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S Roger L Slmpson* and C R Shackleton** ~s~~L i ~d

ABSTRACT

~;: ~ Because a turbulent boundary l ayer in a nozzle undergoes strong
acceleration , a laminariscent boundary l ayer with the benefi t of a
lower surface heat transfer rate can result for some short distance.
Here and in a previous report (Simpson arid Wallace , 1975) several
phenomena which accompany laminariscence produced by strong acceler-
ation are examined for nozzle-fl ow and sink-fl ow accelerational dis-
tributions , respectively. S~verai uifferent type measurements ofthe structure of two nozzle-type flows are reported to determine how
an initially normal turbulent bour ....ary 1~yer approaches the l aminar-
like state, including mean velocit~’ and Reynolds stresses profi l es,
spectra, turbulent/non—turbulent inter facial structure , and wall
bursting and sublayer spanwise spatial 3tructure.

As a result of these experiments , it appears that the surface
skin—f~’iction is not reduced to l aminar val ues in sink fl ows unless
K(=vU dU/dx) is greater than about 3.6 x l0 6 . In nozzle-type
flows , K must also be greater than this value over a short distance
in order to produce a short relaminarized region downstream . The
large-eddy structure of the outer region governs the bursting fre-
quency , the intermittent bulge passage frequency, and infl uences
the wall flow behavior downstream. After the cessation of entrain-
ment of free-stream fluid , these frequencies approach constant values.
The wall spanwi se structure appears to lag behind local conditions
and to reflect upstream flow behavior . After retransition to a low• acceleration turbulent boundary layer downstream , much larger spanwise
scale structures are observed. -

The entrainment rate of non-turbulent fluid decreases to zero
at about the streamwise location at which the shape factor reaches
a minimum value . The cessation of entrainment by the erupti on and

* Professor of Mechanica l Eng~neering, Southern Methodist Univers i ty.
• ** Research Ass i stan t, Dept. of Mechanical Engrg., Southern Methodist

University.
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and engul fment action of the large eddies can be traced to the reduc-
- . tion of available turbulence energy for diffusion to free-stream

fluid. This reduction of availabl e energy is due to the negative
normal stresses turbulence energy production term. Spectral distri-
butions of the streamwise fluctuation F(n) possess a frequency region
where nF(n) is constant for laminar-like boundary layers at large
K values.
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NOMENCLATURE

A, B, C, D constants.

Cf/2 
= t

~
/pU

~
, friction factor.

E, e mean and fl uctuation vol tages.

F(n) spectra l density defi ned by equation (9).

F, F~ defined by equations (18) and (20), respectively.

f , f ’  U/U and 9f /~q, respectively.

H = ~~~ shape factor.
dU

K = 
~~~~~~~~~~~~~~~ 

; also a constant in equation (12).
U

L2 integral length scale defined by equation (14).

H M constant.

m exponent in spl it-film calibration curve .

n frequency, Hz.

n. frequency of intermi ttent bul ge passage at V.l y
dP/dx pressure gradient.

power dissipation in spl i t-film sensor i.

~~~~~~~~~~~~~~~~~~~~

sR (z, I ) normal ized spatial cross-correlation of two T surface

A 

S fluctuation signals during sample time T5 .

sR(z)  sR(z , T5 ) as becomes very large .

1 . 1 Re8 = tJ O/v , momentum thickness Reynolds number.

ReA = ~u ~ >5 , microscale Reynol ds number. . 
-~~

• T5 length of sample time.

t ti me delay ; time .

~~!
.. 
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w
/p)~~~

h/2
, shear veloci ty.

u v, w, velocity fluctuations in the streamwise, normal, and
spanwise directions.

U, V, W mean velocities in the streamwise, normal , and span-
wise directions.

-W kinematic Reynolds shearing stress.

VE entrainment velocity.

x, y, z cartesian co-ordinates in the streamwise , normal, and
spanwise di rections, respectively.

V distance from the wal l to where y = 0.5.

SUBSCRI PTS

b denotes “bursting ” value.

eff denotes effective cooling velocity.

I spl it-film sensor index.

2. denotes linear ized s i gnal .

w denotes wall value.

• free-stream condition.

• GREEK

constant in equation (10); spl it-film probe yaw
parameter.

• intermi ttency, long-time averaged fraction of time
that the flow is turbulent.

6 60.99 
= y where f = 0.99; 1S0.995 = y where f = 0.995.

6* = 

If i 

- 

~—]d~ displacement thickness.

9 • c dissipation rate

i S  yU ,/v

8 = 
~~~ — 

(1 - momentum thickness.

V
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= (15 i c ) 112 , a turbulence microscale.

spanwise wavelength in wall sensors cross-correlations.

>5~~~~’ 
defined by equations (15).

v kinematic viscosity.

• p density.

a standard deviation for intermi ttency distribution.
S shearing stress.

ii angle of flow incidence to spl it-film probe .

logarithmic equation (5 ) constant.
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1. INTRODUCTION 
S

The strong acceleration of turbulent boundary layers in a nozzle

can produce the benefi t of a substantially reduced convec tive heat

transfer rate when relaminarization occurs (Moretti and Kays, 1965).

The acceleratjonal parameter K, defined as vU ’2dtJ~,,/dx , must increase

to a value in excess of abou t 3.6 x l O 6 (Kline et al. , 1967) for

relami narization to occur. The practi cal consideration that flow

accelera tion extends over a finite len gth then re qui res that K decreas e

to zero downstream. Narasimha and Sreen i vasan (1973) reexamined the

behavior of this type of flow from the time—averaged results of many

previous experiments . However , there is littl e information on the

flow structure that would explain the mechanisms for relami narization.

S 
Exceptions are the space-time correlations of Blackwelder and Kovasznay

(1972) for the large-scaled motion and the wall region structure

• reported by Schraub and Kline (Kline , et al. , 1 967).

The work described here is the second part of a program to pro-

v ide exper imen tal flow s tru cture informa tion for s tron gl y-accelerated

turbulent boundary layers under different K distributions. In the

first part (Simpson and Wallace , 1975) results were obtai ned for two

asymptotic sink-flow type turbulent bounda ry layers with constant K

distributions (fl ow A , K = 2.17 x lO~
6; fl ow B, K = 3.19 x 10-6 ). Here

results are presented for a fl ow in which K increases linearly with x

(f low C) and a flow in which K increases linearl y wi th x to a maximum

val ue, stays constant at this level for a short distance , and then

decreases l inearly with x (flow 0). Flow C models the rapid increase1
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in K encountered in nozzles while flow 0 model s both the increase and

decrease in K. Since the acceleration of both fl ows took place in the

same length of wi nd tunnel test section, dK/dx for the increasing K

portion of flow 0 was more than double dK/dx for flow C.

The type of measurements reported here for flows C and 0 are simi-

lar to those obta i ned for fl ows A and B. In ad diti on to mean veloc ity

and Reyno l ds ’ stresses measurements , spectra of the strearnwise fluc-

tuations were obtained . This was partly motivated by the presence of

a flat nF(n) spectrum for flow B and the question as to whether this

behav ior accom pan i es true relam i nar i zation. Other measuremen ts are

the turbulent/non- turbulent interfacial intermittency and frequency

of passage of intermi ttent turbulent bulges , the wal l “bursting”

frequencies or rate of passage of eddies over the wall , and the span-

wise spatial structure at the wall. This latter group of measurements

provides further insight as to the roles that the bursting behavior ,

spanwi se s tructure , and intermittency play in relaminari zation . Since

these measurements have been obtai ned for four di fferent K distribu-

S tion flows on the same appara tus , the effect of the K distribu~ion on

the developing flow structure can be determined .

2. EXPERIMENTAL APPARATUS

In general , all of the apparatus and instrumentation descri bed

by Simpson and Wallace (1975) for flows A and B were used for flows C

• and 0. The SMU wind tunnel with a sixteen feet long, three feet wi de,

S 

test section was used to produce the desired boundary l ayer on the

• flat bottom wall by adjusting the plexig las top wall. In the current

2
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experiments the freestream flow upstream of the acceleration was uni-
S 

form wi thin 0.066% in the spanwise direction and within 1% in the

vertical direction , with a streamwise turbulence intensity of 0.6% at

9.1 fps. At the tunnel exit the free-stream streamwise turbulence

intensity dropped to below 0.55% and 0.5% for flows C and D, respec-

tively. Of this intensity , about 0.5% was due to unsteadiness at about

20 Hz. Figure 1 is a side view schematic of the test section wi th

the upper wall locations for flows A , C, and D. In all four flows

the flat upper wall was 15 inches above the test wall at the entrance

and 19.5 inches above it at the 96 inch3s l oca ion . For flow C the

parabolic -shaped upper wall section b ’gan ~t 9e inches and was 1.72

inches above the test wall at the exit at l9C .fl inches . For flow D

the antisymetric ogee-shaped upper wall began at 96 inches and was

1.84 inches above the test wall at 189.7 inches . All experimental

data were obtained wi th the temperature maintained constant at 77

±1/2°r and a constant stagnation pressure at the exit.

Th.~ 1/4 inches bl unt leading edge trip on the test wall and the

boundary l ayer smoke injection arrangement upstream of the trip were

the same as used for flows A and B. The same smoke generation system

wi th a mean particle size of about 1 micron was used when smoke was

used to mark turbulent fluid upstream of relami narization . For these

intermittency measurements the optics and traversing equipment of the

SMU laser anemom eter were use d as for flows A and B. S

Standard Thermo-Systems , Inc., model 1050 constant temperature

anemometers , model 1055 linearizers , model 1057 s ig nal cond iti oners ,

S .

~ 
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• Figure 1. Sidevlew scheoatlc of the test section: solid line , flow C; dashed line .
• 

• f lOw 0. ftajor divis ions on abscissa and ord inate : 10 Inches. Note 2:1
scale ratio.

100 120 140 160 130

x , Inc hes

!~ FlOure 2. K distributions for flows C and 0: flow C — dashed line; fl ow 0 - solid line.

*
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and model lOl5C correlator were used . A TSI model 1 274-10 boundary

layer hot-film probe was used in measuring the mean and streamwise

fluctuation velocities in flow C while a model 12l8-Tl.5 boundary

layer hot-wi re probe was used for flow D. The sensing element for

the hot-film is a 0.001 inches diameter platinum coated quartz rod

wi th a sensing length of 0.04 inches. The 0.00015 inches diameter

plati n um-plated tungsten wire had a 0.05 inches sensing length . Based

on the Collis and Williams (1959) equation ~or the anemometer bridge

output calibration , the linearizers were adjusted. The linearizer

output was directly checked wi th the known calibra tor velocity for

accuracy and linearity , the maximum tolerabl e deviation being less

than about 1/2%. Consequently, the uncertainty on velocity measure-

ments is about ±1/2%.

The spl i t-film probe (TSI model 1287) was used to determine U ,

v , ~7, 
~~~~~ , and -ti~7 for flow C. This relatively new hot-film probe

was selected because of its relatively small size since the boundary

l ayers under study were thin. The spl i t-film sensor is a modifica-

tion of the basic platinum coa ted cylindrical film sensor. Two elec—
S 

trically independent films each cover one-half of the circumference

of a 0.006 inches diameter quartz rod. Each film is operated by a

separate constant temperature circuit. The non-uniform heat transfer

distribution around a constant temperature cyl i nder is utilized to

measure the fl uctuating components of the instantaneous velocity vec-

tor. To avoid thermal variations in the substrate the sensors must

be held at closely identi cal temperatures. The resulting output

5
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5 

vol tages are used in the same manner as those from an x-wire probe to
S

. 

determi ne mean and fluctuation quanti ties .

Using a right-handed coordinate system, the plane of the two

splits that separate the two platinum films from one another are in

the x-z plane , be ing nom inal l y paral le l  to the tes t wall i n these
S experiments. Following Spencer and Jones (1971), the power dissipated

in each film can be related to the velocity by

Q. = (A + BUm
ff )(1 + ~ u

V ) I = 1 , 2
1 e 1

S 
neglecting axial cooling. The constants A , B, and m were obtained

by velocity calibration as done for a single sensor probe; ct.~ was

determined by azimuthal yaw calibration . The power dissipated is pro-

por tional to the square of the anemometer br idge output minus the zero

flow vol tage:

E1 = M
~ 

(Q - Q0)
~ 

= M1U~ff (1 + ~~~ Ueff

The vol tage E1 can be linearized directly in terms of Ueff using m

0.5. Thus

E2.1 
= M2.~E~

tm 
= MUeff (1 + ~~ i Ueff 

)2

~~ or when neglec tin g higher ordered terms the i ns tantaneous vol tage is

+ e~1 MU eff El + 1
~:ff 

+ 

eff S

When calibrated in a steady fl ow

• (E2.1)

(E )5~~~ = 1 + 2ct. 51n4

5 1 
Li
~~~O 

1

6

2.
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Second order effects , which occur for angles larger than 20°, are

negligibl e for this particular flow .

The following calibration procedure was repeated before and after

each velocity profile was obtained . The probe was mounted in a spe-

cially constructed support with orientation adjustment , the “dial

4 calibrator ,” that permitted a ±50° rotation of the split-film sensor
S about a fixed location. The sensor was supported over the potential

• core of the near jet produced by a TSI model 1125 calibrator. The

dial calibrator was used for both the velocity and azimuthal yaw

cal ibrations. ihe uncertainty in the angle was less than 0.2 °. The

use of the spl i t-film probe requires closely equal temperatures of

the films , so that very fine overheat adjustment of one film is man-

S 
datory to match temperatures.

Both films were exposed to 77° air flow directed along the plane

of spl its . Cold resistances were measured and found to be about 11

and 12 ohms . Both films were then overheated by i factor of 0.5.

One film was left wi thout further adjustment while the other film

overheat was adjusted using a 1 ohm precision ten turn potentiometer.

The temperature matching was achieved when the ratio of the two out-

put bridge voltages remained constant (within 0.2%) as the velocity

directed along the plane of the splits was vari ed from 9 fps to 70

fps. Temperature matching was checked again imediately after tak-

ing data from flow C in order to estimate any possible anemometer

drif t.

The bridge outputs were then each linearized and checked with

the known calibrator velocity . A calibration equation of the form:

7
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E&~ 
= ClUeff + D1

was determined from a least squares fit wi th less than 4% standard

deviation . The background noise level in the steady lami nar calibrator

flow was al so measured. This no i se took the form of a tr iangular wave

with no phase change between channels. We suspect the noise was due

to vortex shedding off of the relatively large diameter sensor. The

probe was then cal ib ra ted for se veral azimuthal yaw angles to deter-

mine a1. Yaw characteristics were found to be independent of the mag-
S nitude of Ueff•

The equations governing the split film are a combination of the

above equa tions

E~1 + e = CiUeff [1 + U/Ueff + 2 c t . (V  + V)/ Iieff ] + Di

I = 1, 2

or Eti = C1 [U 
~ 

+ 2cz1Vj + D1

and EL2 = C2fUeff + 2a2V] +

Since C1, D~, and are known from calibration , then EL1 and EL2 are

measure d and Ueff and V are derived. The angl e of flow, ~, at a point

is then found from

s inq = V/Ueff
Similarly, the f luc tua t ion  quanti ties are found from:

S 

(e
~i)

2 
= C~ U 2 + 4C~ct1 ~~ + (2C 1ct1)2 

~~

• S 
~~~~~~~ 

S 

(e Li + eL2)
2 

= (C1+C2)
2
~~+4(C1a1+C2a2) (C 1+C2)~~

+4(C1a1+C2a2)
2v2 

S

H (e Ll - eL2)
2 

= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

8 
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~.2 (eLl + eL2)
2, and (e

~1 
- e

~2
)2 were measured , correc ted for the

above mentioned noise , and used to solve simul taneously for ~7, 
~~~~~~~~~

and v2 using the latter equations. These results are discussed in

• section 3.4 below.

The traversing mechanism used for the boundary layer velocity

measurements was mounted on the supporting frame for the upper wall

and provided for precise positioning of the probe sensors as described

by Strickland and Simpson (1973). A cathetometer was used to accu-

rately loca te the probe sensor from the wall within an uncertainty of
S 

about ±0.001 inches . The detailed streamwise free-stream velocity

distributions were obtained using a TSI model 1210-20 hot-film probe

(0.002 inches diameter platinum -coated quartz rod) attached to a

probe support rod inserted from the tunnel exit or mounted on the

toy racing car shown in figure 3 of Simpson and Wallace (1975). Th~
S 

car was easily positioned along the flow by fishing line. It could

S 
not be used near the exit since substantial flow blockage effects

would have been produced .

The fl ush surface mounted hot-film sensors for the wal l “bursting ”

and spanwise measurements are described in detail by Strickland and

Simpson (1973). The basic sensing part is a very thin layer of plat-

m u m  (Engelhard Ind . Liquid Bright Platinum #05 ) f ired on the end of

S a 2mm diameter quartz rod . Gold l eads (Engelhard m d .  Gold Al l oy

S Paste A-1l99) were fi red on the sides of the rod and short wire leads

~ ~~~~~~~~~ were soldered to the gold. A casing made from 1/4 inch diame ter plexi-

glas rod was used to protect the sensor from damage due to handl i ng.

-S 9
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- -The resulting unit was mounted in the wind tunnel wall with the plati-

num portion flush wi th the test wall. A unit containing two flush

S surface 0.020 inches diameter platinum sensors was also fabr icated

to permi t one of the sensors to be traversable. This unit was used
S 

in the surface spanwise structure measurements and is described in

more detail by Simpson and Wallace (1975). All of these sensors were

operated at an overheat ratio of 0.03 in the current experiments . A

higher overhea t ratio would have permanentl y damaged the sensors .

The constant temperature frequency response for each sensor was deter-
S 

mined to be down 3 db at 4 KHz using the method of Freymuth (1967).

Other el ectronic equipment included Krohn-Hite model 3202 and

330B fil ters, HP model 400E rms vol tmeters , an Anadex model CF-600

timer- frequency counter , a SJ%JCOR model 41 digital correlation and

probability analyzer , an Applied University Research four-channel FM S

tape recorder (response down 3 d15 at 2 KHz), a vol tage comparator or 
S

schmi tt trigger using an operational ampl i fier integrated circuit and

a mul tiplier using an Analog Devices A0533 JH integrated circuit

trimed to wi thin ±1% fullscale nonlinearity error. A true integra t-

ing vol tmeter consisting of a vol tage-controlled oscillator (Tektronix

FG5O1 Function Generator) and a digital counter (Tektronix DC503 Universal

Counter) was found to be superior to RC-type meter circuits used in

most vol tmeters. A HP 5451A/71A Fast Fourier Analyzer System was

used to process data recorded on the tape recorder.

For the intermittency measurements in flow C, the laser optics ,

and photo-mul tiplier tube of the SMU laser anemometer (Simpson , et al. ,
S 

.
~~

:s
: 1974) was used to scatter light from the smoke filled boundary layer

10
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and collec t the signal . A focal vol ume of 0.32 m diameter and 3.56

rn long was produced from a laser beam 1 .1 m in di ameter at the l/e2

in tensity locations. Since the laser anemometer is mounted on a singl e

traversable cart, accura te loca tion of the focal volume could be

determined .

3. EXPERIMENTAL RESULTS

3.1 Description of the test flows

Because of the strong infl uence of acceleration on these boundary

S 

- 

S layers , careful measurements of the freestreanl velocity were made

every one inch along the test section using the rake and car probe
S mounts . For fl ow C the fol lowing velocity and K distributions were

obtained :

l /U= -l.525x10~
2 

+ (2.307xl 0 3)(x) - (l.133x10 5 ) ( x 2 )

for 96 < x < 178 inches and

1/U = 4.273xl0~ - (2.466x 10 3)(x)  + (l .473x 10 6 )(x 2 ) S

for 178 < x < 190 i nches wi th

6 8K = -4.622 x 10 + (4.5427 x 10 )(x)

for 96 < x < 185 and K = 3.83 x io
_6 

for 186 < x < 191 inches . U is

In fps and x is in inches . The maximum deviation of U0, data from

these equations is less than 0.4% while the rms deviation is about

0.1%. The different x ranges for the l/U,~, distributions and their

5 . respective K distribution reflect the fact that the upstream velocity
1 equation produces K values in closer agreement with data for 1 78<x<l85

S 

inches. The single-sampl e uncertainty (Kl i ne and McClintock , 1953)

in K at 20:1 odds is about 2%.
~~
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For flow 0, ~ith both i ncreasing and decreas ing K regions , the

following velocity and K distributions are presented:

1/U = 9.898xl0 2 
+ (6.568xl0 5)(x)

for 64 < x < 96 inches

1/U = -1.449xl0~ + (5.167x1 0 3)(x) - (2.675xl 0 5) (x 2)

for 96 < x < 132 inches

1/U = 3.243xl0~ - (l.9l7xl 0 3)(x)

for 132 < x < 144 inches

1/U = 8.497xl0~ - (9.l869x10 3 ) ( x )  + (2.5l38x10 5)(x 2)

for 144 < x < 180 inches and

1/U = 2.475xl0 2 
- (7.8l47xl0 5)(x)

for 180 < x < 190 i nches.

K = —1. 32x l O~
7 for 64 < x < 96 inches

K = -1 .037x10 5 
+ (l.0737xl0 7)(x) for 96 < x < 132 inches

K = 3.85xl0 6 for 132 < x < 144 inches

S K = l.8438xl 0 5 
— (1.009x10 7)(x) for 144 < x < 179 inches

K = 1.568x10 7 for 180 < x < 190 inches

The maximum deviation of U data from these equations is less than 1%

while the rms deviation is about 0.2%. The discontinuity in K at the

ends of eac h regi on i s of the order of l0~~. The single-sampl e uncer-

tainty in K is about 4%. The smoothed K distri butions for both flows

C and D are shown in fi gure 2.

As was done for flows A and B, observa tions were made to ass ess

the three-dimensional ity of flows C and 0. Because of the care used

in adjusting the spanwise elements of the upper wall parallel to the

12
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test wall , the thin boundary layers in a large aspect ratio channel ,

and the fact that the fl ow was accelerating, minimal three-dimensional

effects were expected. At the 88 inches location there was less than

1% spanwise difference in the momentum thickness, so no gross three-.
4

S 

dirnensionality due to the upstream flow was present. The side wall

boundary l ayers of the converging section for each flow tended to
5

’

S 
remain at about a constant thickness due to the reduction of the side

wal l surface area simul taneously with acceleration of the freestream.

Thus convergence or divergence effects on the test wall boundary l ayer
- 

by the side wall boundary l ayers appears to be negligible.

As discussed in section 3.3 below , the skin friction was deduced

by analyzing mean velocity profiles near the wall. The smoothed “best

estimate ” skin friction coefficients and other requi red and experi-

mentally deduced quantities were used to check the balance of terms
- in the two-dimensional momentum integral equation. In both flows C

and 0 this equation was balanced wel l within the uncertainty of the

S most uncer ta i n term , dO/dx , or about 5% of that term.

3.2 Mean velocity profile measurements

Fi gure 3 shows the mean velocity profile results for flow C. A

distinct logarithmi c region exists for each upstream profile , with

k the last evidence of any logarithmic region occurring at about station

160 inches. As shown in fi gure 4, the shape factor H is near a mini—

-
• 

5 
mum at station 165 inches . The wake-like tail of each profile near

[ S the freestream is observed to progressively decrease in wake strength ,

~~~

S ;5
5 
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the wake strength being defined as the maximum deviation of the mea-

sured velocity profile from the extrapolated logari thmi c region profile.

Downstream of the location of the minimum H the velocity profiles take

on an increasingly more laminar -like character, although the stream-

wise fluctuation measurements clearly show that a relatively large
S 

turbulence intensity still exi sts. Since the last 5 inches of the

test flow has a constant K of about 3.83 x i0~
6, this is the only

region where constant K asymptotic velocity profile sim ilarity of
S 

f(=U/U,~) and n (=yU~,,/v) is possible. In this region the velocity pro-

files for r~ > 1000 are similar well within a deviation of 0.01 f.

However, the streamwise fl uctuation intensity profi l es discussed in

section 3.4 do not posses similarity in this region and H and Re0 do

no t reac h cons tan t va l ues , as required for true asymptotic similarit y

(Simpson and Wallace , 1975). Re0 drops well below the value of about

360 (Kays 1966) where normal transition from a laminar to turbulent

boundary layer occurs , so true l aminar behavior could be expected

downstream had the test section been longer and the level of acceler-

ation maintained . 
S

Flow 0 also has a linearly increasing K distribution but only 
S

for x < 132 i nches. dK/dx is more than twice that for flow C. As

in flow C, the initial upstream logarithmic velocity profile pro-

gressively decays downstream. Figure 5 shows that the wake strength

also decreases to zero near the minimum H location , shown at about S

135 inches in figure 6. The location of the minimum H occurs in the

region where K i s a max imum, whi le i n fl ow C it occurs a t a much

16
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lower K value. Do~istream the profi l es assume an increasingly more

laminar—like character as Re0 drops below 360 until about 157.5 inches ,

even though K decreases downstream of 144 inches. No profile simi-

S lari ty is observed.

Between 157.5 inches and about 172.6 inches the momentum and

displacement thicknesses , 0 and 5k 1 remain about constant , giving rise

S to about a constant shape factor (I-I 5*/0) of about 2.0. As noted

in section 3.7 below , intermittency measurements downstream of 157.5

inches indicate that considerable turbulence is redeveloping. At the

189.6 inches location a thick logari thmi c region 500 < < 5000 is

observed , so that this flow is developing into a typical low acceler-

ation turbulent boundary layer . The wake strength is also observed

to be increasing.

Simpson and Wallace (1975) found that for each of flows A and

B the location of the H minimum was closely rel ated to where the wake

strength was zero and where entrainment of free-stream fluid ceased.

For flows C and 0, the mass fl ux in each boundary l ayer as reflected 
S

by Ui_,,(5  - S*) increases until about 165 inches and 135 inches , respec-

tively, as shown in figures 7 and 8. This parameter decreases down-

stream in both flows but aa~in increases downstream of about 157.5

inches in fl ow D as a lo,~ acceleration turbulent boundary l ayer de-

velops . These plots of experimentally deduced va l ues indicate that

there was entrainment of non-turbulent fluid into each boundary layer

until the minimum H locations. As in the cases of fl ows A and B, the

L - intermittency measurements discussed below indicate that after the 5

W ; ,
S j  19

L ~
~~: 

~

~~~~~~~~~~~~~~~~~~~~ ,S S 5 S S S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



55 5_
~~~~ — ~~~~~~~~~~~ - ~ —~ ‘1v-v-’ — - ‘ “ !  —

— —  —  - ——--S--.—S--’ 5_S~~ 
_
~7~ 
— -55- 5—

2 6 .
- 

S

- 2 4 .  A ....-’~ 0 0 0 0

20 : ~~~~~~~~~~~ 
A

9 - 6

16
U ( ,5 6*) , A
ft-in. 

A

r 

S o

5 
5 8

0
S A

A
‘ I .  0

I I I I I _ _S5_S_I I I _~1

F 

0 100 120 1 4 - j  1110 180
r , jrtches

FIgu re 7. Mass f1ii~ in boli dary layer of f1o~ C , U ( o-6 ): 0 •~~ 
‘ -~ ;9; • ~O.995~

—~~~~ tl 1) r .~ — PO u a t iCt fl ~2~~1 r es u 1 ’~
5 30

A A A 

1

-
- 

I I 1__L__ I - S

0 100 - - ,~_j
x . I r c r c  S

~ J FIgure R . 11 5 5 ’ .  f t ’ .c  In ~- s ’ C ’-Irv  I S I- S- r r  Of  - - 6 S
~

S S$~~ 
~~~~ 

A • 
~0 1195 

5

S .1 id 1 ~ne - ,- ‘ t~ cn ( 2 1 )  r - s u 1 t ~~. - S S

? C S  
-

~1 -

5 4 ~~ 5
- S

-~~~~ S ~~~~~~~~~~~~~~~~~~~~ - —S~~~--——S- -S _ _ _ _ _



_ _ _  _ _ _ _  T T ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

cessation of entrainment the intermittent turbulent /non-turbulent

S region lies outside 6. Thus there is no mean velocity gradient aU/ay

and no wake-like tail in this region and no mechanism for engulfment

of non-turbulent fluid by the intermittent bulges is possible. The

model proposed by Simpson and Wallace for the entra i nment process in

a strongly accelera ted bounda ry layer is discussed in section 4 below .

3.3 Skin-friction results

The skin-friction coefficient Cf/2 was primarily determined by
S 

- 
two methods: the velocity profile near the wall and the logarithmi c

velocity profile relationship for unaccelerated flow regions . The

momentum integral equation
S 

Cf
= .~~~~ . + KR e0( 2 + H) ( 1 )

was used some for flow D when both terms of the right side were pos-

itive and relatively certain.

The velocity profile near the wall can be deri ved from the dif-

ferential momentum equation , neglecting the convective and turbulent

transport terms:

2 -U3K
~~1 

_ _ _ (2)

Integrating equation (2) produces

(3)

S and the velocity profile upon integration of equation (3)

21 
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Equation (4) was used wi th experimental velocity measurements for

5 = r~,/C~/2 to determi ne Cf!2. Oka and Kosti~ (1972) noted that

S 
hot-film and hot-wi re measurements are stronqly infl uenced by conduc-

S 

tion to the test wal l for < 4. For velocity profi les with loga-

rithmi c regions it is known that equation (4) does not wel l describe

the velocity profile for y~ > 6, so only points in the range 5<y~<6

were used. For the more laminar -like profi l es experimental data wi th

S 
y+ > 6 were also used.

Logarithmic velocity profiles in unaccelerated or weakly accel-

• erated flow regions are described by the relation

c 1/2
U _ 1~~ ~..i + c  (5)2

S 
where ç~ = 0.40 (Re

0
/6000Y’”8 (Simpson , 1970) for low Reynolds number

boundary l ayers with Re0 < 6000. A fit of equation (5) to experi-

mental data was made for the two upstrearnost profiles of flow C and

to the downstreammost profile of flow 0. In the latter case c~ 
= 0.40

was used since a large logarithmic region that normally accompanies

high Reynolds number boundary l ayers was observed. Results using

this latter me thod are about ±10% uncertain.

For flow C the 0.001 inches diameter cylindrical hot-film sen-

~~r was located from the test wall wi thin an uncertainty of about

0.001 inches. Considering the ±1/2% uncertainty of the velocity , the

S 
Cf!2 values shown in figure 4 appear to be about ±15% uncertain at

20:1 odds . This uncertainty value seems reasonable due th the scatter
4
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of the data . The logarithmic velocity profile resul ts from equation

(5) are in close agreement with these results .

For flow 0 the 0.00015 inches diameter hot-wire sensor was lo-

cated from the test wall wi th somewhat more uncertainty than for flow

C since the wire was more difficult to illuminate and to observe by

the cathetometer. This more fragile sensor was located at a safe

distance of about 0.005 i nches from the wal l to prevent breaking the

wire . Data from this smaller diameter sensor are less suceptible to

velocity gradient effects so the near wall velocity profi l es for

S > 4 are believed to be of highe r quality than those of flow C.

For each velocity profile point a least squares fit of equation (4)

to the fi ve surrounding data points was made to deduce the slope

3f/3n at that point. Cf!2 can be el i minated from equations

(3) and (4) to produce

= 

-

~~~~~ ~~~~~~ 

~K 
+ 2Kf 

(6)

S from which the proper sensor distance from the test wall could be

computed from K, f, and ~f/~n. For flow 0 equation (6) was used to

- determine the required change in the y direction for a sel f-consis-
~
.5.5 I

S 

tent veloci ty distribution near the wall. Values wi thin about 5% of

- one another were obtained for successive points in a given velocity

profile. As given in Appendix B these shifts in the y direction are

no more than ±0.005 inches and therefore are reasonable.

Figure 6 shows relati vely less scatter in the wall profile re-

sui ts than shown for flow C, thus an estimated uncertainty of ±10%

S - 23
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seems reasonable. The logarithmic profile Cf!2 result at 189.6

5 inches is in good agreement wi th the CfI’2 result from equation (4)
S 

wi th no y direction shifting . Results from equation (I) at 161.6

- and 179.7 i nches are also in good agreement wi th the wall profile

resul ts.

Smooth curves of “best estimate” values for Cf!2 are shown on

• figures 4 and 6 with values given in Tables 1 and 2. While these

S curves were just faired among the points shown on those figures

S wi thin about 15% and 10%, respectively, they are probabl y represen-

tative of the variation of Cf!2 along each flow. From the laminar

S sink flow (Schlichting, 1 968), i.e. a constant K fl ow, one can obtain

S 
the expression

(7)

S so for the maximum K of about 3.83 x io
_6 

achieved in these two flows ,

Cf!2 
= 2.26 x l0~~~~. Near the maximum K for each of flows C and 0

the experimental Cf!2 values are above this value as they should be

since considerable turbulent momentum transport is still present.

While one cannot exactly compare resul ts from different K distri bu-

I tions , it is interesting that the experimental results shown in fig-

ure 6 for flow D are always greater than or about equal to those

given by equation (7) with the local K value , in the region near

165 inches where the turbulence intermi ttency is near zero at the

wall , as discussed in section 3.7 bel ow, the skin friction values

- -:~— j  are about equal. Downstream of this region the experimental Cf!2 S

values increase rapidly as turbulence redevelops.

24
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3.4 Reynolds stresses distributions
S Figures 9 and 10 show intensity profiles for flows c

- 

and 0 from the fl uctuation portion of the linearized hot-film and

hot-wi re signals. In flow C the maximum intensity remains at about

0.1 and is located in the range of 300 < n < 400 up until K>3.6xl 0 6

4 at about 181 inches , after which the normalized intensity decays and

the maximum intensity location moves to a greater 
~ 

value. The

hump in the outer region of the upstream intensity profi l es vanishes

just downstream of the cessation of entrainment at about 165 inches.

‘
I 

Between 165 inches and 181 inches the acceleration of the wall region

flow alone is apparentl y sufficient to maintain the same level of

turbulence production as upstream. In other words the entrainment

of high momentum free-stream fluid performs no role.

Fl ow 0 exhibits the same behavior but the outer region hump does

not completely vanish until about 143.8 inches . The maximum inten-

sity is located in the range of 200 < r~ 400. Beginning at about

153.6 inches , where Cf!2 begins to drop rapidly, the value and n

l ocation of the maximum inten sity decreases. After retransition to

a low acceleration turbulent boundary l ayer begins, the maximum inten-

- 1 sity remains at about 0.08 but the r~ location of the maximum increases.
a
.’

At 189.6 inches the intensity profile of a norma l low acceleration

turbulent boundary l ayer is emerging.

The split -film probe was used to determine u2, v2, and -U~ for

flow C. No split-film probe measurements were attempted for fl ow D. S

H - 
- The mean velocity profiles showed very good agreement with those

25
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measured wi th a single film boundary layer probe . The deviation was

S 
wi thin the uncertainty of the calibration except at locations 171.3,

- 178.8, and 187.6 inches. At these l ocations the mean velocities
3

H below r~ 
= 10 were as much as 47% high nearest the wall yet were less

than 2% high at r~=l0
3 and were less than 0.5% high at r~ 

= 1 300 and

beyond. At locations 101.7, 137.8, 149.6 and 162.4 inches , the mean

velocity deviated from the single film probe by less than 3% from

the wall to the freestream. The large devi ation near the wal l at

S hi gher freestream velocities may be due to the si gnificantl y greater

velocity gradient effects which tend to cool the top film more than

the bottom film.

The V component of velocity , when normal i zed against tjeff allowed

comparison of the angle of flow ~ wi th respect to the test wall since

sin ~ 
= V!UefSf • After accounting for the angle of the plane of the

spl i ts with the test wall , the angle of flow measured by the split-

film probe at a point in the freestream was at worst within 1 •4 0  of

the flow angle at that point derived from the displacement thickness

gradient and freestream velocity gradient. This difference is beyond

0.6° uncertainty in computing ~ from the calibration equations plus

the 0.2° uncertainty in ~ due to approximation of the displacement

thickness gradient. However , for 6 of the 8 profi les taken , the

angles measured agree wi thin that 0.6° uncertainty in r~~.

The fluc tua ti ons , as seen in figure 11 , tend to show very

poor agreemen t wi th those measured with the single film probe for

H r~ < ~~~ At x = 137.8 and 149.6 the discrepancy is apparent to

27
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Figure 11. Streamwise fl uctuation distributions from the spl it-f i lm
sensor for flow C. Profile location in inches at right of
each pr3file. Dashed lines - normal hot-film results from
figure 9 for nearby location . Note displ aced ordinate
scales.

28

~~~~~~~~~~~~~~~~~~~~ --5 — ____-- — -—--- -555 - 5 -



- —55- -~- —5 r—5-~~~~~~- -r--r 5- sw -S - ~~~~~~~~~~~~~ —---- — ~~~~~~ -rn- ; P - - - - - — — — _
~~~~~~~~~~~~~~ - - 

S
0’~

= ion. In all other cases the agreement is good from n = l0~ to

the freestream except at x = 158.3 where agreement is poor until ri

reaches 5000. The kinematic Reynolds shearing stress -i~ al so shares

the r~ 
= 1O 3 cutoff above which the data begin to seem reasonable.

There is a rapid decrease in -
~~~~~~ as the flow accelerates as shown

in figure 12. Also shown on this figure is the shearing stress pro-

file for 190.1 inches generated from the momentum equation and U/U~
vs. ri similarity . The outer region mean velocity profiles at 185.8

and 190.1 inches are similar well wi thin 0.01 in U/U and K is con-

S stant. Thus the similarity assumptions are met for an asymptotic

flow and the equation

= K J (1 - f2)d~ - (8)
U Ti Ti

describes the Reynolds shearing stress (Simpson and Wallace , 1975).

The agreement must be considered good for Ti > 2600. Thus the resul ts

from the spl i t-film for -
~~~~~~ are credibl e at least in locations where

u2 is credible. The v2 quanti ties measured by the split-film are S

high i n  the viscous sublayer due to the high velocity gradient there .

The data fri the outer region , r~ > 3000, are more believable.

Many problems were encountered in using the spl i t-film sensor.

The calibration process was time-consuming and frequent checks were

required to overcome anemometer dri ft. Anemometer drift at times

caused the fi lms to operate with different temperatures , thus produc-

S ing thermal interference between films as wel l as introducing a

H - slight velocity dependence on the yaw characteristics. The resistance

29

_ _ _ _ _ _ _ _



— s--~ ~~~~~~~~~~~~ 
5-

~~~~~~c ~0~~~~~

I. U
0 0

S 
S.

S g ,..

~~~~~~~~~~~~~~~~~~~~~~~~ 

S-

~~~~~~~

. 

~~

. 

~~

.

0~~ / 0
0
/ 001 0 o

~~~
’ 

~~o 0 
0~

0 0
0 2 0

0 0 0 0
0 

0 0 ~~ 
~~~~ 5 S ~~

0 0 0 0 
~ 

0 0
0 

0 0 
~ 

0 o 0 5 C C

0 ~ 0 0 0 -
0 ~ 

0 o 0 0 0 0 0 i -’ .
0 0 0 % ~~ 0 0 

~~
0 0 0 0 0

0 0 ~ 00

S ‘~~I I 0 1 i ~~ i9, I P I 1 0 1 1 0 1 ~~~

IS a a a C in 0 i~~ a .~~.- .-
a .- — — — — — a

0
-

k-s . 0
I ~

0,

Di

IS.

0J -cCr C
— CI.’— —•5 ‘ . —  ISI .1 -0
•~ 0-’ 0
w 0  -U
— 0..’o o ‘-0 ~~ cli C~ .0 u 

— 0  0 0 0 0 5 - r

!‘ ‘
~~~

‘ E 
~~

. 

~~

. 

~~

. 

~~~~~~~~~~

~ 
g
ø? / / Q

0
0°

~~~~~08
0o°

~~~
0

0- 0 U 0 00 ‘.0.00
- ~~~ 

0 0 0 0 
0 0 - ~~

0 0
0
0 

0 0 
~
0 ~~ 0

0 0
0 °o . 

~~~‘- .~~~
00 0 0

0
i l l  I I I I I I I I I I 1 01 I I I I I I 10 1 I I I I 

~~~ ~~~~~~
S - . . . e o p.s Cli Cli 0 0 ID ~~ 0 .0 1.. 1. >,

a a a a — .— — — .— — — 0 0.U
S 0 LI..a .— I__ iJ . S

— 0 00_ S .
C I~)-.c C c c

30

iL~~ -5 -  —— - 5



5_5-5~~~~5-S5 55 S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

5-555- - 5 - 5 5 5

p 
- 5 -  - —  — -  ~~~~~~~ —- S-S— - —~~ - —5——

of the probe support structure sometimes changed when the probe was

unplugged and then replaced in its support. Vortex shedding from

S the sensors produced high noise level s at increasing velocities .

S This noise introduced greater uncertainty in the fl uctuation quanti-

ties. Velocity gradients near the wall produced unusually high V

values at those points where V should be l owest. Several schemes
5 

were tried to correct for the influence of the high velocity grad-

ient. Unfortunately, those corrections did not produce consistent

resul ts.
S 

This experience wi th the split -film probe seems to b2_reason-

ably consistent with that of Sandborn (1976). He found LU

to be closely the same as that measured by a singl e hot wi re paral-

lel to the test wall. ~~~~~~~ values from split-film data appeared to

be close to the estima ted true shear stress profile away from the

wall where velocity gradients are sufficiently small. On the other

hand , Young (1976) found that the spl i t-film probe consistently pro-

duced a low by about 22% and a low -~~~ by about 26% in a two-

dimensional channel flow . Thus , clearl y the spl i t—film results should

be critically compared with results from other sensors for consistency.

3.5 Spectra measurements and dissipation estimates

The spectrum function F(n) of u2 was obtained throughout each

bounda ry layer at several streamwise locations , where

f F(n) dn = (9)
0
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and n is the frequency in Hz. Simpson and Wallace (1975) discovered

that a portion of F(n) varied like n 1 for locations in the region

> 1000 after the cessation of entra i nment in flow B. They found

that Tchen ’s high mean vorticity spectral model (Hinze, 1975) relat-

ing F(n) to the turbulence dissipation ~ by

£~ = ~- cttnF(n)][ 
J~

}
~f (10)

seemed to hold.
S 

Their data indicate that a is about 0.77 for fl ow B. Data from

S flow B were reana1yze~ using equation (10) above. Equation (21) of
S Simpson and Wallace shoul d have contained u2. The spectral data of

Laufer (1954) in the logarithmic region of a pipe flow indicate that

0.88 while Klebanoff ’s (1955) flat plate turbulent boundary l ayer

produced flat nF (n) spectra wi th a 0.80. In both of these latter

cases , c was evaluated by the equilibrium relati onship

c = 
~~~~~~~~~~~~~~ ( 1 1 )

that is applicable for the logarithmic velocity profile region (Rotta ,

1962). Here we wi sh to examine the spectra obtained for flows C and

0 and the range of appl i cability of equation (10) using a = 0.8.

Represent ative first moments of the spectra nF(n) for flows C

and 0 are presented in figures 14 through 23. The hot-film and hot-

wire sensor response was down b~; at 15 KHz , and 25 KHz, respectively .

5 The data were recorded on tape and processed on the fast Fourier

analyzer with a bandwidth of 2 Hz and 50 seconds record times. The

32
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2 KHz uppe r frequency limi t on the analyzer was not a serious limi-

tation except for the data at the downstream stations in flow 0.

S For several of the spectral distributions , a small range of the

-5/3 law of the inertial subrange existed as shown in fi gure 14, 50

-
~~ ~S 

it was used to estima te the dissipation rate c:

U
2 F(n) = Kc213[ 

~~~ 

p

2/3 
~~~513 ( 12)

Here K is a constant taken to be 0.49 (Corrsin , 1 964; Bradshaw ,

1967a) and U is the local mean velocity . Bradshaw (l967b) suggested

that the turbulence Reynolds number Re
~ 

(u ) Al ’., , where

l5v u2/c, must be greater than 100 for an inertial subrange to

exist. For those spectra on which a region with a -5/3 slope was

found , 35 < ReA < 80. Thus there is some question of the validity

of equa~ion (12) even for these cases.
S 

Figures 24 and 25 show the dissipation rate results for flows

C and 0. For comparison the dissipation rate for a turbulent bound-

ary l ayer which possesses a logari thmic iilaw of the wall” mean velo-

city profile is given by
~~ 3/2

I 

cv “f 1 (13)

- 

2

- 

This equation is derived from equation (11). This result would also

be expected to be valid for modera tely accelera ted turbulent bound-

ary l ayers since a logarithmic riiean velocity profile would still

5 exist. At the upstream stations the dimensionless dissipation

is the same order of magnitude for each flow from equations (10),

38
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(12), and (13). The resul ts from equation (12) for each flow near

the 100 inches location are closely the same . At 137.2 inches in

flow C the resul ts from equations (10) and (12) are reasonably close

for a given n when ci = 0.8 is used . Since the nF(n) spectra at

downstream stations are flat for r~ > 800, the results from equation

(10) are the best availabl e estimates of the dissipation rate.

Spectral data from locations 170.8, 178.3, 182.3, and 185.8

inches of fT ow C are very similar. In the sublayer , n < 800, no flat

region of a given nF(n) distribution is observed. The contribution

from the 20 Hz free-stream unsteadiness becomes an increasingly

greater portion of the total u2 in the downstream direction. Figure

9 shows that the total contribution to u2 at a given ci decays down-

stream of about 178 inches . However , since (u 2)(nF(n)) is the same

~-I -~ ther the unsteadiness is accounted for or not , the results in

figure 24 should be unaffected . For a given ~ in the outer reg ion ,

decreases two orders of ma gnitude from 137.2 inches to 170.8

inches. Thereafter the decrease is much slower. In the inner region ,

< 1000, cv/U~ remains about the same order of magnitude all along

the flow .

Figure 19 shnws spectral distributions at 135.6 inches for flow

‘ 1  0. This location is the last downstream station that was recorded

wi th spectra shapes similar to those for flow C. Between this loca-

tion and 161.6 inches , retran siti~n to an entra in~ng Lurhu lent bound-

S ary layer begins , as mentioned in section 3.7 below . Figure 20 ~‘i~~ .’s

2 3that F(n) varies as n i n  the region of  < 800 at 161.6 ~nches ,

40
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where the intermittency is about 0.01 . In the outer region at this

location flat nF(n) spectra are found. Note the relative importance

of the 20 Hz unsteadiness. Downstream where the intermi ttency is

S progressively increasing, the spectral distributions are flatter. 
S

At 179.7 and 189.7 inches the peaks shift progressively toward 1 KHz 
S

as the low accelerated turbulent boundary l ayer redevelops . Notice S

that 20 Hz unsteadiness does not dominate the near wail spectra .

The dissipation results for flow D from equations (10) and (12)

are in reasonably good agreement at 123.1 inches and in fair agree-
S ment at 132.2 and 140.7 inches . Between 132.2 and 161.1 inches the

results from equation (10) are considered the best availabl e esti- S

mates of the dissipation rate . For a given r~ in the outer region ,

cv/U4 decreases two orders of magnitude from 123.1 to 161.1 inches ,

as was observed for flow C. As for flow C , £v/U4 remains about the

same order of ma gnitude in the inner region along this l ength of

flow. Certainly the spectral behavior downstrear ii of retransition 
S

needs further res earc h .

3.6 Wall bursting frequencies and spanwise structure

The more or less periodic li lt off or bursting process in the

viscous subl ayer has become accepted as the sequence of events that

create the Reynolds shearing stress near .~the wal l (Wallace et al. ,

1972; Nychas et al ., 1973; Willm arth , 1/975). On a short—t ime basis

the velocity fluctuations in the sublay~r produced by the bursting

process vary across the subl ayer in the spanwi se direction. The

data of Gupta et al. (1971 ) indicate that the short-record -time 
S

41 
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normalized cross-correlation of fl uctuati ons sR
~~

(z , Is) could be

represented by a spanw ise periodic function . Their results indicate

that the short-record-time T5 over which the cross-correlation is

averaged must be less than about 20 bursting periods in order for

the periodic spanwise structure to be detectable. Simpson and

Wallace (1975) measured the average frequency of bursting and the

long- time spanwise cross-correlation of fluctuations for two sink-

Pow type strongly accelerated turbulent boundary l ayers , flows ~4

and B. Here the resul ts from flows C and 0 are presented .

Strickland and Simpson (1973, 1975) assumed that the short-time

autocorrelation time scale from a flush wall hot-film sensor and the

bursting period were equal . Histograms of the frequency character-

i~~~i~ by the time to the fi rst peak on these autocorre lations were

constructed and the corresponding frequency of the peak of each

histogram was taken as the characteristic frequency . The histogra~’s

appeared to have a log-norma l probability di stribut ion , so this Deak

frequency was also the median frequency . They also proved a one to

S 
one correspondence between this characteristic frequency and the

A

peak of the first moment of the wall shearing stress spectra nF(n).

A l so , examination of spectra l data from zero pressure gradient bound-

ary layers produced bursting frequencies in agrecS lSSent with those

S previousl y reported. More recently, Simpson (1976) used a pattern

recognition algorithm to deteriiii ne the average bursting frequency
A

from fl ush surface hot-film signals produced in the Max— Planck-

Inst itut fUr Str’Omungsforschung oil chaiinel. This average bursting

42
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frequency closely agreed with the peak of the nF(n) spectral distri-

bution of these signals.

As was done for flows A and B, the peak of each nF(n) curve for

S flows C and 0 was deduced as the bursting frequency for a given wall

S spectral distribution. The results are given in tabl e 3. As it is

clear from figures 26 and 27, it is di fficul t to select a precise
S singl e frequency at which nF(n) is a maximum for a given dist r~bu-

tion. Consequently, a range over which the peak frequency definite~y

occurs is also presented in table 3.

Two types of non—dimensiona lizing parameters ha-’e been used in

A previous bursting frequency studies , inner variables and outer van-

ables. Inner variables are the shear velocity U~ for the velocity

scale and v/Ut for the length scale. This scaling does not corre-

late other available bursting data . The bulk of availabl e bursting

frequency results for turbulent boundary l ayers5 correlate using the

outer flow velocity and length scales , U~ and S. For zero pressure

gradient boundary layers U /5n k is about 5 (Rao et al ., 1971 ) and
w u

varies between 11.7 and 8,35 for the separating turbulent boundary

layer of Simpson et al. (1974). It should be noted that this large

S eddy outer variables scaling continued even after the boundary ~ayer

separated .

S For flow A presented by Simpson and Wallace (1975)1 U
~,
/5n b

started at about 5 at 89.2 inches , decreased to about 3.5 at about

139 inches or the l ocation of minimum H, and then monotonically

Increased to a value above 50 at the last measurement station. The

5
5

5 

4 3

~
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bursting frequency nb apparentl y reached about a constant value after

the asymptotic condition was achieved , so an increasing U /án b
S reflects the fact that U increases and 5 decreases faster than nb

increases. For flow B U
~
/tSnb remained nearly constant at about 3(± l)

S unti l the location of a minimum in H, downstream of which it also

increased monotonicall y to a value of about 90 at the last measure-

ment station. The bursting frequency nb was virtually constant a l l

along flow B. The outer variables parameter U /cS*flb was no better

a correlation pa rameter for these data .

S The results for flow C indicate that the bursting frequency

increased up to about 165.3 inches or where H was about a minimum

and where entrainment ceased. The pl ateau on the nF(n) spectral

distributions existed over an increasing ly wider frequency range at

downstream locations. The low frequency end of the plateau remained

at about 25 Hz. The results from these three flows indicate that

they are non-equilibrium flows at least up until the cessatio~ oi

entrai nment. Thus no equilibrium non-dimensional parameter s c h  as

U
~,

/S nb should have a constant value upstream of the mini niun in H.

Downstream of the minimum H location there ~-sas no entrainment , so

the large eddy structure and the intermittent turbulent/non -turbulent

outer region flow were not creating new bu lges. Thus the bursting

frequency and the frequency of passage of the intermittent bulges

- (see section 3.7 below) were constant in this downstream region .

For flow 0 the bursting frequency increased until near the loca-

tion where H was a mi n im um , after which it remained constant until

45

- S  S -~~~~~ —  -- —--- - - -- 5 - -- 5-s—-~~ --5



I __________ 

Flow C Flow D

Stat~on 
Peak Range of Station Peak Range of

(inches) requency , peak , Hz (inches ) requency , peak , Hzz ‘1b’ i Z

90.2 15 13-18 105 .0 12 10-15
105.0 12 10-15 110.4 15 10-20
110.4 13 10-20 122.0 15 10-20
117.3 15 10-20 129.9 19 15-25
122.0 16 13—20 133.5 18 15-25
129.9 16 11-20 135.5 18 15-20
131.6 16 11-20 139.7 20 15-25
135.5 20 14-22 147.6 20 15-25
138.6 16 10-20 158.3 25 20-30
139.7 16 10-20 171.8 20 15-30

147.6 20 15—30 175.2 25 20-40
156.3 20 15-20 177.4 300 250- 350
158.3 20 15-25 182.0 200 1 50-250
165.3 25 20-30 184.2 500 400-700

- 171.8 25 20-30 186.2 500 400-700
175.2 25 15-35 189.6 500 400-700
177.4 26 22_ 30
182.0 26 20-30
184.2 -— 20-45j 186.2 -- 20-100

Table 3. Peak frequencies of nF(n) spectral distributions from flush
surface hot-film sensors.

(in s) Zmax ,m X~1 Zmin o~~ 
X~2 L

~~
m L~ 2t . ’ Hz

117.3 7.62 6.7 5.59 99 4.88 43.4 19
138.6 --- -—- 7.11 151 4.46 47.3 16
156.3 10.16 135 5.33 142 3.23 43.0 --
165.3 9.40 157 3.56 119 1.42 23.8 --
182.0 8.38 302 3.86 278 1.79 64 .5 28

t ’ ~~~~ _________ ______________ _________ ____________ ___________________________

126.3 14.48 179 5.33 132 2.70 33.3 22

138.6 9.40 160 4.83 164 2.60 44.3 21
15r .3 8.38 274 2.41 158 1. 1 1  36.4 22

- 165.3 7.87 332 3.30 279 3.61 152.5 --
182.0 --- --- 21.6 3480 12.50 1007 --

Table 4. ~~perinenta l resul ts from the wall sp~in~ise spatial cross-
corre 1ativ 1~. First five entries , flow C; second five ,
fl ow 0.

4 C
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the beg inning of retransition to a low accelera ted turbulent bound-

ary l ayer. As discussed in section 3.7 below , high velocity pulses

are fi rst detected at about 165.3 inches . Figure 27 shows that the

wal l sensor spectra are not appreciably affected until about 175.2

inches .

Figure 28(c) shows a typical signal trace for this locat ion.

Between 175.2 and 182.0 inches , a d i s t i n c t  loca l peak is observed

in the spectra at frequencies an order of magnitude hi gher than

observed upstream. This indicates that the hi gh fre quenc y oscil la-

tions that are contained in the higher velocity pulses are i ricreas-

ing ly important. Downstream of 184.2 inches the laminar-like low

ve locity regions such as seen in figure 31 for 182.0 inches were no

longer observed on signal traces . Thus the fl ow at the wal l  was

always turbulent. Pea k frequencies are observed in figure 27 to

occur at an even higher frequency of about 500 Hz. 
S

Severa l researchers have proposed that during the bursting pro-

cess a hairpin or horses hoe vor tex w i t h  t ra i li ng  legs  is  formed

(W i l lma rt h , 1975). With this model , the counter-rot atinq trai l ing

legs would produce fl uctuations in the sub layer that are periodic S

in the spanwise or z direction on a short-time basis.  Simpson (1976) 
5

noted that this mode l suggests motions too coherent to be consistent

wi th experimental observat ions.

He a l ternat ively proposed -that “f L1ers ’t of high veloci ty f lu i d

come from the outer reg ion at a velocity much higher than sublayer

mean ve loc i t ies towa rd the wal l  and displace the low velocity f l u i d

47
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Figure 30. Flush surface hot -film signals from two-sensor unit at
- 165.3 inches for flow 0. Top trace of each photo -

noveable sensor; bottom trace - f ixed sensor. Abscissa
10 msec/d iv .  low pass f i l te red at 2 kHz . G denotes mean
signal level .
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to each side. These fi ngers of high velocity fluid were found for

the MPI oil channel flow to be no less than A z~ 11 nor greater

than about A Z 44 in size and are spaced spanwise across the flow

at average distances of about X~;100. There are curved fronts on

these higher velocity fluid fingers so that the low veloc i ty fluid

S 
just downstream at that instant must move aside to satisfy continu-

ity requirements . Thus low velocity fluid trapped between two high
S 

velocity fluid fi ngers mus t move outward from the w a l l .

After the low velocity fluid has been “ejecte& away from the
5 

wall , the two adj acent higher velocity fluid fingers coalesce. Since

this fluid now occupies the wall region it progressively gives up

its momentum until new high velocity fingers from the outer region

force this fluid away from the wall and the process is repeated down-

stream. The spa nwise locations of these high velocity fingers vary

randomly for successive burst occurrences.

An interesting point is that these hi gh velocity fingers must

be formed so that the low velocity fluid can be ejected between them .

Otherwise a blanket of higher velocity fluid would trap the low velo-

city fluid beneath . Stability considerations then require regions

of high velocity fluid sepa rated by low velocity ejections . The

bulk of avai lable experimenta l resul ts for low pressure gradient flows

S show that the nest preferred spacing of these higher velocity regions
+is 100. It appears unlikely that streamwise vortices that ro—

ta te more than one revolution are produced by the ejection process .

Some characteristics of the spanwise sublayer spatial structure S

for flows C and D were determi ned using the two sensor wall unit

52
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described by Simpson and Wallace (1975). The unit was located span-

wise across the tunnel wi th the direction of travel of the slider

plate perpendicular to the streamwise flow direction. The signals

from the two sensors were time-delay cross-correlated using the

SAICOR model 41 correlator , wi th the record time for a given z-spac-

ing time-delayed correlation being 65.5 seconds. For zero time

delay , normalized spanwi se cross-correlations sR (z) such as shown

in f igures  32 and 34 result. Three characteristic lengths were

S 
deduced , the distance to the fi rst correlation maximum the

distance to the fi rst cor relation minimum zmj n~ 
and the integral

length scale
zi

= 2 J sR(z)dz (14)
0

S The limi t of integration z
~ 

was taken as the largest available loca-

tion for which data were available.

Figure 32 and table 4 indicate that for flow C the integral

length scale progressively decreased until 165.3 inches and slight ly

- 
increased thereafter. The parameters Z f l j n and zmax 

are rela t i ve l y  5

easy to interpret , wi thin l0~ for the former and 2O~ for the latter.

The results of Gupta et al.(l971) and Simpson (1975) indicate that

is a somewhat more reliable spatial parameter than Zmax~ 
These

two parameters are normalized by the wall length scale v/U to pro-

duce the quantities

= 

U Z  
and = 

2 U z .  
(15)
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which have the value of about 100 for zero pressure gradient bound-

ary layers . Only at 182.0 inches does increase appreciably from

this val ue. At the two downstream locations , sR
TT
(z) behaves more

like the low Reynolds number cross-correlation computed by Simpson

(1976). He used the Gupta el al . spanwise spacing probability dis-

tribution to compute sR
TT
(z) when no large eddy outer region struc-

tures were present, i.e. 
~~~~~ 

-
~ 0.

Figure 34 and table 4 indicate the same type of behavior for

flow 0 up to 156.3 inches with Lz/Z niin 1/2 . Figures 28 (a) and 29

shows typical simultaneous signal traces for the two sensors . For

the two downstream stations , the signals contained high velocity

pulses intermittently as shown in figures 30 and 31 and as discussed

in section 3.7 below . The length scale ratio L
~

/z
~1~ 

was about 1.1

at 165.3 inches and 0 .579 at 182 inches. The parameter 
~~2 is sig-

nificantly larger than 100 at these two stations .

Several different models were examined in an attempt to corre-

late these A 2 results . As attempted for fl ows A and B , was S

compared wi th the data of Schraub and Kline(l9 65) when presented

versus K. Just as Schraub and Kline found , X~2 is of the order of

300 for K 3 x i0 6. However , for l ower K values varied ra ther

randomly between 100 to 164. In flow D rema i ned only at about

158 at 156.3 inches even after the flow had been subjected to a K

of 3.85 x 1O
_6 

and K was decreasing. After retransition to a low

S accelerated turbulent boundary layer had begun was very large

even though K was of the order of lO
_6

. It does no t appear that

S 
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is solely a function of K. After retransition began , the flow char-

acter wi th high velocity pulses is entirely different than that

found upstream.

Simpson et al. (1974) found that for adverse pressure gradient

turbulent boundary l ayers , the maximum turbulent shearing stress

should be used in the velocity scale in order to produce (_
~
i
~
’
max )~

’2

Z ax /V values of about 100 . This model was not successful for fl ows

A and B (Simpson and Wallace). Unfortunately the split -film results

S 

for —
~~~~~~ presented in section 3.4 are not reliable in the wal l region

where it is a maximum . Since -ii~/u2 decreases along a strongly

accelerated fl ow , (
~~~max

) 2z ax /v would also decrease. This para-

meter would fall well below 100 since 
~~max~

’Tw would be below 1/4

at say, 156.3 inches. Another correlation parameter , (KU
~
/vn b ) ( C f/2Y~

’2

used by Simpson et al. was also not successful in  corre la t i ng t hese

data .

It appears that the spacing lags behind local conditions.

In other words , the spatial parameters Zmax and Zmj n remain larie

due to upstream conditions in these non-equilibrium fl ows . For S

example , at 182.0 inches in fl ow C , U
T
/v is more than twice that at 

S

‘ •i 165.3 inches but Zm in and Z
max 

are only slightly different. In

retrospect, there is no reason to expect flows C and 0 to possess

equilibrium characteristics.

Figures 33 and 35 show the local maxima and minima from the

time-delayed cross-correlations for a gi ven z saacing which were

clearly distinguishable from noise. The wavelike nature of the
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viscous sublayer behavior is illustrated by the fact that the maxi-

S mum correlation at a given z spacing is time-delayed . The bursting

frequency results given in tabl e 3 above are somewhat crudely sup-

ported by the frequency corresponding to twice the time delay between

the firs t minima and the fi rst maxima , as given in table 4. In other

words , if there is a repeti tive wave -lik e nature of the sublayer flow

in both z and t, the time-averaged characteristic bursting frequency

should be approxima tely the same at all z sensor spacings.

S For flow D figures 29(b) and 30(a) show that for the z spacings

of sensors at which the spanwise cross-correlations were a minimum ,

the two signals were strongly out of phase. At time A in the latter

oscilloscope photograph a short period of hig n velocity fluid passed

over the moveable sensor. At the same ti~-ie lower velocity fluid

passed over the fixed sensor. A short time later , of the order of 3 msec , 5

high velocity fluid passed over the fixed sensor while low veloc ity

fluid passed over the moveable sensor. About 15 msec later the two

traces again appear to be strongly out of phase. These data are

consistent wi th the observations of Simpson (1976) rega rding fingers

of h i g h  vel ocity fluid as mentioned above.

3.7 Intermittency measurements

The internittency factor ~
‘, or the fraction of time that the

flow is turbulent at a given spatial location , was determined for

flow C using smoke in the boundary l ayer as the marker of turbulent

fluid and scattered light from this smoke at a given location as the

detected si gnal , using the optical app arat i5 s dc~cr ibed in section 2
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above . Due to the large-scale mixing in the turbulent region trL~

smoke is rapidly diffused while smoke is carried across the turbulent/

non-tur bulent interface by the much slowe r process of molecular dif-

S fus ion . Thus , the smoke ~as assume d to be ef fect i ve l y con fi ned to

S the turbulent regions of the fl ow . Fiedler and Head (i96~5) verifi ci

that values obta i ned by this method agree with those obtained h~
S analysis of hot-wire signals.

The si gnal passe d from the pho tomu l ti p l i e r  tu be thr ou gh a t r ig-
a

ger c i r cu i t  wh i ch p rodu ced pos i t ive  rec tan gu la r u lses W~~I € ~~S I the input

was above a preset discrimi nation level . The discrimination level

was set at approximately 10% of the peak PM tube sign ampl~ tude .

S The counter-time r determined the fraction of tine the pos ’tive pulses 
S

were presen t, which is the intermittency . Due to tOe steep slope of

tne PM out put  pulses , y was not very sensi tive to slightly difterent

discrimina tor levels. Preliminary data taken in  a zero pressure

gradient flow “ o re  found to be in close agreement with the data of

Klebanof f (1954).

The internittency fac tor ‘y of this turbu lent/ non -turbul ert

S 
i n t e r face  has been p r ev ious ly  found to be well represented by the

inte gral of the norma l d i s t r i bu t i o n  curve

2
= 

~~~~ J exp - d~ (16)
- J2ii a ~

where ~ y - Y , V is the mean d i stance from the w a l l  to the i n L er-

S face where y 0.5 , and a is the deviation from the mean. If t~iis

S 
interface is viewed as a wavy pa ttern movin g a p pro x -~~t e iy  a t  the

~5

5

~~

5 ;  59
S I  

- - - -5 S-—_~~~~_ 
- - - —5 - --_-~~~~~~~~~~~~~~~~~~ —-  - - -



- - S •~~~~ ~~ - ___ 5 5 - ~~~~- S- S -~~~~~

-

free-stream velocity , then a characterizes the amplitude of this

patte rn. y was in good agreement with equation (16) for fl ow C.

Table 5 presents the characterizing parameters which describe these

intermittenc y distributions.

The results of Fiedl er and Head (1966) showed that the para-

meters Y/ S* and a/~~ are strongly dependent on the shape factor H

S for values  of H less than about 2. This dependence is quite strong

S 
as the lower limiting value of H is approached . The minirnun H found

for flow C was about 1.26 at about 165 inches . Upstream of the mini-

mum in H for fl ow C ,at 130.6 and 149.3 inches , values of these para-

reters were well within the scatter of the Fiedler and Head result s

for their “normally developing ” boundary layers . As pointed out in

sOC t~~fl 3.2 above , no entrainment of non- turbulent fluid takes place

after the minimum H value occurs so it is not unex pected that V/~~*

ari d m/~* downstream do not follow the results of Fie dler and Head.

The celerity and mean velocity profile measurements for flows

A and B reveal that when there is no entrainment , t he enti re inter-

mittent region is moving wi th the free-stream velocity . This means

S that Here cannot be any relative strearn wise motion of the inter-

mit t - n t  r~~~’ i m  nr~’ any engulfment of non-tur bulent fluid by turbu-

len t bulges. U (Y - f*) and i n  remain approx irntely constant down-

stream. As for flows A and B, the in termittent region plays no role

in th e momentum t rans port af ter ent ra i nme nt.

Measurenients of the frequency wi th  w hich turbulent bulges pass

a fixed point were made by counting th e ou’1~~nr o f pul ses per unit
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Station ‘~ l0~ 
nU~ ~ 

n. ,
(inches) inches inches —~-—x1 0 

S

Hz

130 6 3.00 0.491 1.506 2.465 47.7 4

149.3 2.55 0.417 1.540 2.518 45.4
164.2 1.93 0.440 1.605 3.660 50.2
170.8 1.59 0.437 1.620 4. 453 53.0
178.3 1.19 0 .306 1.759 4 .523 54.8
185.8 0.704 0.193 1.562 4.281 58.7

Table 5. Intermittency parameters for fl ow C.

Station ,
inches

165.3 0.02
171.8 0. 15
175. 2 0.55
177.4 0.78

-
S 182.0 0.96

184.2 1.0
186.2 1.0

Tabl e 6. Surface intermittency parameters for fl ow D. -
~~~~~

/ S

S I

/
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time from the schmitt trigger output. A serious problem with this

m ethod arises due to the fact that several short duration ~u 1ses may

occur as the probe volume enters and leaves the turbulent bulge thus

S 
giving rise to frequencies which are perhaps an order of magnitude

S higher than the actual .

1 In order to reduce the effects of this problem , the signal from

the schmi tt trigger was processed through a low pass filter which

attenuated the short duration pulses responsible for the higher fre-

quency . It was found that the resulting frequency obtained was quite

dependent on the filter setting, so the filter setting was obtained

by visual comparison of the unfi l tered PM tube signal with the fi l-

tered schmitt trigger si gnal on a dual tracc storage oscilloscope .

Typical signa l and oscilloscope traces from this method are given by 
S

~t~-ick1and and Simpson (1973). The fi l ter was set such that there

was a single zero crossing from negative to positive for each ‘si g-

nificant ” peak on the unfiltered PM tube signal . The filter setting

chosen for all the results here was 300 Hz.

Figure 33 of Simpson and Wallace (1975) shows a typical bell-

S shaped frequency distribution such as obtained for flow C. The fre-

riU n j dist,’~butjcns across the intermi ttent reg ion for fl ow C are

rat~er si in i L’r when the frequency is normalized on the frequency at

S : , n. . As for flows A and B. the peak frequency for each profile
S ‘V

occur red -it about the location w’iere = 0.6. The n. for flow Cl v
was about twice the bursting frequency nb when tables 3 and 5 are

compared. Since the technique used to obtain the inte rrii ttenc y
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frequency requires a certain amount of arbitrary judgment, as do
S 

techniques using hot-wires , it cannot b~ determined i f  the absolu te

values of these measurements are accurate . However , since for each
S 

f low 
~b 

was proportiona l tu n. , it appears that the large motion-I v
infl uencing the intermittency also infl uences the vial l bursting fre-

5
’ quency even downstream of the cessation of entrai ni ;e~t. Str icklan d

and Sim pson (1973) also found nb to be proportional to n . Hr an
‘V

adverse pressure gradient turbulent boundary layer. Thus , appar enci -v

S this pro po rt i o n a l i t y i s p resent in  t u rbu len t  bound ar y la yers o~or u

wide range of pressure gradient conditions.
S For flow D the intermi ttency at the surface was deter’r ned for

the retransi tion region downstream from the flush-surface hc t-- filn

signals. The taped sig r lcls were examined for high frequency content

since considerable mixing and hi gh frequency oscillations are asso-

ciated wi th tu”~ flent fluid. Toese signals were passed through the 
S

model 330B fi l ter with a 200 Hz-2KHz bandpass and then through the

mul tiplier used as a squarer li ~ order to rectify the negative por-

tions . This signal was low-pass fi l tered at 300 Hz using the model

3202 filter and passed through a schmitt trigger. The resultant

pulses were visual ly compared wi th the orig i n a l  siuri als on a storaae S

oscilloscope for validity as regions of high frequency content.

These pulse periods we -
u accumulatively counted for 50 sec. oy the

digita l timer-counter. The fraction of time pulses wu ’e present ~-ias

4 the intermittency -y. These resul ts are presented in table 6. These

same signals were processed by usin ci the schmitt trigger on ~ie
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- output si gnal of the mode l 3308 filter. The resulting fraction of

S time positive pulses were present was doubled to get the intermit-

tency since contributions from negative pulses had not been recti-

fied. These latter resul ts were within 5~i’ of the resul ts of ta b le 6.

The resul ts in table 6 follow a curve of the form of the  inte-

gral of the normal distribution curve . y increases slowly from about

165.3 inches to 171.8 inches, increases more rapidly up to 177.4

inches , and thereafter increases slowl y to unity at about 184.2

i nches. Upstream of 165 .3 inches the flow had low frequency oscil-

lations as shown in figures 28(a) and 29. rt is clear in figures

30 that higher ampl i tude pulses were occasionally present at 165.3

inches. Figures 28(b) and (c) show the re ’~tivel y hi gh frequency
S 

oscillations in the high velocity pulses at 171.5 and 175.0 inches .

The clearest oscilloscope traces are shown in figures 31 for 182.0

inches. The higher velocity regions contain high frequency oscilla-

tions . Regions of laminar-like flow follow each high velocity pulse.

These velocity signals slowly decay, not because of limi ted sensor

response but because of temporarily high velocit y l aminar flow that

foll ews the turbulent pulses .

It is clear that in the low velocity wail regions downstream

S of the cessation of entra i nment in fl ow 0, t he  flow became progres-

sively more laminar-like. The magnitude of the oscillations in these

regions progressively decreased . However , beginning at 165.3 inches , S

high velocity fluid moved in toward the wall. The average frequency

of occurrence of hi gh velocity pulses in this downstream reg ion was S
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about  25 Hz , as determi ned by count ing these pulses. Further anal-

ysis of these data is planned .

4. DISCUSSION

Many aspects of f lows C and 0 are similar to previous results

reported by other investigators and by Simpson and Wal lace (1975).
4 

In flow 0 and in the flow of Blackwelder and Kovasznay (1972), K

increased to a value which exceeded 3.8 x l0~
6 and decreased down-

stream to zerr . In both flows , a local maximum in Cf!2 occurred at

the same streamwise position as the K maximum ; the minimum in Cf!2

occurred downstream of the minimum of the intermi ttency at the wall;

the maximum H occurred upstream of the Cf!2 minimum and approximately

at the ;iin im um intermittency at the wall.

In all four fl ows measured in this research program , the behav-

ior of the turbulent boundary layer after the beginning of strong

acceleration was very similar. An initia lly normal l ow-pressure- S

gradient boundary layer first became distorted. The wake— like tail

of the mean velocity profile became progressively weaker until at 
S

the cessation of entrainment none rema i ned . It appears that the

sha pe factor H is about a minimum at this location. The burs t i n c S

frequency and intermittent bulge passage fre quenc y dow nstre ari either

increased or remained about constant along this length. The surface

spanwise structure was not appreciably different from a low Reynolds

number l ow-pressure-gradient boundary layer. Downstream the entire

intermittent turbulent j’non-turbulent interface was outside the

‘1

Li 65



- ~~~~~

boundary l ayer thickness i~ and the celerity of this region was the

free-stream velocity .

Simpson and Wallace (1975) s howed that normal stresses produc-

tion was important in the mean turbulence kinetic energy balance

(17)

Here the terms are from left to right: advection , turbulent diffu-

sion , diss ipa tion , shear product ion , and normal stresses production.

This last term is of opposite sign to the shear production term in

S strongly accelera ted flows. The net turbulence energy production

is less than the shear production by the factor

• F = - 
Cu 2 - ~~~U/ax (18)
(-)~U/~y

which represents total production to shear production.

They also found that the normal stresses term reduces the dif-

fusion of turbulence kinetic energy into the freestream , or the

entrainment of non-turbulent fluid into the boundary l ayer. The

vel ocity difference between turbulent fluid in the intermittent

region and the i rrotationa l freestream fluid approaches zero wi th

strong acceleration. Thus , velocity profile instabilities which

produce th e erupt ion  and eventual engul fment of free-stream fluid

are elim ina ted. There could be no creation or merging of adjacent

large eddies that accompanies the entra i nment process. This also

explains why the intermittency and bursting frequencies for all four

flows remained about constant after cessation of entrainment.
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S Simpson and Wallace found that

S 
V E 

= lOF 6
(_ 5ti7)

max/U~ 
(19)

described the entra i nment velocity upstream of cessation for flows

A and B. This scale characterizes the large eddy structure that is

not only largely responsible for the various turbulence intensity

levels in the turbulent fluid , but -is directly responsible for the

entra i nment. When the negative normal stresses turbulence energy

production term arises under strong acceleration , the  available tur-

bulence kinetic energy in the outer region is reduced so less large

eddy energy is available for entra i nment. This equation reduces to

Bradshaw ’s relation for low acceleration boundary l ayers when F6 
= 1.

16 is given by equation (18) with all quantities evaluated at the

bounda ry l ayer thickness 6. Using the relations -~7~ 0.15 q2, S

2 1 2  2 2u ~ - q , and v 0.2q , which apply to entrain ing flows , they

obtained

F6 = 1 - (sf/a ) (20)

Figure 36 shows this quanti ty along flows C and 0. Note that nega-

tive values of F6 occur after engulfment of non-turbulent fluid

ceases. This does not mean that turbulent fluid is instanta neously

reverting to a laminar sta te , but sir iply that p i- uq rcssive ly more
1.

- - 
• turbulent fluid lies outside the  ~ location.

5 ’

Figures 7 and 8 show the results obtained by integrating equa-

tion (19)
1X ~X

- 6*) J = j VEdX (21)
xo xo
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For these computations the relation 0 .3( u 2 ) was used
S 

with experimental (u2)max values. The resul ts are in good agreement

S wi th values determi ned directl y from the mean velocity profiles ,

especially for flow C. Thus the growth and decline of the mean flow

boundary layer is fai rly well predicted by this model , at least to

just downstream of the cessation of entrainment.

The observed flat nF(n) region for u2 spectra emerges after

S some length of acceleration. The streamwise location where this

behavior is fi rs t noticed does not seem to be directly related to

the location where entra i nment ceases. For flow A wi th K = 2.17x1O 6
~

the nF(n) spectra examined by Simpson and Wallace had no flat region ,

even downstream of the cessation of entrainment. For flow B with

K = 3.19 x io
_6

, no flat region was present in the spectra obtained

upstream of the m i n i m u m  H , while such a reg ion was observed for

spectra downstream. In flow C presented here , the flat region in

some spectra began at about 137 inches while the cessation of entrain-

ment did not occur unti l about 165 inches . Similarly for f low D

entrainment ceased at about 132 inches while the flat nF(n) region

began at about 123 inches . A preliminary exploration of this behav-

ior is that with strong acceleration , progressively weaker new low

frequency oscillations are produced by the large -scale d motion while

the higher frequency oscillati ons are produced by the breakdown of

the more intense upstream large-scaled motions. Further analysis of

these data is needed .
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In fl ows A and B , asymptotic similarity flows were approached

near the downstream end of the test section. This means that

vs. similarity was_present for K < 3.19 x lO~
6. For flow C when 

S

K > 3.6 x io
_6
, JiI~ /tJ,~, profiles decayed. This means that had this

K level been maintained downstream , true rel aminarization would have

eventually resulted , as suggested by Kline et al. (1967). Since

there is a much shorter distance from the beginning of acceleration
S 

to the maximum K in flow 0, the intensity /U did not begin to

decay near the wall until about 157 inches. At 161.6 inches , as

S shown in figure 20, a considerable amount of the intensity was due

to unsteadiness rather than turbulence. Since K decreased downstream

of 144 inches , retransition to a low acceleration turbulent boundary

l ayer began at about 165 inches . In this region the flow possessed

a highly lor~in ar~like behavior , so -
~~~~~~ was extremel y small. Evidentl y

decays considerably. As mentioned above , the surface stanwise

structure upstream of the onset of decay of /U~, was not appre- 
-

ciably different from that of a low Reynolds number low pressure grad- S

ient boundary layer. After the onset of decay of /U,~, X~

increased. Evidently the upstream 
~ 

values in these non-equilibrium -

flows persis t downstream , so when normalized with a hi gher U /v, 
S

is higher. -

In the relari inarizing nozzle-type flow of Schraub and Kl i ne S

(Kline et al . 1 967), was repo rted for the region of maximum K to

be of the order of 200 for K = 2.75 x l0 6 and of the order of 300

for K - 3.25 x lO
_6

. On the surface , it would appear that they found
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to vary directly with K. However , their estimates of Cf/2 for

these two strea rnwise locations seem hi gh by about a factor of two

- 
S when compa red to the C f!2 behavior in fl ow 0 and in the Blackwelder

and Kovasznay (1972) nozzle flow . In that case , va l ues of about 150

and 220 for would result , respectively, and would agree reason-

ably well with the fl ow 0 resu1 t~ in the v ic i ni ty  of the maximum K.

Schraub and Kline did not present 
~ 

resu l t s  downstream of the

K maximum , so the data from fl ow D are the only ava i la b i a  on t h i s

downstream structure . is still of the order of 300 w h i l e  K
S - decreases below 2 x lO

_ 6
. After retransition to a low-accele ra ted

low-pressure-gradient turbulent boun dary layer begins, is an order

of magnitude greater. This behavior is as yet incompletely explained ,

so further analysis of these data is needed .

5. CONCLUSIONS _A~D L O ~~1[~ D’~TJ Oil S

The followi ng conclusions can be made about turbulent boundary

l ayers subjected to strong acceleration.

a. The parameter K must be greater than about 3.6 x 10 6 
for

the decay of the upstream generated turbulence.

b. For practical use in  a nozzle only one short region down-

stream of the maximum K will possess a 1a~iinar -like behavior with

si gnificantly lower Cf!2 and heat transfer coefficients .

t c. The large eddy structure of the outer region governs the

bursting frequency , the intermittent bulge passage frequency, and

influences the wall flow behavior downstream. These frequencies
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seem to approach constant values after the cessation of entra i nment

of non-turbulent fluid.

d. The wall spanwise structure appears to lag behind local

conditions and to reflect upstream flow behavior. seems to

steadily increase to about 300 even after K has dropped below its

max imum v a l u e  in a nozzle flow. After retransition to a low accel - S

5 erated turbulent boundary layer, a large of the order of 3000 is
p observed. -S

e. The proposed modified entra i nment model accounts for the

• reduction of available turbulence kinetic energy by the negative

norma l stresses production term of the turbulence kinetic energy
S equation.

f. A nF(n) spectral distribution of u2 for q > 1000 appears 
S

t~ possess flat region for laminar like boundary l ayers at large

K values.

As a resul t of the large quantity of experimental data provided

by the research program , the following recommendations for future

work are suggested.

a. Further analysis of these data , some of which was not pre-

-- 
sented in this report because of the lack of time . Afterwards a

manuscript shou ’d be submitted for journal publication. At that

time a more intelligent assessment for future work can be made .

b. A general i zed computational effort i ncorporatin g flow models

reflected by all available data should be undertaken . Comunication

between the senior author and predictors has begun , but no resul ts

are yet avai l~ l~le . 
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