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SYMBOLS

las iiwy appear)

Instantaneous velocities in the x. y. and z
directions respectively,

Mean velocities in the x, y, and z directions.

Instantaneous values of the velocity fluctuations
in the x, y, and 2% directions

Rooi-imean-~sguare values of the velocity fluctuation.
Mean pressure at any point,

Instantaneous pressure at any point,

Instantaneous value of ihe pressure {luctuation.

Time,

Kinematic viscosity of air.
Kinetic energy of the turbulent motion: —é-e%a

Instanianeous value ol the speed fluctuation:

\/u’"‘+ uvé 4+ w?

Local half-angle between the walls,

Us o

Reynolds number: —

1%
Mean Velocity at y = o.
A pressure term: P+ e_;‘

Total shearing stresa: . AU P
T, is the value at the wall. )" S‘i - cw

Diastance from the wall: b -~ y

Dimensionless distance from *he wall: b
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F (%),
F_(k,),

F (k)
w !

(P}

4]

(P ),

(C)

(T)

V)

(W)

vi

Skin-friction coefficient:

{ él(_, x = o, (entrance)
ox.)
Xz 0

respectively.

Rate of productior. of turbulent energy:
—_— )
__[w%_q (u-uz)ét]
Y Y w
Portion of rate of production of turbulent energy:
b {32 - 72) v
—_— ué - ) 2V
o\ Y2

Rate of convection of turbuleat energy Ly mean
motion:

_‘q.'\-ﬁb_(ﬁ) + Vﬁgi:@]

N s

us L iy
Rate of pressure work plus turbulent diffusion:
b—_——‘*
.\9_3 (v (£¢ * _g)
> 4 e

Rate of "viscous woxék" :
¥ Y(z¥)
U: Rh b jz i

Raie of '"diseipation'' :

_—
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Reynolds number of microacale: L

n
Wall shear-stress velocity: |/;Ek‘-’|
|

Fluid weight density.

Height of fluid column in manometer - capillarity
absent.

Surface tension, force per unit length.
Dimensionless meniscus parameter,

Additional height of liquid column due to capi

[

larity.
Coefficients in King’s Equation

Hot-wire Correction
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INTRODUCTION

The early attempte towards a representation of
turbulent shear flow were by the so-called phenomenoclogical
theories, They were developed during the late twanties and
ezrly thirtiee  and anjoved some success at predicting rean-
velociiy disiributions, but it became apparent that their basic
assumptions were in conflict with observations. The assump-~

tions and discrepancies were clearly reviewed by Batchelor
(ref. 1).

This phase of development emphasized the fact that
the sffacts of turbuient inotion (transport of stream properties
and conversion of energy to heat) required the investigation
of the dynamics of the fluciuating motion. The simple case
of isotropic turbulence had heen studied in mere detail, and
some success has been realized in applying the results of
isotropic theory to limited portions of shearing flow. But the
production of turbulent energy from the mean moticn and ihe
transport of mean momentum by the fluctuating motion,
important to shearing flows, is ubsent in the isotrop’c case.
In fact the transport of all mean properties may be different
in the shecaring flow.

It became apparent some years ago that some simple
and clearly defined turbulent shearing flows should be seil up
in the laboratory in order to accumulate more data cn the sta-
tistical properties of the turbulent motion preliminary to
formulating a theory of the mechanism of turbulent moticn.
The circular jet has been explored by Corrain and Uberoi (ref.
2, et.al.); the half-jet by Liepmann and Laufer (ref. 3); the
two-dimenasional wzke by Townscnd {ref, 4, et. al, ); the channel
(ref. 5) and pipe (ref. 6) by Laufer; the boundary layer by
Townsend (ref. 7), and Klebanoff and Diehl (ref. 8); and the
boundary layer in an adverse pressure gradient by Schubauer
and Klebanotf (ref. 9}, Ludwieg and Tillmann (ref. 10), and
Clauser (ref. li). (The last two were restricted to measure-
ments of the mean moti_a but were included as they made sig-
nificant contributions to the general understanding of the important
parameters. )
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The boundary layer on a solid surface, which

is important in engineering and convenient to explore
experimentally, is characterized by a rising Reynolds
number in the direction of the flow. This irnplies, as
pointed out by Townsend { vef. 7 ) and Clauser ( ref. 11).
that a state of dynamic equilibrium cannot exist in the
turbulent boundary layer (without bleeding). There
would be a progreasive change in the direction of the flow
between the large-scale and the small-scale structure
of the motion, e.g. the ratio of an '"integral scale' to
a "microscale'. This complication motivated Laufexr
to investigate the flow in a channel with a rectangular
cross-gection ( ref.5 ) and a pipe ( ref. 6 ) where the
Reynolds number of the flow far from the =ntrance
remains cornstant. The latter two investigatiors are
cicsest 1o the present experiment, so will serve as the
principal basis for comparison.

The diverging channel is a next logical investi-
gation following the channc‘. and pipe since the character-

istic overall dimension of the flow, the channel width,

is varied in the direction af the flow, but the dynamic
; ined by ke “:..g the channel essentizl-

equilibrium is rectai e e
ly two~dimensional ( for which the Reynolds number is
cunstant ) and the walls plane. Beside the basic sig-
nificance of such an investigation, it is believed that
the sysiematic study of this ¢quilibrium flow affords
the soundest approach to such an engineering problem
a8 maintaining unseparaizd flow in a diffuser.

o
e

Previous measurements had been reported in a
diverging channel by Donch { ref. 12 ) and Nikuradse
( ref, 13 ) but they were limited to mean-velocities.
Furthermore. there ig considerable doubt whether the
flow in reference 13 had reached equilibrium ( discussed
further in Appendix I ), Therefore little reference will

be made to these two sources.

The two most important forces on a turbulent flow

are the pressure and wall chear stress. In Laufer's two
Logically one might

experiments these were in balance.

inver’ gate the case where the pressure [ovoo In abmant —
a very small positive-angle diffuser -- but it was ielt that
the more intcresting flow is that where the pressure forces

are large. Therefore a two-dimensional diffuser was
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built with provision for a half-angle of divergence from
zero to 6 degrees. At a ! degrec half-angle, which

is the angle reported here, the pressure force was 7
times larger than the wall-shear force.

Considerable effort was spent to attain an
equilibrium state by the downstream region of the diffuser.
A parallel-wall channel was placed ahead of the diffuser
to give the flow a head start towards eqguilibrium, and the
diffuser test section is 117 half-widths (£ , defined later )
longz, more than three times that of reference 13. The
steps taken to establish the equilibrium flow are discussed
in detail in Appendix I. The {low was in equilibrium,
determined by the mean velocity and turbulence-level
profiles, in a considerable portion of the diffuser.

Townsend {( ref. 7 ) iirst demonstrated the import-
anceé of the turbulent regicn very near the solid surface.
Later Laufer confirmed the observation in the ckannel (ref
5 ) and the pine ( ref.6 ) where he demonstrated that the
rate of production, diffusion, and dissipation of turbulert
energy reach a sharp maximum at the outer edge of the
laminar sublayer and are much larger than in the other
regions, It appears that thisregion deserves intensive
investigation. This contention hae guided the work in the
present investigation. The diffuser is about 8 inches wide
at the downstream end and very small probes wera construct-
ed to enable measurements intc the iaminar sublayer,
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ANALYTICAL CONSIPERATIONS

Equations of Motion for Flow in a Two-Dimensional
Converging or Diverging Channel with a Sinail Augic.

The mean_~ and fluctuating veiocity components are
represented by {f and .4 respectively in X; Cartesian
coordinate and pressure is P, Repeated indices indicate
summation. The time (or ensemble) average is indicated

by 2 bar, so for stationary flow

U7 = )+ 4:(x;,1)

vuw %9, SN ’
P(x:,i) = P(x:) + p(¥:, 1)

42(-" = ;‘5“ =0 by definition, The continuity

where
equation {1), Reynolds equations {2), and turbulent kinetic-
energy equation {3) are

gj, 0 (1)

(3)

LR &
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Henceforth, U, V, and W will replace U4 in the
respective directions x, y, and z, which replace Xi
fhe ccordinate x is in the direction of flow and along the
line of symmetry; y ie the transverse coordinate in the

plane of flow: and 2 ia normal theretc.

For flow in a two-dimeneional converging or di~
verging (henceforth ''diverging'’ wili be used ic irnply toth)
channel at a small angle

(ay w=0

(b) 3_‘.2-)=0 , where (,‘ is any term,

(¢) &&< { , where % is the locz) half-angle
between the waile.

Equation (1) reduces by (b) to
.é.y L a 4 = 0

ox X

’

P
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The following assumptions are made regarding the
turbulent! meotion:

(d) u‘ 5, W, and GU are ui ihe same order of
magmtude. This was found to be the case, except
very near the wall where Ut dominates, and at the

center where UU goes to zero,

- it e .
{2) w©u= <<« v This i8 not universally valid
for turbulent flows; for example in the outer region

of a jet entering a fluid at rest, near a separation point,
or possibly in a channel at suiiiciently low Reynolds I
pumber. However Laufer (ref.5) found u* < O./ U

) %1

everywhere in the channel at K, > Ix/0* . This
was confirmed in the present experiment.

Since <</ it is reasonable to make the approxima-

28 ¢ 2
oxX N o‘yi

where £ refers to any velocity term. This will be called the
"boundary-layer approximation'. Note that the boundary-layer
approximation is invalid at the axis of symmetry. In this region
other assumptions will be called upon. Using the boundary-
layer approximation in equation (4) one deduces that Ve,

At the centerline Y<<[J by reason of symmetry, so it applies
to the whole region of flow.

The x-momenturn and y-momentum equation become

+
<

Ziéz- *w.-:a_’.é:.;-pé_g!‘!-a_*‘z: )
ax dy e 2% B

.
2 P+pui)=0 (5b)

e W S 0 D g W g .

L |
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So /-; 'f”l-’v" , called P* is a function of x alone. By
(d) and (e) (IO ) is small in equation {(5a) so it
becomes

Gl , vl . _1dP", 90 _ Iz ,
ox "oy T Pdx *YogTdy (©)

The turbulent kinetic-energy equation (3) by
assumptions {2}, (b), (¢}, and (4d) is:

-,oﬂz?-(;l_Dq?‘ig’_ # V-‘%é + L/u(efpy

o T {3357 T

The fourth term is negligible compared to the fifth term by the
boundary-layer approximation, except at the channel center
where the fifth term goes to zero. However in this region the
fourth term is neghglble compared to the second term as (e) be-
comes so strong thzt «'<< U . Laufer (ref.6) found that in a pipe

g was important very near the wall so it will be kept
2?2
in the equation. This was confirmed in the present case. Hov%ever
even there it does not dominate the equation, 8o tie term VY
Exl
would be negligible by the boundary-layer approximation. The
latter term at the channel center is small compared to U J

Y

*5‘4
[ 4

for a high Reynolds number, therefore it will be neglected,

*The term (U2~ b'? A;L-/— should be neglected by the boundary-lay-

er approximation, This was substantiated everywhere w1th the
exception of a amall region near the wall where (i Yuts>» Qo yv , or

U* ., and (2) the orientation of the coordiantes on the centerline
makes JU somewhat larger than if oriented on the wall, The
X

latter demonstrates the inherent advantage of cylindrical-polar
coordiantcs in this problem. There was insufficient time when this
was discovered to make such a revision and furthermore, the term
is negligible in the integral form.
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The turbulent kinetic-energy equation for the diverging channel
becomes

SUES Vs 4 g-‘-l-[v(é+p)]

(73

J'é /044194
-Vl ‘V ¢
5y +ﬂ(dz./dx,‘li

The terms are, in order: the production of turbulent energy
{rom the mean motion, convection, diffusion by turbulent motion,
and the last two terms combine the diffusion by viecous forces
and dirsipation to heat. The identification of the last two terms
is given in reference 14, Eguations (4), (6), and (7) comprise
ihe differential equations for thc diverging channel. '

Integral Equations
The integral equations will now be derived after von
Karman's method for rnean motion (ref.15 ) and Coryain's ex-

tension to turbulent motion (ref.16 ). Equation (4) upon inte-
gration across the channel and the uge of Leibnitz' rule becomes

)
-d— 7} --d—-b --—=
dx/(/dy U_k,d,x +V,-V, =0
0

where b (x) is the duct half-width, Ub and Vb are at the wall
and Vo ig at y30 . The wall no-slip condition and symmetry
of the flow about ¥y#0 reduce this equation to

dz/l/a’y—() (é)
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By the same reascning the integral of the x-
momentum equation {6) beccmes

Pl dx LU (9)

/

where T/l ""PA(V. The integral of the turbulent

energy (7) is

b&x)
- AJVQ.‘:/ id_ U ‘c{ +V dA(.
oG5[0 Sy

o

the only terms remaining being: the production, the
longitudinal gradient of turbulent ene:gy, and the term
entering dissipation,

At ihig point an interesting comparison can be
made between the relative magnitude of energy geing to
turbulence and the energy going directly from the mean
motion to heat for the flow in the paraillel channel. For
this purpose the so-called mechanical - energy equation
is derived by multiplying each term in equation (6) by ¢/

and then integrating. Following the above procedurc one
obtains:
b/r)
+10 I ad_ OU
o J

The terms are respectively: the work done by the mean
pressure , the longitudinal decrease in the flux of mean

Tt - A el - .
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energy, the cnergy fc
pation to heat, The last two-terms are

suppose (1) that all the mean-flow dissipation and turbuient
energy production occur within a region of thickness € ad-
jacent to the wall, and {2) that the laminar shear stress is

approximately

L _nb if «mne £
r = ! 7€ 0 7 >
= if £ cync
=0 =57 /
Then
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in the &€ =0 channel. Evaluation of the integrals gives

(-5

A

(e )
_ _ &

e €
.Z'r 4 b

e of
T s
<2
—

\

£ if < !

€
b

This means tnat, to an order of magnitude, the dissipation

of energy directly to heat is as large as the energy that goes
directly to turbulence.

Longitudinal Similarity

The integral equations wili now be further reduced

by making tha assumption that the flow in succeeding sections
is similar. By this is meant thai disiribution of all the time-

averaged properties, both mean and fluctuating, across any
section is identical at successive sections if made dimension-
less by the appropriate characteristic quantities. This will
be called "longitudinal similarity', and it is in contrast to the
Karman type wherein each small region is considered to be

similar to every other small region even if the regions are at
the same longitudinal station.

The argument for the existence of simple similarity
is the following. <Consider a region in the plane of flow bounded
oy the channel walls and two transversge sections a small dis-
tance apart (an isosceles trapezoid). The equations of motion
(Reynolds equations) are characterized by a Reynolds Number,
which can be formed from the channel half-width , b. and spatial-
mean longitudinal velocity across the section. By continuity,
equation (8), this Reynolds number has the same value for all
such regions in a two-dimensional channel for any walil configura-
tion. Therefore the equation is identical in all regions. If the
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walls are plane then each region is geometrically similar ,
that is the physical boundaries of each region are also
identical. Therefore one expects that the flow would be
independent of the particul ar value of X . There are two
other possibilities. A longitudinal periodicity may set in,
but thig appears unlikely; or the flow may progressively
change unul it reaches some state of breakdown such as
separation. The latter is expected to happen as the angile
between the walis is increased.

It should he noted that the flow in an axially-symmetric
diffuser or the boundary layer on a flat plate would not be ex-
pected to exhibitlongitudinal similarity since the Reynclds num -
bers changes in the directicn of flow.

It is alsc worth mentioning that if the !aminar sub-
layer has a characteristic Reynolds number then the ratio of
the thickness of the sub-layer to the half-wiath, b, in the two-
dimensional diffuser would be constant in the direction of flow,
compatibl= with the previous remnzarks.

Simple similarity implies.
7. iz _
ety ~90p)s & =hq) 2= )

P4
where we recall % = L The following integrals will be
useful:

22

...
i)

it



A

e

H

joayr

- 13 -

The equations of continuity (8), momenium (9), and turbulent
energy (10) become respcctively

1, = A CONSTANT (12)

o Jd2F - T /1

= =l = La + == (13)

purdy = 4T T pur

b
\
L=-ILx+ [b de ]+ L, £04) dy
- 2 dx U2 \o xk J Xk}
o ,

where & is the dilfuser half-angle. Let us proceed without

making the restiriction of geometric similarity, i.e,

db - A CONSTANY , to see whether similariiv could exist for

dx
a more gereral wall shape. Generally Is =041,

If there are no large gradients of o then for a large Rey-
nolds number the turbulent energy equation becomes

- - 04\ [0 «;
L=-I%+ — [dx‘)d 1.‘) 4/ (14)

Orne can now determine the conditions for longitudinal similarity
by two methods.

(1) Consider equation {13). For smooth surfaces
and similar pioiiies J=  would be a constant. Clauser

ey
/'" »
feenf v+ 0\ .. X , w ‘Q Ieﬂ’th) dp
{xci. 11 , prssents arguments tc show

t. dX
would have a constant value for similar profiles in the
turbulent boundary layer. In the present case all lengths
would remain proportional, therefore b is selected, From

this equation (13) shows -3z would be a constant, that is
the walls must be plane,.

!9

ou

N
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(2) Consider equation (14). Define a length A by

) -

il

3 f\‘ is alse to follow longitudinal similarity ( a particular
case iz A independent ofy (ref. 16), then
db Xy
= - . - 2
I 3x 3 R 1L
or do is a constant, as before. Therefore similarity

dx

would exist only for the plane-wall case.

il

[ b RS L e
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EQUIPMENT

Wind Tunnei

A blowing-type wind tunnel was constructed for the
precent investigution ( figure 1 ). The room air passes
through a cloth filter, 3 axial flow fang, and 2 =zettling
chamber. This and the remainder of the tunnel is 67in, high.
The stream then pascses through a lin. wide parallel-wall
channel and enters the test section. The fan speed was
controlled to keep a constant Reynolds number in the test
secticn with day-to~2ay changes in density and viscosity of

the air.

The test section is 16ft., long. The side wails swing
laterally on a sheet-metal hinge attached to the parallel section.
Considerable care was taken to make the walls smooth and
plane. Each wall is a symmetrical-sandwich type construction
with 1/4in. tempered masonite faces and 3/4in. marine ply-.
wood ribbing on lft, spacing. Surveys were made of the
channel width at & = © over a wide range of atmospheric con-
ditions ( temperature’and humidity ) and the variations in the
lengthwise direction were less than 1:500 ( width variation/
unit length ) which is equivalent to 0.1 degree. The presaure
drop was measured at o =g and b= in, The computed
value of cf was 20% higher than Y.aufer (ref.5 ) reported, but
only 6% higher than Skinner ( ref.17 ) measured later in the
same tunnel as ref, 5. Since a 2% error in b would account
for the latter difference it was not pursued further. The walls
were then waxed and polished, and are dusted before each run,

Considerable effort was spent attaining acceptable two-
dimensionality of the flow in the test section, The channel is
pressurized by a throttle at the outlet, and air is bled ( an esti-
mated one percent of the total flow ) frora all four corners by
0,Gi¥ in, gaps running the full length of the test section. 1In
addition a laminar boundary-layer tripper was installed in the
parallel section to remove more momentum from the mid-plane
by hastening the onset of turbulence. The whole program is

discussed in detail in Appendix I. But the final result is that even

with the above steps the growth of the floor and ceiling boundary
layer causes some momentum to be convected intothe rmid-plane
by vertical flow so that the two-dimensional momentum equation
is in error by about 10% of the largest terms at the furthest
downstream station. Total pressure probes were installed per-
manently at three elevations of iiie furthcst downstream station
and the flow is regularly checked during each run. A 5ft, wall
was added to the downstream end of the test section to extend the
diffuser and reduce upstream effects of the throttle.

el
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Traversing Apparatus
The probes arc posited by a traversing mechanism

with a micrometer head graduated in §. 601 in., similar to the
one described in reference 5. The distance between the probe
and its image voflecied in the wall waa measured by a tele-
scope during ecach run so that the distance from the wall was
estimated tc be accurate to 0. 001 in, for the impact probe and
0.002 in., for the single-wire hot wire. The hot-wire holders
could be rotated in the horizental and vertical planes to align
with the stream direction. The iine of traverse was always

i to the centerline of the channel.

Mean Velocity and Pressure Instruments
A flattened hyvpodermic needle was used for most of
the mean -velocity measurements. The opening was 0,007 in.
x'0, 042 in, and the wall thickness was 0, 004 in. Near the
surface several measurements were made with a 0. 0005 in.
The wire was 5/16 in. long and held

dia, piatinum hot-wire.
The mcan resistance of

taut by two small-diameter needles.
the wire was kept constant throughout the flew traverse,

Static pressure was measured by static taps, each
made ofa 1/8in, dia. rod threaded into the wali and held securely
by a jam nut glued into place. The orfice waa 0,020 in. in dia.
and finished smooth on the air flow side. There are 51 static
taps and 7 traversing points in all.

Due to the low velocities in the downstream portion of
the test section it was necessary to deveiup a very accurate
pressure measuring instrument. This is discuseed in detail in
Appendix II, Water and a wetting agent were used in an inclined
manometer with an 18:1 slope. By locating the meniscus with a
traveling microscope an accuracy in pressure of 164 in. of
water was attained, which is quite satisfactory. An attempt was
made to reduce the meniscus motion due to pressure fluctaations
by placing constric tions in the connecting !ines so the whoie
system had a time constant of 1 minute. The fluctuations of the

meniscus were sufficiently damped to identify mean values with-

in the desired accuracy, but the effect of the non-zero influx
and efflux at the probe is still in question.

Hot-Wire Equipment
The compensating amplifier and associated <ontrol unit,

calibration unit, and power suppliesg arc cssentially duplicates
It is a constant-

of those described by Kovasznay in reference 138.
current type. Compensation for the hot-wire thermal lag is
adjusted manually usirg the squarc-wave technique. In the present
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case a single amplifier channel was employed. Of importance
to this invesiigation is the fact that the amplifier {requency
range extends down to 2 cycles per second. The amplifier out-
put filter wae kent on nosition "A'" which has a response of 3
percent from 2 to 2500 cycles per second. At station 5 the
signal wae submerged into the noise between 2000 and 3000 cps.
The calibration of the amplifier is shown in figure 3.

All output readings were taken by a vacuum thermocouple
and millivoltmeter. A block diagran: ig shown in figure 4. The
u v, w', and U signals were fed directly from the ampliiier
to the vacium thermocouple.

An R-C circuit was found most suitable for differentiation.
The complete differentiating circuit was linear from 20 to 1000
cycies per second and had only a 15 percent departure at 2000
cycles where the hot-wire signal generally was at the noise level.
Specirum measurements were made using a Hewlett-Packard
Model 300A harmonic analyzer with a nominal freguency range of
30 to 16, 000 cycles per second. A cathode follower was added to
the cutput stage, tc accommodate the relatively low resistance of
the vacuum thermeocouple, All measurements were made with
the 30 and 145 nominal half-band widths.

Platinum wires made by the Wollaston proccss were used
exclusively for the probes. They were etched then soft soldered to the
prongs, For u’ in the channel center the wires were nominally
0. 00015 in. in dia., 0.04 in. long, and attached to fine sewing
needles; near the wall the wires were 0.0l in. long and attached to
iine jeweler's broaches to reduce aerodynamic interference. Also
to measure near the wall the x-meter probe holder used for all
the Uf ,w', and LU measurements was constructed of fine jewel-
ers broaches, They were spaced 0. 325 in. apart and 0. 015 in,
between pairs., Each wire was 0,00015 in. in dia. and inclined
approximately 4C degrees to tiie free stream to increase the later-
al sensitivity corapared to ithe lcngitudinal. The time constant
for all the above probes was 0.5 to 0,8 milliseconds.

For measurement of the é_;‘_‘. a 0.00005 in, dia. wire
o

was used. Its time constant was 0.1 milliseconds and the noise
was reduced to 2 percent of the ouiput signal, compared to 10
percent when differentiating U and w as measured with the
larger wires. The same wire was used to measurc the spectrum
nearest the wall. All wires were "overheated" 50 percent above
the cold resistance.
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Preliminary Measurements in 1 in, Channel

The preliminary measurements in the 1 inch channel were

made at ® = 0. The longitudinal static-pressure distribution,

mean-velocity distribution, and centerline ¢trubulence level ware
4
measured at &, = 12,200 and compared to Laufer’s values

(ref. 5) in the straight channel,

The static-pressure distribution is shown in figure 5. The
mocth., The computed value of Agx Wwas
n Laufer obtained but the difference is probably

he experimental accuracy (see p. 19).

gradient is quite s
somewhat higher than
wiiliin the Umite of ¢
The mean-velocity distribution at X = 283 is compared
in figure 6 to Laufer s distributinn, The values nearer the wall tend

to be high, but this may be attributable to the difference between

the hot wire (ref. 5) and the total-head probe (present experiment),
although the correction of page 21 applied to the hot-wire measure-
ments of reference 5 increased 73 at <L = 0.1 by only C.5 per-
cent. The total-head distribution was repeated several times, but
the proiiles duplicated. The cause of the difference is an unsettled

question,
7 2,7’
The turbulence level was %;—- = .036 at 4 = 1, com-
pared to %5 = .035 for reference 5. The difference is within

the experimental accuracy,
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PROCEDURE AND RESULTS
Mean Velocity and Static Pressure

All measurements were madz at & =1 deg. and
R\, = 31,400, the latter value to compare to one of Laufer's
experiments at O = ¢© deg, Uo is 125 feet per second
at the inlet cf the test section and decreases to 16 feet per
second at siaiion 5.

The mean siatic-pressure distribution along the wall
of the diffuser at the midplane is shown jn figure 7. The slecpe
of the faired line corresponds to ‘$ = 0. 010.

W dx
The pressure was measured by the difference beiween stations
along the test section,

The mean-velocity distribution i8 shown in figures g and
9. At stations 2, 3, and 4 traverses were made in the center
of the channel for similarity comparisons. The most completie
traverse was madc at station 5 where all of the data near the
wall, figure 9, wcre obtained. The nearly-straight line from

the wall in figure Vg’gpre sents the {laminar) velocity distribution
computed from ,, QU o dP (the inertia term is

U ray‘ - ;_i_ negligible in this region)
where g at the wall corresponds to To = 0,.0013,

p) 3
arrived atylater in this report. eui
The profile was symmetrical on oppasite sides of the
channel at station 5 within 1/2 percent of = The accuracy
g %
in measuring — decreases downstream. _At station 5 the
probable error (O 675 x std, deviation ) of __U_ is estimated

’ U°
to be 0. 005 at -S. = 0.1 diminishing towards the center.

Most of the mean velociiies were computed from the total-
head probe measurement and the wall static pressure to which
the following corrections were asplied:

i.) Non-linear response of probe to magnitude and
direction of vclocity, The totai-hicad probe was tested for
directional sensitivity, and with the probe axis oriented in the
x-direction it was found essentially insensitive to¥ and W over
a range of t 30 deg. in cach piane. {i.e. the probe has a cosine-
sguared response to rotation in a uniform stream.)
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To estimate the effect of velocity fluctuations we
will limit our considerations to the exterr.al {icw at the probe,
i.e,, we will ignore the dynamics of the f'uid within the probe,
tubes, and manometer., We will also assume thai the pressure
respuus<c at thc prebke, R{f) . i8 in equilibrium with the
local instantaneous velocity and pressure* Then neglecting
size affects and ihcludin;g the above directional response

Rit) = £elYt) + Plt)
e

= Le[0 + we)] + PY
Uy
tele, = R - P@)

1*
d

A
[ 4

» by

Define an apparent-mean velocity,

80

u = Ui +
T u|
For a low turbulence level

u = Uaﬁ,[l-

sy s

wag measured

-
ction was in the order

)

sy

which was the form employed, where
by the het-wire anemometer, The corr
of 5 percent or less,

[

(1

2.) Finite probe width., Essentially the correction
of Young and Maas { ref.19') was employed to account for the
{inite probe width in a transverse velocity gradient, except
that the minimum probe width was used in place of the tube
diameter. The correcticn takes the form of a shift in the
apparent centerline of the probe. The maximum shift was

89 = 0. 00065,

b wkich is a large correction in
the laminar sublayer. The presence of the wall exposes this
correction to some question.

. ) Reynolds number of probe. Due to the very iow

s near the wall the viscous effects around the probe
were examined. A correction was made foliowing the method
of Hurd, Chesky, and Shapirc { ref, 20 ), where, again, the
minimum width of the probe was employed in place of a tube
diameter., The maximum correction was 2 percent.

*The quasi-equilibrium analysis requires justification,

emsnnettlll|
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Equatinon (5b) indicates atransverse difference in the
’ pressure due to T;'t‘ . This correction to the mean velecity
would be nearly everywhere in the order of 0.6 percent going
to zero towards the wall., It was considered negligible comparcd to

In view of the large corrections to the total-head
measurement near the wall the mean velocity was also
measured with a hot -wire. The nonlinearity of the latter is
such that the values tend to be low, so the following correction
was employed:

The method will be merely outlined since it is considered
tentative pending an analysis for large fluctuations as existed
in the laminar sublayer. The method includes the other leg
of the bridge and essgentially fits a parabola to King's law
(current vd. velocity) about the point of the mean velocity for
the response to fluctuations. This assumption is limited to
small fluctuations. For a wire oriented in the z direction the
"apparent' mean velccity (correspurnding to the mean current
and mean resisiance in King's equation) is

: ) _U_"____(.IQL a2 é{réﬁ + . 2
&Y U (, | + A fU

[l

& LTI
3 [;g;:
: ==t
U
\ 8
i where A and B are the constants in King's equation
; t
- R = A + BYU
| R - R4
g
- The wire hot and cold resistances are R and R, respectively.
% The correction was in the order of five percent or less.
¢
& It is to be noted that the velocities measured by the hot
¢ wire also fall below the curve obtained from the wall shear
&

stress, The wire was calibrated at velocities in excess of 10
feet per second and used down to 1 foot per second, so an
error would have been incurred in exirapolation. Also a
possibility of error exists due to the determination of y’'= o}

ST e
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0.003 in., would put the points cn the curve. The difference
between the wire positions could be measured very accurately,
however, so the velocity gradient was relied upon. Moreover,
two extreme extrapclations of {ne hui-wisre calibration changed
the computed gradient by only two percernt.

In a recent privaie communication Mr. Richard Cox
indicated that some measurements he made in Gottingen show:
{a) that the correction for velecity fluctuations is
iarger than computed above,
{b} the conduction to the wall is measurable to at least
50 wire diameters from the wall (y /b = 0. 006).
The exact magnitude of these corrections is not known more
definately by this writer so they could not be applied. However,
qualitatively they do account for the difference of the measured
points from the curve, It ie planned to investigate this further.

Finally, King's analysis also indicates that_the hot-wire
equaiion changes form at a velocity equivalentto {/ = 0.1,

&I

where the measured values change slope.

The above commenis focus attention on the importance of an
intens=ive investigation of the instrument calibrations at low
velccities, near a surface, and with a large gradient in the mean
velocity in view of the importance of the laminar sublayer to
the whole flow,

The establishment of a fully-developed flow was a prime
objective of this investigation. A comparison of the mean-
velocity profiles in figure 6 indicates that some peaking of tue
profile did take place downsiream trom station 2. But because
of the considerable length of the test section it was possible to
determine that the change in the profile between stations 2 and
S5 was insignificant, This is presented in detail in Appendix 1.

It is evident from figure 8 thai the difference in the mean
velocity destribution between o, = O deg. and o = [ deg.
is substantial. This is not surprising inasmuch as the force
due to the longitudinal pressure gradient has increased to a value
7 times larger than the wall-shear stress force (which has changed

only slightly).
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Turbulence Levelis and Shearing Stresses

The single-wire probes for measuring u’ were
calibrated by th= constant resistance method of Kovasznay
(ref. 21) and used at c¢ssentially constant curreni, ILaics

14199

ol
“
was checked by the x-meter which was calibrated with the
current constant, as used, and the values were found io be
25 percent higher over mcst of the channel. The trouble
was finaliy traced to the dependence of the so-called constant,
A, in King's equation ( ref. 22 ) on the wirc temperature.

It is attributable to the variation in the thermal conductivity
of the air surrounding thc wire with the wire temperature.
This effect had been identified and experimentally evaluated
by King, but evidently hate been overlocked in a number of
intervening turbulence investigations. Since everyone who
measurss anfficiently close to a surface is faced with this
effect, as it incresses at low velocities, it will be presented
here. The full derivation is given in Appendix III, and will
be merely outlined below,

¥ing's equation can be written

I'R = {are) + Bvij(s- %)

where I' R is the heat input to the wire in equilibrium; A
is the so-called '"constant'", which, for a given wire, exhibits
the dependence upon the wire temperaturet® ; “92 is the

air temperature, assumed constant; B, the velocity coefficient,
assumed constant, is only slightly temperature sensitive,
King's empirical expression for A (19) is

A= Al 4 (s - )]

{

where € = 0,00114 deg. cent;!

Inc'uding the second-order coefficient in the thermal
resistivity

Ro= R [ <f8-9) s pfo-0)]

where ‘Q‘ is the reference temperature for K, and for constant -
current, 1, operation
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and the 'overheats' are defined

2 R-PR
Q. =
Re

1]
iy
|

)

%e Re

in which R, and Ry correspond to 'I9‘ and '6' . For the
case where A is a constant and B = O . = O , and the
equation of ref 21 is obtained. The value of § was 0.16 to
0. 24, increasing towards the wall, After this correction was
applied the single-~-wire values increased to within 5 to 10 percent
to the x-meter values, the agreement being better near the wall,
In a private communication Laufer indicatad that he had used

Q.- = 0.2 in the channel experiment and the velocities were
somewhat larger at a corresponding Reynolds number, so the
corrections for his data would be in the order of 5 percent. This
correction was not applied io his data.

0’

The values of J  are given in figure 10 and 11. The
profiles at stations 2 and 5 are compared in figure 10 in order to
verify that the turbulent motion was also fully-developed, as was
the mean velocity, It is interesting that the maximum value
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near the wall is neariy equai to Laufer's maximum value, in
particular if the above corrections were applies, although some-
what displaced, indicating perhaps that the maximum value of

is more sensitive to the Reynolds number than to the pressure
gradiert.

The method of measuring u", w' , and QU is
siimilar to the procedure described in reference 23, The probe
was placed in a uniform stream and rotated about the neutral
position to determine the (- sensitivity { or &” - sensitivity ),
and then the velocity was varied to determine the U -3ensitiv-
ity, 211 2t essentially constant current. This method is con-
siderably less laborious than calibrating the wires sevarately,
and introduces less possibility of error, Also the probe is
calibrated in the circuit exactly as used. With two identical
wires the "'noutral position', at which the sum and difference
of the voltages across the wires would correspond simply to «
and v~ fluctuations respectively, could be easily determined.
Actiually, since the wires ineviiably differ in diameter, length,
and straightness it is necessary to make compensations. Thie
is accomplished as follows. Consider the voltage sensitivity of

wires no. 1 and no, 2 to irluctuations L and U~ to be of the
form

e, = a,u + b
€ = QU + bu

Then if a = ap and bl = by

r = fare)
Gt

7 4
= - - S
4b*
. ol _ @b
uv = - Sa3=%
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Actually three conditions ‘were satisfied, the third being that
the wires had the same overheat, We have 3 degreess of
freedom available tc satisfy these conditions, provided the
differences are small, namely:

(1) the '""tap-off'' voltage, i.e. a potentiometer {0 reduce ine
measured voltage from one wire, (2) the current into each
wire by adjustment of the resistance in series with the wire,
and (3} the angle of the probe to the air siream. It turned out

s e

that for the probe used only adjustments (1) and (3) were necessary
to obtain overheating values within & percent,

The nrecedure was to approximate the neutral angle
and measure aj} - a2 keeping the direction constant, and
by - b2 keeping the velccity constant. The latter was the
most difficult to measure with certainty and consequently set
the limit of the final accuracy; the difficulty was in maintaining
the velocity sufficiently conatant that e} + ez changed due only to

U . By knowing the effects of changing the probe angle. etc.,
which were put intc an equation, it was possible to change the
angle and tap-off voltage simulianeousiy 80 thai the conditions
were satisfied,

In order to measure QU and U'z with
accuracy the a-coefficients must be matched t
Z percent and the b-coefficients to 4 percent. This corresponds
to setting ihe probe angle to about 1 degree., It is believed the
neutral angle could be determined to 1+ 1-2 deg.

o &
1'%
el

3

o]

King's law was used to extend the directional sensitiv-
ities to the lower mean velocities, but no { -correction was
necessary. The U signal had large low frequency fluctuations,
since it is in the non-isotropic portion of the spectrum, which
added to the difficulty in deterriining the mean values for v

but ul readings were quitc stable,
'
<!

The distribution of —2— and “-—i’:- are given in
U

C(U"

UU
The absolute values of UU are shown in figure 13, The
curve for L was computed from the pressure gradient and
mean-velocity distribution using a form of equarnon (6) wherin
longitudinal similarity was assumed. {A correction was applied
due to the veortical {low of rmmomentum by adjusting the value of

P oy 4

pressure gradient by 10 percent so T..f = 0. 0013, the

figure 10, and in figure 12,

value arrived at below, ) The dashedQu'e was obtained by sub-
tracting the viscous shear siress and pressure gradient terins,

S 51 Ut 2o 922 ©
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Of importance to later correlations is the wall shear stress.

This was computed from three independent measurements:

i, x-meter, Using the best-fitting curve of YU at
yl
TD" =0.1. figure 13, the value at the wall was computed by the
momentum equation to be E.., = 90,0014,
el

2. Hot-wire, The mean-velocity gradient, figure 9,
mecasured by the the hot wire in the outer region of the laminar

: e -
sub-layer, correctcd for the difference ( 4 percent ) fTom &y
due to pressure gradient, gave Tur = 0,00133
2
ol
Possibiy this is less accurate than'l in view of the effacts

merntioned.

3. Total-head probe. This is the mcst questionable
since the prohbe is 0,015 in, wide compared to a laminar sub-
layer of about 0. 04 in. The best laminar profile through the

three inner points gives T = . 0011,
t 4
cl
_— The final value taken, the average cof the three, was

_.‘2.’2 = 0,0013, This is estimated to be accurate to 10 percent.
el

The absolute turbulence values are compared in figures

14 and 15, Important is the fact that the turbulent-energy level

is roughly 4 times larger than the of = 0° case over a large
region in the center of the channel, dscreasing to become equal
near the wall, This is a substantially greater effect of the
pressure than was exhibited on the mean velocity. Also_it is
evident that the large scale motion is not isotropic as u® is
roughly equal to U® + w? in the central region.

It can be shown from the turbulent energy equations {gr
the individual components that the production occurs in the &*
equation and energy s fed to and w? through the static
pressure fluctuations. FEigure 14 shows that the energy is
divided equally hectween vt and w? in the center; towards
the wall U is smallier due to the presence of the surface.
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Spectrum

The une dimensional energy epectraof W , U 2and
w are shown in figures 16, 17, and 18, The signals were
calibrated by comparing the output at several irequencies in
each profile to that for a known sine-wave input. An "effective"
{rectanguiar) band widih i 13 . p. 5. Was used. This valuc
was obtained by measuring the band-pass shape, and was con-
firmed by comparing the u? by integrating the whole spectrum
to the y” value measured directly, This was carried out in

another wind tunnel at a velocity high enough that the energy at
amA

lower wave numbers counid be measured. Comparing the band.
passed signal for a white-noise input wouid be more dependable,
but a suitable moise source was not available at that time.
Therefore the absolute level of the energy spectrum is somewhat
in quesiion, but the shapes of the spectra should be reliable.

The { - spectra were corrected for the wire-length effeci by

the method of reference 24,

The spectrum is defined, for example, by F;(k.) being
the fraction of B at wave number kl ; and normalized by

ex
2 {
/( E (k) dk 1
o
The microscales were computed from the apectra by
the well-known relations

il

1
rk,’ £ (k) dk.

A

AL = £
: [ k2 E.(k)dk,
Ao =
kE F, (k,)dk,

B s 1A e il
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They compare very well with the values obtained by differenti-
ation {described below), figure 21,

Production Terms

In the Cartesian coordinate system, as mentioned in
the Preliminary Analysis, the following are twe, of the three
production terms ( the remaining term,_ gu oy ie neg-
ligible ) dx
A\ - o 7]
S e

Y X

The second texm ia amall eavervwhere, excent near the wall,

if the ccordinates are paraliel to the centerline as defined in
this investigation. If the coordinates are aligned parallel te
the wall it is small even there. (Of course, the tirst termi in-
creases simultaneoucly as the sum remains constant), In real-
ity these terms were not all measured in the centerline-coor-
dinate system: Near the wall QU was computed from

Since a hoi-wire responds ecsentially to resultant
perpendicular velocity and since very near the wall this is
virtually parallel to the wall, the WU thus compu‘ed is actual-
ly in the wall-coordinate system, Therefore, the second pro-
duction term. is negligible, and the production is essentially

o—

- UV — .
The valve of . (Jg = G?F in the centerline coor-

dinate =ystem is shown in figure 24.

"Digsipation Termas'!
Three of the nine terms in

o () )

were measured using Taylor's hypothesis (ref. 2%,

d - d
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oX ud
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following tiie method of Tov-'nsezzd {ref. 26). The measured
, and

terms are . Jw 2
(5 (% ) (531

An estimate of the validlty of or's hypothesis was made
fcllowing the metnod ui Lin 7). Tn a shear flow he requircs

-

-~ e
a e

(1) ﬁz <L

Item (1) is valid with the exception of very near the wall,
Item (2) would be expected to hold for wave numbers larger
than k| (say) where

. )0
kU >> 5y

For a logarithmic mean-velocity distribution

ksU'j > > 53—&

Tor the present mean-velocity dlstrmutlon thls reduces to

]

kb > €

where € has the value

b‘OII .7|l
€ i60|3|.3|0

9
Figure 19 shows that the greatest portion of - F'/p )

oyt
which is somewhat cornparablie to the dmstpauon spectru*n is

at higher wave number than € , except for the station Y /
C.901. In the latter case 6( GO) bisects the area. With locally
isotropic dissipation the dissipation spectrum is actually the
second raoment of the three-dimensional spectrum, which, for
isotropic turbulence, shifts the c.g. to higher wave numbers.

In the present experiment the vaiues of the ''dis sipafion“ term
were moet in doubt in this region near the wall due to the large
magnitude of the terms which were not measured. The estimat-
ing procedures are discussed below.
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Having measured three terms in W, the problem was
to estimate the cther six. Since Laufer had measured the same
three terms plus two of the remaining terms in the pipe (ref.6),
his datawereemploved, on the argument that very near the wall,

o

-

i:-”f the boundary curvature should have little effect.
&

The first step was to select a suitable kasis for estimat-
ing the unmeasured terms from those measured. The procedure
was to divide the channel into two regions: (1)0.j £ y'éa | :
where b was used as the characteristic dimension, and (2}

2 c & ljl & Qi where U was selected as the character-
= U

istic dimension,

1)

In the center region one would expect (E M}

to be a pcrtinent parameter. The A, distribution is shown in
figure 19. The values are suffluently large that one would expect
the dissipation terms to receive their principal coniribution from
the locally isotropic fiuciuations. The RA vaiues fall between
those of the two pipe flows of Ky =50,000 and 500,000. The
ratio between ter:ms that we did not measure and those we did
measure was essentially the same in the 50, 000 and 505, 630
flows, 80 it seems reasotable to guess that the same ratio would
apply here. The ratios obtained from the former were used.

In the wall region an assumptien of similarity was used.
Specifically we assumed that the ratio between thc unmedsured
and measured terins was the samc function of z x a8 in the

Rb =50, 000 pipe. It wil} be shown later that some of the other

turbulent terms (e.g. 4 ) differ in this region by as much as
U

30 percent between the two flows, Since the measured terms are

considerably smaller than the unmeasured terms the local error

in W would be large,

T TS T eI e g e s et

The next step was to select the form of the termasa to be
compared. The microscales were measured by
o= =4

" )
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and are compared in figure 21. The latter two agree very
well in the center of the channel, but they are significantly
amaller than z« , in particular near the wall., The three
approach cach other ncar the center of the channel. This
diffzrence is expected since the dissipation terms (the deriva-
tivaz) csgentially represent the high wave-number portion,
wheras Ut , U” , and w?® receive their main conicibution
from the non-isotropic "feeding' range,

Therefore the '"dissipation' terms were compared
directly, figure 22. The agrseinent is good, Therefore the
ratios of the dissipation terms measured by Laufer were used
to obtain directly ,, and R

o~

The remaining four terms were obtained, follocwing
reference 6, by assuming that the derivatives in the v and =
directions individually are equal,

——

du P dwie
51 = 2l = (y)

4 = k5 = <

By this procedure W was computed to be within 10 percent
of the othcr terms in the integral energy balance. It should
be mentioned that the naive use of the pure isotropic relation

t4
W = /5 At 6?‘?7‘

gave a value of only 60 percent of the remaining energy balance,
However considerable question exists concerning the unmeasured
terms, 80 an impcitant iteiy in further work would be to measure

at least the termns Ju \2 and A .
iy o]
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DISCUSSION

e

The turbulent motion will be examined from three
principal points of view: (1) by the distribution of energy
through the spectrum, {2) through a comparison of tlie various
terms entering the turbulent energy balance. z2nd (3) in the
light of the various similarity hypotheses. Each treats the

motion from essentially a different aspect 8o they will be dis-
cussed separately.

L

¢ Throughout the discussion emphasis will be placed on
< thie effect of the adverse pressure gradicnt on the flew., We have

already observed a significant retardation of the whole mean-
velocity distribution in cGuipariaon to thie channel case. Even more
striking bowever, was the rise in the absolute 1evel of the turbu-
lent energy. In fact the relative change in the turbulent energy

by the pressure gradient was larger than on the mean motion,

Also important was the shift in the location of the maximum shear
stress away {rom the wall to

ABHIN

€

‘jl/b ~ 0,35, We will now

examine the other effects,

Spectrum Analysis
Figure 16 reveals that a large portion (5 € k;b £ 30) of
the u -spectrum in the certer of the channel varys as the -5/3
power. Naively this could imply, following Kolmogoroff (ref. 27),
that local isotropy in this ilow extends down to these wave numbers
which fall below the dissipation range. But the surprising point
is that the - 5/3 power extends down to wave lengths equal to
hal{ the channel width, i,e. where Qr_ = b,
k

able that the fluctations of this wave iength are isotropic. A
similar situation was notcd by Lin (ref, 26) in the turbulent
boundary-layer measurements of Klebanoff and Diehi {ref. 8),
The wave lengths at the low end of the -5/3 power region were
in the order of the boundary layer thickness. An equivalent
situation exists in the pipe (ref. 6).

It is quite improk-

i e R Ay 7 e o

,..1""=t?5 ?_i YR A8

Searching for indications of a true 'inertial subrange'' of
{inite spectral extent we must find that the upper limit of the -5/3
range lies at a k, large compared with 2n

b

. Figure 16 does

show such an inequality,




Ll T R

g i Lz

e

A P N

P L BT MMy SRR g | v

3

-3 -

Further, looking at the v' and w' spectra, we ncte that
they both have -5/3 power regions that do not extend to as low
wave numbers., In fact, they are so narrow that we cannot
vouch tor their existence. 1lhe same trend 18 evident tor the
pipe spectra (ref. 6). Evidently other factors have extended
the low end of the -5/3 power region of the u-spectrum (at
y'/b = 0.1 there i= a considerable -5/3 power region in Fy(k,)
and for F (K,) and Fy, (ki) it is non-existent, } However, the
u', v' and w*' spectra do all "drop away' {rom the -5/3 slope
at about the same k,, a possiblc indication of local isotropy
for wave numbers higher than this one. The corresponding
wave length, 2w , is roughly 1 of the channel width. The

k, 10

axistance of isotropy in the dissipative spectral region has

———

already been pcinted out by noting that v v a2
[i_‘i7)2 (24
EN IX 1d X

<
and (j—u-—,]\ are very nearly in agreement with the isotrepic
laws,

One condition of Kolmogoroff's analysis to be f{fulfilled
in order to have a -5/3 power region is that in addition to being
isotropic the so-called inertial subrange be essentially free of
dissipative effects, Figure 19 shows that 75 percent of the

contribution to
©o ]
2 e
k Fu (k') dk, at b

= 100

(o]

is from wave numbers greater than those of the -5/3 power
region., As before it is expected that ¢ven a larger poriion of the
threce-dimensional spectrum, whose second moment gives the
dissipaticn for isotropic turbulence is above the -5/3 power
rcgion., Therefore the condition appears to be fulfilled here.

The Kolmogoroff conditicn was not examined at the point nearer
the wall in view of the negligible -5/3 power range in their v'

-t .
anid w

specira.

The u' spectrum at the center of the channel exhibits the -7
power range at the high wave number end. However, the other
spectra in tne same kb range have slopes with a somewhat more

positive trend towards the wall,
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In general the shapes of the measured portion of the
spectra are similar to the pipe spectra (ref. 6). The diffuzer
spectra do extend further in the -7 power range, but the meas-
urements were not able to be carried as far into the low wave
number end because the air speed was much less, Inasmuch
as the spectra in figure 16 tend to be predominantly isotropic,
except near the wall where the viscous effects predominate, any
influences of the pressure gradient or diverging walls would be
expected to manifest themselves in the low wave number end
that was not measured.

TY~tdarnéall,, t‘wc ~ -3l

-~ - -~ at. - 1 +1. - al
afiligeniaaiy tae caar acteristic of the

lengths of the turhulent
motion being so near the overall dimensions of the whole turbulent
shezar region secms to be inherent in the turbulent shear flows.

For example, the integral scales in the boundary-layer are not

an order of magnitude less than the boundary layer thichness, and the
velocity fluctuations are found to be correlated between points all

the way across the layer (ref.9). The longitudinal integral scale was
measured in the present experiment by comparing the uncompensated
and compensated responses of a hot wire by the method described

in reference 5, The distribution is given in figure 23, L_ is nearly
everywhere equal to b, even at y'/b = 0,1, The values agree within
the measurement accuracy to Laufer's values at the samc R

This discussion emphasizes the inherent weakness of the turbulence
‘'ineories' (e.g. mixing-length) which atiempt to relate the

turbulent motion and the local velocity gradienis.

It is well established that the turbulence Reynolds number
R is a primary parameter of isotropic turbulence. It is also
generally believed io be of great importance in turbulent shear
flow, especially in connection with the relative extent of the locally
isotropic part of the spectrum. For example, for sufficiently
high ;?x it i5 expected that the diisipation will occur chiefly in the
isotropic range; for still higher X, , Kolmogoroff's theory
anticipates the existence of an extended (-5/3 power) '"inertial
gubrange’’.

For given boundary conditionrs A) should be uniquely
related to R, , the overall mean fiow Reynolds number. There-
fore, in seeking the effects of changing boundary conditions
(changing the channel half-angle from 0° to 1°) it is important
to compare AR, 's at the same value of R, or to compare flows
with equal R, 's and different R, In figure 20it is evident that
the R, = 61,600 channel and the present experiment have
identical distributions over moat of the channel, The microscales
were computed in both experiments by
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which essentially comipares the contributions from the high
and low wave numbers, The Ay, disicribuiicn {61 the two
cases are in good agreement, figure 21,

Turbulent Energy Balance
The conclusions that may be drawn from the turbulent-

energy balance are somewhat restricted by the methed employed
to estimate the '"dissiration’ te¢rms. Furthermore, as

mentioned, the true dissipation includes IJ V l which
JI U ¥ gl
(J ZKA p &

are zero in the isctropic case, but not in general. However,
they probably are small except near the wall where even the

value of . is very uncertain. Nevertheless
/Jui) J

(ks

several interesting cornclusions can be drawn from the energy
balance, shown in figures 24 and 25,

The flow field seems to divide into four regions:

1
1. The center of the diffuser, 0.8 ¢ 3— < 1 where

a net amount of energy is fed in by turbulent convection from

the low y' side and by mean flow convection frorn the upstream side.

This latter effect consitiutes a difference from the case of the
parallel wall channel,

2. 0.1(%'_< 0.8

channel case in that here (a) the production of energy is mostly
balanced locally by the dissipation. and (b) the energy convected
into the region by mean flow is very nearly offset by the
turbulent diffusion and pressure work "outward".

This region differs from the

DM G d 38
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3. 0.05< -‘f)—' < 0.1. In this region similar to the pipe
L

(ref. 6), the production and dissipation are in balance and the
remaining terms are relatively smidler. This means that the
enerpgy produced here is locally dissipated, a result consistent
with tha cruder assumptions of the mixing-length theories. Hsnce
this may be regaroed as consistent with the occurrence of a
logarithmic mean-velocity disteibution in this region, to bz shown
later.

4. Wall region. As in the pipe the production reaches

a maximum at about gy /:: y.gf) il, just outside the laminar
AN ' i

sublayer, If we assume a qualitative reseinbiance to the wall
region of the pipe, it can bc inferred that the energy is transported
away by the turbulent diffusion arid, to a lesser extent, by the

"viscous work" the true viscous work includcs Ju_ i Jn.
{ / Ac
However, in contrast io the pipe case, the dissipatlon in thls region
exceeds the production, so we must conclude that the feeding of
energy into this region by pressure work (Laufer's "pressure
diffusion'’) exceeds the two diffusicii cffects which tend to drain
off the energy. This difference between the wall region of a pipe
and diffuser may be important ii c¢orrect, since it is widely
assumed that this small region near the wall is "unaware' of the
fiow in the large, that is the overall Reynolds number and pressure
gradient, Therefore, a more dctailed measurement of the
dissipation in this should be a part of further work in order to
improve the energy balance and thus learn whether this effect of
an adverse pressure gradient does exist.

Dimensional Reasoning

It is well-known thai the turbulent boundary laycs can
be separated for analytical purposes into two regions: one compris-
ing all the flow field except a thin layer nearest the wall, which
has as a characteristic length the boundary-layer thickness, and
velocity u, ; and the other being the wall region with a character-
istic length _¥ _ , and velocity uy, . These correlations will

Uy

be examined for the channel and diffuser,

1, Center of thc channel. The mean velocity is compared
on the basis of the velocity-defect law in figure 26, I'or the turbu-
lent boundary layer this representation of the mean-velocity
distribution has been eampirically determined to be independent of
the Reynolds number and surface roughness, but a function of the
preasurec gradient. Since all the diffuser tests were conducted at
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a constant Reynolde number a single curve is expected. The
trend of the channe! and diffuser data with an adverse pressure
gradient is similar to the boundary layer. Of courae, the
boundary layer and di ffuser data are expected to differ from each
other in this region and only the trends are compared. The

pressure-gradicnt paramncter, __é_ g’E was 7.7 for the
., dv
'F ~w ot e
diffuser, and --é—- ar was 12.2-14. 8 for the boundary layer.
T..dx

The turbulence level was compared on 2 similar basis,
figure 27. This emphasizes the larger effect of the pressure
gradicnt on the turbulent fluctuations than on ths mean flow.

2. Near the wall the results are considerably more
interesting. The mean velocily is compared on the basis of
Prandtl's wall-proximity law (rei. 25} in figure 28 using semi-
logarithmic cocrdinates to demonstirate the log-law region.

The log law extends over a wide region up to y, = 150,

The diiference in displacement of the varicvs profiles in this region
is probabiy not significant. (n fact all of the points could be
collapsed to ~1e curve by admitting a 10 percent error ir ny,
Therefore the mean velocity distribution could be said to fulfill

the similarity hypothesis out to yx == 150,

The turbulence level story, however, is quite different,
figure 29, Leaufer found good agreement between the channel
{ref. 5) and the pipe (ref. 6), with some effect of Reynolds
number for y, > 30. But the effect of the pressure gradient
is evidently much larger, and it is not attriburable to instrument
errorg, In fact a correction in uw* to bring the channel and
diffuser data intc better agreement in v, figure 28, actually
increases the discrepancy in u', figure 29. Some unpublished
data was obtained from Dr. Clauser's group* which had measured
this term in the furbulent boundary layer in an adverse pressure
gradient. The values at four stations were all grouped about the
e = 1deg. curve. The pressure gradient based on the
characteristic quantities in this region was somewhat smaller.
The values of v dP were:
fw 9
Turb. b, 1. 5
Diffuser 6.

*Aeronautics Department, Johns Hopkins University,

i msa el 4%
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An examination was made to ascertain whether uy is
a characteristic velocity of the turbulent region since T
changes acress the laminar sublayer. But the variation in
C was oniy 3 perceni, insuliiciéni iS5 accouat ior the difisrencs,
The question of local similarity was examined {urther by comparing
uwr , which eliminates the characteristic velocity. This
u
is shown in figure 30. The dashed line represents the diffuser
valueg in the wall-coordinate systermns. Of ccurse, uy remains
in the abcissa but the difference betweer the curves is so great
that no reasonable shift by adopting a new characterisiic
velocity could collapse the two to one.

Ancther approach was then taken. Since only the
longitudinal motion faces the mean adverse-pressure gradient
the pressure effects may have a preferred direction. The ratio
of u' to v' was cocmpared between the pipe fiow and the diffuser
flow, figure 30, and the agreement in the =vali-proximnity region
is surprising. The conclusion to he drawn evidently ia that the
pressure gradient doca not aifect the turbulence levels near the
wall, but ouly their correlation.

The distributions of u' at equal Reynolds numbers are
vl

also compared in the center of the channel, pipe, and diffuser in fig.
30. In this region the difference is significant. Evidently tne
pressure gradient does manifest itself by favoring the fluctuations
in the direction of the gradient, perhaps in an indirect way through
the energy balance. For example, the production feeds almost
purely into u-fluctuations, while turbulent diffusion acts on all
three components,

Several oscilloscope traces were made of u(t) within and
slightly outside the laminar sublayer, figure 21, The fluctuations
inside the sublayer are interesting. They appear to display an
intermittancy suggestive of the outer regions of a boundary layer.
An important difference is the absence of the sharp demarcations
between the turbulent, and in this case, laminar regions, that
is evident in boundary-layer intermittancy. Another difference
is the fact that the turbulent regions near the wall are generally
traveling with excess velocities, whereas in the toundary layer
they tend to move slower.
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Further Investigations
It seerns apparent following the present investigation

that further work should pursue the following course.

1, Measure several of the digsipatiorr terms in the
T

direction normal to the main flow, in particular ncar the region

P

of maximum producticn.

2. Meaasaure the triple -coirelation distribution to
identify the pressure- and velocity-diffusion terms. Laufer’s
nine data indicate that both of these effects are very large near the

maximum-production point.

3. Look for increased skewness in some turbulence
properties - a possibility suggested by the unsymmetrizing effect
of a large static-pressure gradient.

4. Increase the angle of divergence to find the effect of
the pressure gradient as the flow approaches separation. In
particular to study the similarity considerations in the wall

proximity.
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APPENDIX 1
ESTABLISHMENT CF THE EXPERIMENTAL FLOW

Setting Up The Test Conditions.

The most difficult phase cf getting up the test con-
ditions was making the mean flow reasonably two-dimen-
sional. This is apparently a problem characteristic oi
adverse-pressure gradient flows although it has only recently
received attention in the literature, Ludwieg and Tilimann
{ref, 10 ) found that by including the measured secondary flow
in a boundary layer in an adverse-pressure gradient the value
of C§ computed by von Karman's momenturu equation was
reduced by 40 per cent. Clauser (ref.ll ) found even larger
discrepancies with very strong adyerse pressure gradients,
He indicated the importance of 3-!; and how it far outweighed
the terms meniioned by others.

In the present experiment the steps taken to assure
longitudinal-similarity made it difficuit iv attain two-dimension-
ality. The parallel-wall approach channel was added ahead of
the test secticon to give the fiow a start towards reaching the
fuily-developed state and to give a previously studied flow field
in which measurements could be checked, But inevitably non-
uniformities develop in the vertical direction by the time the
stream has passed through the parallel channel, and thezse are
amplified in the adverse pressure gradient, The same phenomenon
occure when a btoundary layer grows on a flat plate and enters an
adverse precsure gradient,

Some physical feeling for the phenomencn can be reached
by the following ratkesr rough analysis of the flow in the present
diffuser, Consider the stream at two elevations: the midplane
(Z=0 )and 2 1/2 in from the ceiling (2= 3lin ). The ratio of the
maximum dynamic pressure in the upper profile to the maximum
dynamic pressure in the midplane, both at the same X station,
will be called the dynamic-pressure ratio, Pr . P,» is unity i
the flow is two-dimenaional. The measured values of F. are
tabulated in figure 32.




Let us naively invoke the Bernoulli cquation for the
flow. We will consider the maximurn dypamic pressure
(presumabiy ai ¥ =& ) for thia anproximation. When the
walls of the parallel section were smaoth the value of FI’
6 in. ahead of the diffuser inlet was 0.96: a velocity defect
of only 2 per cent, With 2& = 2 degrecs the width at siation
2 i8 2.9 times the width in the approach channel, so a
Bernoulli - expansion at the midplane would convert 88 per
cent of the origiral dynamic pressure into stalic pressure,
12 per cent remaining in the dynamic przssure. The upper
plane must convert the same amouni of cnergy inte static
pressure hecause 2 is small. But it only had 0. 96 as

- -3
.96—~0.68
much to start with, so Bernoulli-wise f» would be ;,-3_—‘85
.00 — G

or 0, 67, the value measured. The 33 per cent defect re-
3ulted from the small 4 per cent defect at the inlet. At
station 5 the dynamic pressure at the top would be negative
by Bernoulli's equation, so momentum had evidently been

S transferred away irom the middle region, a condition to be
g avoided. (Separation did nct take place, in fact, anywhere
% in the diffuser at 2 & = 2 degrees, It did, however, at 3

1 degrees)

L

E Nikuradse's {ref, 13 ) furthest downsiream station

P £

for 2&= 2 degrees was$ = 34. 7, roughly half that of station
2, and he measured A = 0.985. In his experiment the flow
entered ihe diffuser through a contraction so the velocity

distribution was initially uniform. The question arises as
te whether he had a fully shearing flow, cr just boundary
layers.

The measurements of P,. in the approach channel
shcwed that the two-dimensionality troubles were located
in the upstream portion. Apparently the following was
happening: at the contraction from the plenum chamber the
floor and ceiling are plane, the contraction being all in the
pide walls, therefore the boundary layers on the floor and
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ceiling tend to be thicker. Furthermore, the interactinon

of the corners retards the boundary layesrs on the ends even
more, Therefore iransition startced first at the floor and
ceiling and further downstream at the midplane. Since the
coefficient of friction ot a boundary layer roughnly douvies
after passing through transition, the momentum was removed

at a faster rate near the floor and ceiling until the flow at the
midplane passed through transition.

The transition zone was measured at scveral eleva-
tions by dragging an impact probe along the surface. The
method is similar to that employed by Klebanoff and Diehl
(ref. 8 ) with the exception that transition was determined by
the total pressure in the present experiment instead of the im-
pact pressure. At the midplane transition started about 12in.
downstream {rom the point where the iniet contracticn ends
and the parallel wall begins, and had not ended by 20in. from

the inlet. At 2 1/2in. from the ceiling transition took place.
within 4in. downstream of the inlet.

Two methods were tried to improve the two-dimension-
ality of the flow leaving the approach channel., In the first plan,

8 which was the more conservative, a rcw of tacks was imbtedded
?' in each wall 12in. from the inlet. The headas were 0.22in. dia.
£ and N, 028in, thick and prejented entirely above the gurface the
% intent being to reinove momentum by the profile drag. The
interval between tacks was increased near the floor and ceiling
x io reduce the momentum removal, It turned out that the improve-
R ment of the two-dimensionality ‘was negligible,

¥ Thereupon we decided to utilize the difierence beiween
§ the laminar and turbulent € by artificially causing transition
L2 further upstream along the middle region. At this time the

& problem was discussed with Mr. Phillip Eisenberg of the David
§ Taylor Model Basin. * In particular he indicated that single

:

E *

Currently at the Office of Naval Research (Head, Mechanics
Branch)
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roughness elements had been used successfully to promote
traneition on ship models, and he direcied us to the litera-
ture on this work and referred us to the research that has
been done by the David ‘i'aylor Model Basin, One advantage
oi singie roughness eiemenis, as hie puinicd Gul, is weir
small precfile drag. In the channel they have an additional
merit. The stream contracts as it passes over the trippex
and the pressure gradient tends to become more favorable
since Bernoulli‘s equation applies to the stream core, If

the transition device is continuong, such as a wire, the favor-
able pressure gradient could be go large that the stream could

conceivably reattack and remain laminar,

Tt

We discussed the prcblem with Mr, Marsghall Tulin of

the David Taylor Model Basin, and his experience with short

cylinders normal to the surface was very helpful to us. Also

the influence of Reynolds number {ref. 30 ) for other trippers

could be interpreted to vur case. Therefore we decided as

the second plan to place a row of tacks on each wall at a distance

of 3 1/4 in. from the inlet at the midplane and curving further

downstream near the floor and ceiling. The initial results were
. surprisingly good, Following several hours running we dis-
covered, quite by accident, that the dust formed on the surface in
such a manner that when a light was placed nearly iflat to the sur-
face the laminar regions were dark and the turbulent regions light, *
The dust patterns revealed that some of the tacks had not caused
transition. We found these tacks did not protrude as far from the
k surface. They were pulled further cut whereupon all the tacks had
turbulernit boundary layers in their wakes,

silkiavn

€

S
;
*
No explanation has been given, in fact one would expect
§ the opposite to take place. When the surface was wiped it ail
¢ became dark, so it is clear that dust had settled,
§
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We then remeasured B+ at the cutlet of the approach
section; at the top and boitom it improeved to 1. 00 and 0. 985
respectively, The two-dimensionality in the tesi section was
also significantly better and the very low {requency fluctuations
that interfered with vclGeity measurements were considerably

the number of fans were changed was observed. This was not
traced further. Some effort was spent to raise the dynamic pres-
sure at the floor but with little success., These values were there-
fore accepted., The characteristics of the downstream flow were
measured in some detril, so they will now be examined,

Evaluation Of The Test Conditions

The purpose of this section is to determine how well the
wind tunnel satisfied the assumptions made in the Preliminary Analy-
sis. We will show how the integral equations derived in the Pre-
liminary Analysis section, can be used to make definite numerical
statements about the individual conditions,

In principle the plan will be to examine each term that was
eliminated in the analysis by virtue of the assumptions and to deter-
mine whether it actually is as small a3 the analysis requires. This
will eliminate the possibility of two cancelling affects.

The examination of the basic assumption concerning contin-
uity, the Navier-Stokes equations, and the Reynolds postulate 10 ob-
tain equations (1), (2}, and (3) is more sophisticated than we are
attempting here so we will proceed from these equations,

In expar-
ded form equations (1) and (2) are

+:.Y+ 6_@: o (A
Yy Jdz
3 — 5_'_6:__‘_@:_’_ 2=_{u?, dav, Jaw) (2-a')
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A complete discussion of turbulence assumption {d)
and (e), and, more pariicularly, hovs they were used is quite
involved and would divert attention from the more imnortant
assurnptions. Also the main items were covered in the sec-
tion on Preliminary Analysis. The question here_is whether
the flow satisfied the conditions: (a) W =0 , (b) g.‘é.)to

for all termsa, the boundary-layer approximation, and longi-
tudinal similarity.

_ _From the boundary-layer approximation we deduced
that V&«U | Measurements at the midplane of station 5 with
the x-meter showed this to be the case. FurthermoreW was
measured by the x-meter and claw probe at the same location

and it was significantly smaller than &_, figure 33 But the
derivatives @V , oW , and W 9V must be carried since
] ey = oz
ox is small, Since W<<¢U | then each term in equation

{¢-c 1} is smaller than its counterpart in cquation (Z-al). But

it is possible that in the aggregate they may interact through

the pressure upon equation (Z-al). It will be demonstrated later

by measurements that 0P  was sufficiently small, sc we will

4z

use this fact. Presgure interaction from equation (Z-bl) is not

likely, except through V% as mentioned in equation {5b), hecause
V  was less than one-fourth of W . Therefore equations

( 1y (Z-al), (Z-bl), and (2-c1) reduce to

= e

A , o , oW _ , (1')
X 67 o2

-
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1
Equation (1') can be substituted into cguation (€ ) giving

This equation will now be puvt into the integral form to study

the remaining assumptions. The second term drops out
leaving
0%, 4 folow) b dP*, [0T) (ol
U Uw, = 717}
ol + -2y -—-) [....) ]+ lev)
gi' X q J 52 y P dx L—'aq y-b a' t,‘so ( ’ 0

The flow symmetry was chacked and QU’ (((
/9'0 3_9 y:b

station 5 in the midplane. Figure 13 shows that (MV) Nas
‘

negligible, so the terms on the right nd side of the equation
reduce to the pressure tecrm plus ’Llw . The critical

assumptions are wrapped up in the left-hand side. We will
now zxpand these terms. The first term is

b
J$dy = &[ody ~ T &
o

ox Ix > dx

°“‘ﬁ e~

and since U[, =0 it can be further expanded to

=ytfp 9L 4 2L dlbyy) _
U°szx T w 5_, Id_/

x
- I 1
or non-dimensionally, where &(X) = Jr bz, )d.‘
O v

di IRy . T
=W g+ 2l g0 - L]



The second term on the leit hand side is

[ Jlo#),

4
sz &

'aw "W oF 19U frw
U[ﬁr I+ 2;/0 {af;\d'/’ u:a?'ﬁ'}{]fd"

8o the compnlete integral equation ia

.")_I.‘ e.i.’Iz dR E -a—frd '--, U: sz 1
o8 Rb a$b j* d(:& d7+2 ‘7'[ b 7 2 {}l-}d7~

(]
b oP* Tw
L. ..Q’_- ki N + sz 2 _____l

on‘ dx /O’c, (13')

which differs from equation {13) in the Preliminary Analysis

by the terms on the left-hand side. These terms drop out

if the assumptions are realized. The first term, 11, vanishes

if the rnean-velocity profilcs satisfy longitudinal similarity. If
the profiles are similar but fiuid is fed into the plane then the
second term, 2%, is positive. Terms 3%, 4% and 5% are the two-
dimensionality effects. Term 3% is the removal of momentum
due to a spreading of the stream surfaces above and below the
plane; term 4% incorporates the two-dimensionality of the mean-

ualnn1vu i 1lav-1+w term 4t accounts for a verticail nh’\'\ae in the

centerlme dynamic pressure. At the midplane 4t and 5‘ would
be expected to be zero by vertical symmetry. Terms 4% and 5%
are sensitive to the deviation of the stream surface {rom plane-
ness,
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The separation of rhe longitudinal changes into the
form of 1* and 2t and the vertical into 3¢, 4%, and 5% was
done to facilitate the experimeuntal check. Analytically it
might be preferable to use the mean velocity across a section
instead of Ue ; then 11 would check longitudinal similarity,
and 2+, 3+, 4%, and 5% would check two-dimensionality,

I crder to fulfill the assumptions of tha analvaie we
would like to have 1%, ---, 5% individually smaller, by say a
factor of 10, than any of the terms that remain, i.e. &+, 7% or 8%

At® = 1 degree the pressure gradient, 6%, and momentum gra-
dient, 7%, are nearly in balance and each is about 10 times larger
than 8%, which is 13 x 104, Therefore the requirement is that
1*,---,5%t €< 13 x i0-4, In addition we shouid like to avoid local
irregularities in the firw, The limit of integration in 1%, 3%, 4%,
and 5% is unity so we are on the conservative side if we ask that
the integrand evervywhere remain in the same bounds,

Term 1t between stations 2 and 3 was 1.7x10-% s0 it is
sufficiently small, thus satisfying longitudinal similarity. Let us
examine the integrand in

aI‘=2l-§._’.€d”
% Fos o1
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Between stations 2 and 3 the requirement would be that
faf ¢ 35 (10-4). Figure 8 shows this is about the du-
plication of the profiles,

Here ia where a question.arises in regard to Nikuradses'
experiment (reference 13 ). His furthest downstream station
was atP = 34,7 for €= 1 degree. Results of pipe flow indicate
that5 values of 50 to 100 are required for uniforin flow at the in-
let to become fuliy developed., Nikuradse made additional velocity
measurements at B = 23,2 tc determine that the flow was fully
developed, The above test would require faf<i7 » 104, or since f
has a value of about unity the velocity profiles must duplicate to
0. 2%. Tuis i5 beotter than customary accuracy. Whether the pro-
files were this close is not known since Nikuradse did not report
the upsiream data.

In the present experiment term 1 between stations 2 and 5
was - 1.7 x 10-4, Again this is sufiiciently small. For the in-
tegrand to be everywhere small we require faf < 0.004. Several
poinis were larger, but the discrepancy did not appear serious, Ta
measure 1% the precision manometer was needed as it corresponds
over a large region of the channe! to{é‘ £ 0.004 between the

\ Uo /7= const.

stations, The dynamic pressure at station 5 for Ug is 0.06 in.
of water, so the dynamic pressure should be resolved to 5 x
10" in. of water. The final manometer was more accurate
than 10”* in. of water. and is discussed in Appendix II. The
accuracy of measuring ¥ was tesied by pericdically measuring
U, during each traverse and comparing it to the reference
pressure. It had a probable error (0.675 x standard deviation)
of 0.7 x 10-4 in. of water which is satisfactcry.

The mean-velocity profile at stations 4 and 5 was slightly
more peaked than at the upstream stations. This can be related to
term 2. After the peaking was observed 4_}_?., was measured and

dX
between stations 3 and 5 ’?b increased 4 percent., But during each
velocity traverse the wind-tunnel speed had been set so ’\1 =31, 400
at the particular station. Therefore when the downstream traverses'
were made the upstream flow was at a lower Eb , and thus more
peaked, than when the upisiream traverse had bcen made. Laufer's
data (ref. 5 ) would indicate that this would be a rise in f at? = 0.2
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of about G. 005. This would account for rcughly one-half of

the change. This 4 percent rise in Reynolds number was
confirmed by a corresponding increase in the dynamic pressgure
at the inlet to the parallel-wall approach section beiween wic
two runs. The* latter method would indicate an K increase
between stations 2 and 3 of 3.5 percent. The net result is that
2t between stations 2 and 5 was 21 x 10 %, or roughly equal to
the turbulience texia, 8+. It was only slightly balanced by 1t

Term 3 is believed to be the offender. Unfortunately it

is very difficult to measure directly: for it to be smaller than

! T
E" FE‘ at station 5 requires that ihc ficw inclination differ
by lcss than 0. 04 degrees between the midplane and the traverse
points 16 in. above or belcow the midplane. However, an eatimate
of its magnitude can be made from continuity of the flow.
Integration of equation (1) across the channel using only the wall
no-slip condition and V = ©  at Yy = O gives

3 .
YA (12"

Terms 4++ and 57t can be neglected, as before, by vertical
8y metry, Between stations 2 and 5 term 1Y% was -0.7 x

10°% and term 27t was 11.9 x 10~ 4 Term 3%t jg then -11. 2 x
10-4 ncgative as expected., I _M_’, is independent of ‘7

T
J’ 'E')

it would have the value of -13 x 10 Then putting thxs back
in equation (1’% ) would indicate mat term 3% is -10 x 10”



The foliowing table is a surnmary of the terms in equa-
. ’
ticn (137 )

Term 1t = - 1.7 %1074
i 2t = 21 "
" 3t - . 10 1"
8T = negiigible
R Ry
Total 9 x 10
Term 6% = -100 x 10°4
w7t oo 327 .
" 8+ = = 12 "
Total ia O

Note: terrn 4 Wwas not measurcd, bul is belleved to be smalil.

: : + + o
it is evident that terms 2 and 3 roughly account for the dis-
crepancy of 13 x 10°4 in eguation (13). The von Karman momeii-
tum equation for the turbulent boundary layer assumes terms
equivalent te 3, 4, and 5 are zero. In view of the present
remarks it is not surprising that in the past the use of the
von Karman equation to compute Jw has ied to apparent in-

T
£ o

creases in the wall shear stress during a retardation, whereas
a decrease is expected.

The net result is thai longitudinal similarity existed,
within the requirement set, but two-dimensionality of the mean flow
deviated by an amount equal to the turbulence term in equation (13)

I_b_"ii . The hope is that since this effect acts through the mean
flow it would not appreciably disturb the turbulence. What it may
amount to is a 10 percent reductior. in the "effective'' &€ . One is
vestrained, however, from concluding at this point that the assump-
tion of longitudinal similarity for a fully two-dimensional channel
i= confirmed.

At this point consideration was given to diverging the {ioor
and ceiling. However, this involves mechanical difficulties, and in
view of the sensitivity of the flow to very small changes in this
divergence angle, as indicated by term 3tin equation ( 13'), the
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4
decision was made to measure A4 at iwo statiions. If this
were similar, as it turned out tc be, then it would be con-
sidered sufficient evidence of flow similarity to proceed

°ean £ AV e e m e mee an - &
Wil 11Ul UIET ICASUWTrTOLITnTS,

The «* profile at statior 2 is compared to the pro-
file at station 5 in figure 10 ., Ii compares very well. But
again the statement can be made more precise, this time by
means of the turbulent energy equation, A complete analysis
including all of the assumptions, as was done for the momen-
tum equation, will not be undertaken. But the similarity

assumption will be carried cut. This was done by rederiviag
equation (14) without making the assumpiion of similarity. The

s

follewing additional term is obtained, _é _d__zc . It can be
2 dx

expanded to

bdr.. AI) Yi
2 dx 2/f dy -

For each of these terms to be negligible it must be small com-~
pared to the smalier of the terms that remain, which is

% o“‘ ( ) 9 . The latter term wil) be estimated
-, dla Jik

by the isotropic relation

(JA!,, &u,) = 5 -9-1'
A

where the values of -A- and .2— at station 5 are used. Thus

b U,

[ ]

34,400% 0.25 ¢n

2 l.l Z -
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we require -E- and o é-{ to be less than

-2 . . Ah A‘( 0.5
107“, Between stations 2 and 5 this means: h Iy
This was well satisfied,

There is one point tc be cleared up. The state-
ment Was made that the interaction betwecn equation (2 a)
and (2 c’) through the pressure is small, This will now be
demonstrated. If equation {2-c’) is put in the integral form,
similar to equation {13'), the pressure term is
/

[ b 619
pu‘da 17

(]

The wall values of A% were measured between the mid-
plane and 16 in. above and beiow the midplane to estlm..te this
term. It is compared to term 6% of equaticn (13 ) in figure 33
and it stays well below one-ienth oi the latter term. 7o be

assured that é_P does not affect the turbulence one m ight-like

z
g o

o ! - :
thie i2tegral to be even less than = . This is not quite

10 pUs*

satisfied downstream of about station 4 , but the discrepancy
is not believed to he serious.
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APPENDIX II

FRECISION INCLINED MANOMETER

Introduction

In order tc measure mean velocities with sufficient
reliability io establish the existence of simple similarity, it
is desgirable to measurc pressure with an accuracy of 0. 0005 in.
of water (this is justified in Appendix I.}. The same is re-
quired to measure the mean velocity in the lamirar sublayer

and the static-pressure gradient in the direction of {low.

Several pressure measuring devices with greater
sensitivities have been reported in literature, e. g. reference 3L
But generally they are difficult to construct. Laufer in re-
ference 6 stated that he obtained a sensitivity of 107 cm. of
water with ar inclined-tube manometer using Benzol, and a cathe-
tometer to measure the meniscus displacement.

The inclined manometer is attractive because of its
simplicity., The measurement is reduced to a simple deter-
mination of length to normal engineering accuracy. Its
accuracy is limited by co:nplications associaied with the
capillary force on the meniscus,

A cursory literature search did not uncover an analysis
of either the static or dynamic response of the reservoir-type
inclined manometer. Therefore a preliminary analysis was made.
The result was that the static probiem appeared to hinge upon the
reproducibility of the capillary rise, e. g.., surface cleanliness,
temperature, etc.

A pilot-model manometer was assembled and it was found
that the above difficulties were tractable. Therefore a {inal mano-
meter was construcied and this is shown in figure 34,

e
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The basis of the liquid-type manometers is the pres-
sure-head relation

ap = (-%)h

where one column of fluid has the density X; for a he ight

h , the other has the density & for the same height, and
over the remaining height of the two columns from the

point of inter-conuection to the (assumed) common elevation
where AP ie¢ measured the density is the same in each

column. Obviously this could be generalized to include
variable densities in the celumns if one of the fluids is com-
pressible, such as a gas. And, indccd these cffects may

not he negligible, but are generally easily computed and will
not be discussed here.

The vertical {J-tube manemeter ia the simplest but
/) is difficult to measure to the accuracy desired. The
differential manometer makes the term { ¥, — ¥ ) small to en-
large h but difficulties have been encountered with the
meniscus interface. The inclined manometer attains its
accuracy by making the actual length measured many times
larger than H . 1t appeared to be the most prcbable for
success, S0 it was selected.

Distilled water was used in this experiment because
of the ease of maintaining constant density. Alcohol, for ex-
ample, is significantly hydroscopic. Furthermore the thermal
expansion of water is about one-fifth ihat of other liquids, The
disadvantage of water is its high surface tension. This was
reduced from 73 to 30 dynes per cm., a value typical of many
liquids, by adding a wetting agent (The Mcrviam Instrument
Company, D-2930) which does not change the density,

The chief question concerning the inclined manometer
is whether the capillary rise is repeatable and constant over
the length of the tube. Therefore this will be pursued. The
follewing variables determine the capillary rise: the diameter
and inclination of the tube, the liquid, and the angle of contact
between the liquid and the tube. We would now like to find how

each of these affects the capillary risc,

e agliB|
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Intuitively it sceme that there is an optimum menis-

cus sha € {the rige of each point on the surface beyond the
ty poeition) te minimize capillary effects, i.e.

to have a minimum sensitivity to surface wetness, slight
changes in angle or surface tension, or whatever else may
change the position of the meniscus m:numum. For exampie,
as the tube inclination is increased the meniscus spreads out
further and consequently it would appear to be more sensitive
to the way the contact is made at the glass, But at the same
time the sensitivity io pressure, which is what we are looking
for, increases,. The ideal prccpdur would be to obtain an
analytical expression for the menizcus shape then proceed to
optimize. Unfortunately this cannot be done by a membrane
analysis because the angle of contact between most liquids,
inciuding water, and clean, wetted glase in the prescnceof zir
is reported to be O degrees, reference 32 . In the present
case the meniscus shape and tube inclination were sclected
by inclining several tubes at about a 20:1 slope and then taking
the one with the largesi tube diameter that did not have an un-
duly long meniscus. Obviously some study could be given to
gelccting an optimuin meniscus shape and tuhe inclination.

ial

. ,4.

However, having selected a meniscus shape and tube
inclination we now wish to keep them fixed while we examine
the effect of the other variables. We can do this by obtaining
a2 similarity parameter, The forces involved are the gravi-
iational force and capillary force, so we shall call their ratio
M. This parameter was not found in the literature but it can
be obtained from the ratio of the Weber number to the Froude
number

2 ,h
Weber No. & T' r* - m
Froude Mo, 7___. S

where I' is the tube inside radius, § is the local gravitational
acceleration, and S is the surface tension. M would then be a
constant for one meniscus shape, one angle of contact between
the meniscus and glass, and one tube inclination. Henceforth
we will keep M fixed,
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As mentioned, an equation for the meniscus shape
is not available from which we can compute the position of the
meniscus minimum, But we can determine the "average"
height of the meniscus due to capillarity, b( . Define /)c as
the product of the volume of fluid raised by the capillary effect
times the sine of the angle of elevation of the tube,ﬂ »divided
by the cross-gectional area of the tube. figure 35 . For a
verticai tube {((,é [F5 90 degrees) hc can be computed from a
balance of capillary forces and gravity tor a O degree contact
angle

N

A' - u_'S- (16)

¢

A 7 mm, 1.2, tube was chosen for the water-wetting agent
combination in the present case. In the vertical position the
meacured rise of the meniscus minimum was 0. 045 in. By
equation 16  this tube size and fluid would give A¢ = 0.068 in.
This warrants the use of equation (16 ) for the order-of-magni-
tude considerations that will be made below, (The approxi-
mation is actually somewhat better than appears since /¢ is
the mean height somewhere beiween the meniscus minimum and
maximum, )

Before going through the analysis with equation (16 )
let us show how this equation can also be used to ubtain the cap-
illary rise in an inclined tube. This will be carried out by refer-
ence to figure 36 . The top sketch represents a sectional view

through the plane containing thc axis cf the tube. An element of the

i
glass surface containing the line of contact of the meniscus is shown in

Je— |
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the lower diagram. Since the angle of contact is 0°, the

resultant force, dT, on the element of the meniscus peri-
meter, ds, 12 in the piane ui ihie gla
to ds.

-~ A
OO casive

dT= Sds

The component in the direction of the axis, dT,, is

de = —g‘g—gdr

in polar-cylindrical coordinates about the tube axis.

The
total force in the axial direction, T, ise
i
T = f § rdogs - 5rfda =2nr$§
= ds
around e
The meniscus
perimeter
Therefore, T, is independent of the tube inclination. The

capillary force balances the gravity force so that the volume
raised, V., is related by the angle of elevation ﬁ '

Tz = YK'slﬂﬂ




S84 =

. L
and by definiticn of 7

then combining

L =Trh v

s0 h, is independent of the tube slope (as was h ). Of course,
the rise of the meniscus minimuin in a vertical tube is some-
what less than ho--- the two becoming equal as r approaches
Q. But within this difference, the rise of the meniscus min-
imum in an inclined tube can be approximated by the rise in a
verticai tube., This wiil be done in the foliowing analysis.

Let us now select the liquid. Introducing M into
equation (16 ;

_ S
he= 2 [55]

M is fixed, so one chooses a fluid ‘with the smallest value of
to give the least capillary rise. A survey of a large

-

number of liquids revealed that Methanol has the lowest zlue,
and this is only four percent below the water-wetting agent
combination.

The uniformity requirement for the tube diameter
can be established by putting equation (16 ) in the form

A

r yr?

|

a -2
M




One sees that all liquids under similar (which could mean op-
timum) conditions have the same sensitivity to absolute varia-
tions in radius, Wiin ibe preséent combinaticn a A = £2,0002 in,
gives Ah. = 0. 0001 in. Normal precision tube tolerance is
+0.0004 in, from the nominal size, and because of the method of
manufacture the uniformity along one tube is significantly better.
Similariy, the reservoir accuracy waa established and turned out
to be easily fulfilled.

Temperature, ©. erters in three principal ways:
(1) velumetric change of the container, {Z) expansion oi the iiquid,
and (3) variation in capillarity., These will now be discussed.

(1) Consider a thin-wall cylindrical glass reservoir of
circular cross-secction resting on ite base. | The volume of liquid
enclosed equals the depth x (circumference)%ﬂ . If the
liguid volume is constant then for a thin-wall reservoir a one per
cent change in circumference corresponds to a two per cent change
in depth, The thermal coefficicnt of linear expansion of glass is
nearly 5 x 10°6/°F (reference 33 ). Therefore, if the depth igr
about one inch, a temperature rise of 1°F corresapends to a de-
crease in depth (zero-level) of 10'5in. of water, which is negli-
gible. The changee in the glass tube affect the level even less if
its portion of the enclosed volume of liquid is significantly smaller
than that in the reservoir, as it was in the present maunometer,

(2) The thermal coefficient of volumetric expansion of
water is 0.0001/°F (reference 33), (For most other liquids it is
about five times larger.) Thus tne zero level in a one-inch deep
reserveir would rise 1074 in, per degree ¥. This is the accuracy
desired so the temperature must be controlled within this limit.

The above considerations are all connected with the change
in zero level., ThLese effects can be reduced by periodically taking
zero readings. This procedure has been adopted during tests. How-
ever, there is another effect due to the thermal expansion of the
liquid; namely, h is inversely proportional to { in the pressure-head

relation, This causes a percentage error,namely —’ ‘\3—- = 0. 0001/F°,
ho
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(3) The temperature effect on the capiliary rise is
computable by putting equation {2} in the form

Ldh_ LS 2 2
00 S 24 § 08

The first term represents the change due to surface tension
and the other is the density change within the capillary-rise
portion. For the water-wetting agent combination 2—3%;

e 03 £
= 0.0011/F°. A slight dcop in the zero level was observcd
after turning on the light illuminating the meniscus. However,
within one hour this effect tended to reach equilibrium. Actually,
it was very easy to shield the manometer against all thermal
effects by enclosing it in a plastic bag,

A side poin’ could ke menticned. It is conceivable that
the manometer could be designed so that the thermal expansion
effect of the liquid could be nullified by the surface tension re-
cession and expansicn of the reservoir,

The manometer, figure 34 was consirucied as follows:
The inclined tube is 7 mm. I.D. the reservoir is 100 mm. 1. D.,
and the tube inclination is 20:1. The microscope is mounted in
the vertical plane so that iight rays pass through normal to the
glass, The meniscus appears aymmetrical and nearly ilat over
a wide region, and is sharp and clearly 1dentifiable to 1/10 of the
smallest reading desired. A dial indicater graduated in 10-3:n,
indicates the microscope iravei: 0,002 in, represents a pressure
of 104 in. of water. An internal scale within the microuscope
has graduations equivalent to a pressure of 10-4 in. of water which
facilitates averaging pressure fluctuations.

It was found important in the experimental technique to wet
the surface ahead of the meniscus. (Reference 32states that the
contact angle of a non-wetted surface is diiferent}, The tubes werc
first thoroughly cleaned with a standard acid cleaner, Then they
were flushed with tap water and finally distilled water. Nevertheless,
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the readings could be in error by as much as §. 0004 in. of
wafer uniesa the meniscus was Gispiaced iar enough ahead
to wei the glass. With the wetting technique, the meniscus
would return to the same position with the probable error

of a small fraction of 10°% in, of water. In this connection,

one must be careful to avoid foreign matter since it generally
tends to accumulate at the surface.

Evaporation effecis can enter, The zero level with
the reservoir open was observed to drop by 10°% in, in 2

five-minute period. Therefore, a constriction was found
-~ ——-. MU nh Ansmnbedabinea o.'bu\ula oY) zmmall cnou b Sy mwe
ahv\-v acﬂ- ’ . -~hbw WA VA AW PAWLLA eaw wea -~ hhdchas waiw i 666 s t‘i 2

vent evaporation from changing the zero level, and large
enough so the vapor pressure does not difier appreciably from
the ambicnt, For exampie, the zero level consistently roase
0, 0002 in, when the reservoir connection was switched from a
1/4 in, 1.D. tube open to the atmcsphere to an identical tube
with a 0, 02C in, diameter hoie forming a constriction to the
atmosphere., This is the pressure difference due to the fiow
of vapor. A slightly larger opening gives no effec?,

Three calibration tests were inade:

(1) Zero reading - A number of zero readings were
taken and the spread was always within 10~ 4 in. of water so
long a8 the fluid was sufficiently clean. Foliowing aseveral
weeks use, the fluid would become dirty which always mani-
fested itself by not duplicating zero readings.

(2) Hysteresis - Small quantities of liquid were added
in the reservoir and the rise was measured in the tube. Then
the quantities were successively removed. No hystersis effect
was observable.

(3) Accuracy - The final calibration was made by adding
measured volumes of liquid in the reservoir by a precision
burette, The probable errcr over a range equivalent to 0.2 in,
of water pressure was 0. 00007 in. of water,
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APPENDIX II1

CORRECTION OF THE HOT-WIRE SENSITIVITY DUE
TO THE TEFMPERATURE DEPENDENCE OF KING'S
CONSTANT, A

As mentioned on page 23, the so-called constant, A, in
King's equation {rcf. 22} is actually a functicn of the wire temper-
ature. This was originally observed by King, but evidently
has been overlooked in a nember of intervening investigations.
Therefore a correction must be made when the hot-wire is
calibrated at constant resistance {constant temperature) and used
at constant current., In the present experiment this correction
{a momnotonic functior of overheat ratio) increased the computed
values of ali &’ by 16 to 24 percent. herefore the correction

{

will be derivecrbelow.

King's equation for the heat lossg, IZR; of an infinite circular
cylinder with axis normal to the stream direction is

IR = [A(ﬁ) + B\/L7](19=—1S},) (17)

where |J is the air speed, constant and low, 9 is the wire temper-
ature , and 19e' is the ambient air temperature. A(9) is the
term under examination, but for some operating conditions the
temperature dependence of R is equally important so it will be in-
cluded. King's resgult that B is only slightly temperature sensitive
has been verified, so it will be assumed constant.

To apply equation {17) to turbulence measurement the usual
assumption of a quasi-equilibrium state of the flow field will be admitted.
The justification will not be undertaken here. So for constant-
curr¢nl operation of the hot-wire in a constant'l% stream the
functional form of equation {17) is

R = R[ARS), S, U]
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@ is independently related to R by the thermal resistivity, so

neglecting sccond-order and nigher terms in a Taylor's expansion

R dA IR 1dG

P = = = 4 IVAR 4 éﬁAU
AR = [Sige t ieldr4R Ty

IR
A\ 2
AR = e auy (18)
PRS-
39 dR
A\ o~ 14 i
where = — ot d4 dv
" P = JA d% dF

The term é embodies the correction, and usually has becen
neglected without explicit mention.

Jdf . JR and M arve easily obtained
W ga T Je
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