mg, 13) was placed at the sentrance, and o measurement was

274 . . | v de o A ey T e e £ 7% oormdr Tl i
8ne. Jhe rasult ¢ tod on Dlag. B, This aa@lﬁ failed

5

to bring sbout & completely developed Surbulent flow

{4} Sharp Entrance

" By gy 4 Bape f s SRR 5 & oy el " oy
Mnally, the soresn wag romeved leoving the

Yot e g Ty T 2 b o T L) Bl o P
ahary end blunt ss shown in the Fe. 14. The result of the

&

3

with goresn &% the eniroance.

1Y

The boundary layers rently have Joined, becsuse the conurve

4,

nas noe flat soction s in the previous cases.

by

Determination of the Completely Developed Turbulene

The preceading investigs

tion wap a rough determination

Gk
fod
ﬁg.i
g

and 1% was necessary o asvertein a 1ittle more carsfuw]

the flow was completely twurbulent threughout the gection

of ths tunnel. To do thia, the following methods were employed:
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obtained,

NE
v oEhoeyy ho= gy owidth of
channel.

mischungsvwed becomes
l = zﬂ<¥;%~ Lm%}- + iﬂ—-\}

bd -
L= Ky, {1~;ﬁ-1~—--~~-~-o--‘>

This formula was develo

14 for Budimensionel flow in o

1% may be uged in ouy

The Power Law

It is known that the resisitance law within & large

range of Reynolds i by the interpolation

formula, {(Ref. 2
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R ~=Heynolds Thumber
A~ Yresistance coef.

/}\ - QONHLLat

by a line of reasoning

o

that the velooity distr

¥
b

bution

is given by Lormuls.

A =

Exeent in the immediate nei:

coenter of the ehannel, this
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BAPERIMENEAL PROCEDURE AND RESULULS

Yelooity distrivution at seetions 2.12 were measured
‘&1n9 the lerpe Pltot tube and the micromesnometer with ethylene
ehlorohydrin, whose set up is a8 shown in the Fig. 7., The
statie vpressure at the standard section was kept n@&ily'eanﬁtn
ant within .4 pm. height of the fluild in all the measurements
and less than .1 mm. height of the fluid during the meassurement
of any one of the geetions. The dets were corrected for gravity,
denpity and femperstiure varistiong, using the Diags., 27.30, and
redueced %to veloeity in em. per seccnd and plotted on the
Diegs. L0881, JFor the purpoge of coumparigon the veloelty dis-
tributions at different seections were plotied non-dimensionslly
on the Disg. 22, Turbulent veloecity distributions atv the
gzections 11 end 12 were plotted on the seme sheet to obdtaln

he avera

(]

s valus of trne veloelty distribution for o completely
terbulent flow. (Diags. 23.26)

The power law of the veloecity distribution is plotted
on Diags B35 and 36. A4 comparigon of the value of "n" obtained
meyz in this experiment and those obtasined by Hikuradsme annd
Hdnius were plotted on the same sheet, (Diag. 37). Mischungse
weg, using the formulse of Pranditl snd Kirmén were piotted on

b B s 38.
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SAMPLE CALCULATIONS

Felocity Distribuiion

Bernouli's equation gives,

H=0p4 %g}vg

whare,
Hew—gonstant, Sotal head.
Pe-wBiatic vressurs at the peilnt,
Yemveloaity.
pe-=denglty of the fluid.
Then the etatic pressurs tube is connected Lo one end of the
manometer and the folal head tube is conneeted to the other
end, thoe manometer autometically meusures the difference in
term of the column of the fluid, then,
v = ah 24 WHeTre .
f ah -wwdifference of the
presgure hesd,
¢ ~==8pecific gravity of the
fluid.
ihe fluid used in this experiment was ethylene chlorohydrin,
whose specific gravity was spproximately 1.087. The density
of the fluid wag tshen before every run. P varles with
atmospheric pressurs, temperaturs and gravity, snd therefore,

corrections were pade for them. I we let ﬁ be the corrected

density of alr, then we have
s S
v = [ah Ljs.m._s;z.._z___

N

now let:

ah = 4,918 P = —s0Q17
: 980
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then.,

v = 5‘"5’“"/1«{39’? x 2 % 980 . ﬁ,?lﬁ flﬁﬁg”? % B E 2BU = BOLO
/2 V L OOLEY 4 L00157 em/sse,

3

The correction for the deonsity of alr was made by means of

charts in Diags. 27.30 inelusive.

Mean Velogity

5

¥

It

v

i

13 mens valoolty 1o that veloeity whieh multlnlied by

B
[

the area of the sectiocn gives the quantity of the alr flow

!

turough %the mesction. In a eiroular channel, the area of the

gection is given by,
Ea

area = W r% vhere, r-.radlus of the channel.

The aquantity of the air flow through the section per gecond is

given By,

r

Q= gﬁ'/:;' y &y where,
A y--digtance from the center,
Veu-velocity of the flow ab
5 r , v em. from the axis.
Twr® = evfvy dy T..meen velocity.
-]
How let:
o
;9""’ = 3 2y dy = dz
then,
ZI

£

f@xwﬁrﬁzﬂjf v dz
14
2 p
z, = “q = I

v dz

= 2
2y

Therefors, to obtain the mean veloelty, using the average

veloeity distribution curve of the Diag. £3, the velocity was
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plotted on yg scale. (Diag. 31). The enclosed area was

measured by meang of 2 planimeter, and thip sres was then divided
by the setual distance on the Diag. 31 between the O vwveloelty
and the maximum veloeity. This gave the distance on the Diag. 31
gorregponding to the mean valoelty. This veloeity was then

read on the scale. The mean velocity was Found to be 2900 om./sec.

Wall Friotion and Shearing Siress

In %the equation (9]

° dx 44

dp wes ealcoulated from the expariment. According to the
ux
Disg. 9 dp/dx was found to be L0013 em, of water per one om.

of length. Therefore,

62 = 00175 om. of water
w JO0L73 + 980 = 1.695 dynes/ om. of channel length.

t : 1»@9% X ly &= 16‘96’9

. 2

Therefore,

T - 3—@«&}9 n PN N . R

P T LC0ildE < 14 ,00C P= 001145

T=x, L (10)

¥

The above equation (10) is & linear funetion in whieh T is
maximum at the wall and approaches 0 at the center. The wvalue
of T, the shearing stress as funection of vy was plotied on

E}i&gb 32&
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Caleulation of Mischunssweg

Using the eguetion {4} snd (11), mischungsweg distribution
was csloulaeted. In thig caleuvlation the sglope of the turbulent
veloeity distribution curve and also the slope of the above
slope were necessary. (Diasgs. 35 and 34). Using the values
on the above curves, 1t wes then an easy matier to csloulate
the values of nmischungsgeg. The velues of kl%— were cbtained
from the Disg,. 32. In order to meke the vwlua dimengionless,
the mischungever was divided by the rs &iuavaf the twnel. The

distribution curves in & &imengionless form were plotted on the

.

deap., 3B.
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DISCUSSION OF THE RESULIS

THe veloeity distributions st the sections 2, &, 4, and
5 are very muach distorted, but after the seetion 6, the digtri-
buﬁian is symetrical. At the geetion 6, there ig a definite

peak at the center of the tunnel, indiceting that the boundary

ok
o
=
&
5]
m
b

‘rem the opposite wells heve net, Thig is also econfirmed

4]

by the Diag. 9, in whieh we pote thet the constant zlope of
the total head drop begine gt fthe zesetlon €. The wvelocity
dletribution of the flow after the boundary layers have Joined,
from the Diags. 28, 14-21, remsins unchanged and has the same
form, within the Liwmit of the exverimeantsl srror.

The great digsymetry of the velocity distridbution neary
the entrance may be attributed to the bluntness of the entrance
and to the probable digtorsion of the aly gurrent befare the
entyrance, However, ever such a creal unevenness of the distri.-
bution, alter a short distenes, speoifteally apvrozimstely 10

temeters from the entrsnce, the flow beeame gymetricsl and
completely turbulent. "Anlauwf", the distence from the entrance
to the point where the flow becomes completely turbulent, depends
largely uvon the type of the entrarce condition.

In the dimengionless eurveg, the velocity at various
voints were &ividaed by the mesn velocity instead of the maximum
veloeity as usuwally ie done, because the maximum velocity ot
various sectionsg differ, while the mean velocity remaing the
same because of the continuity copdition, that equal amount of

air must be flowing through all the secticng at the same in

gtant. The crogss-sectionsl aress st all the gecticns are
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equal and hence the mean veloelty must be equal at all the
gections.

The veloeity distrivution curve of the turbulent flow
28 plotted on the Diage. B84 and 26 are th@ averags of the
veloeity distribution messuremsnts at two different seetions.
In a eompletely aevalaﬁmﬁ‘%ﬁrhulamt flow, the veleeity distri-
Boation ocurve should have the same share, This theory is well
verified by the folrly good congruenay of the pointc measured
at the two seations.

The value of "n", the velocity distribution power
coeffieiernt oo datermined by the vresent experiment aprees well
with the previous exneriments and falis on the ecurve dravwn
through the measuremerts of Wikurafsge and MObins as shown
on the Disg. 37.

The mischungswey digtribution has besen caleulsted using

Prapdtl fﬁrma&ﬁ <F—- ==Yf,_t ) and Xérmén formula
v
%;==1§- ,u and ﬁ‘g ted on the same sgheet on wniﬁh
3);1.
i draws s curve according to Flrndn's —%: =2 {é }

1%

Foremlsa. he mae Fivet eurve falls above and the second curve
falls below the third curve, ALl the thresz curves agree well

near the wall, but ftoward the centser they deviete guite radically.
) £

In this experiment, the tunnel wused was made of shest metals,
and wag not very seeurately circular becsuse of the alffienliy

in eonstrucetion. This distorsion of the suprosedly circular
tunnel eaused the ?it$t>tnﬁg to ogeuny the vosition somewhsat
further from the ganter than was sagumed. Hence the resdings
were slightly low. The migehungsweg caleulated using the & ope
of the distribution eurve, is slightly erransous toward the

center, because the du/dy term occurs in the denominator in
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the Prandtl fﬁrmula and in the numerstor in the Kérnmdn formula.

In the future experiments eare should be taken to choose
a tunnel that 1c as pearly c¢ireular as possible to avoid
gimliler source of ervror. Julging by the results of this experi.
ment, however, the Kérmdn formula of mischungsweg as funciion
of §¥ gives 1o & rough way fulrly accurate mischungsweg
digtrivution.

In conclusion, the anthor wishes to sxpress his grati.-
tude to the veriovs members of the Aeronsubies Depuriment of
the Cglifernie Institute of Technology for their assista ce
in esrrylog oud the szperimant, esvecially to Dr. %. Tollnien
for the kimé guldance and nelpful sugsestions given him during
the yrogrsss of the experiment, to Mr. Prank Wattendorf for
his esgistence in taking messurements and Lfor ths use of the
micrometer for the Pitot tube, to Dr. Avihur Xlein for his

ipfvl supsegtions in degig

5

the meassuring instruments,

w
,,;
5]

and %o Dr. Theodor voan Tdrmdn and Dr. Clark Be Millizan for
sugrasting thle problem and for glving meny constructive

suggestions to the author,
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