
C.P. No. 1282 

PROCUREMENT EXECUTIVE, MINISTRY OF DEFENCE 

AERONAUTICAL RESEARCH COUNCIL 

Free-Stream Turbulence Effects on the 
Turbulent Boundary Layer 

bY 

R. L. Evurls, 

SfK Turbomachinery Laboratory, 

Cambridge University 

LONDON: HER MAJESTY’S STATIONERY OFFICE 

1974 

PRICE 8Op NET 



C.P. ~0.1282* 
June, 19’73 

FREE-STREAM TIjRBULElNCE lBF.ECTS ON THE 
TURBULENT BOUNDARY L4YFR 

- by - 
R. L. Evans,+ 

SRC Turbomachinery Laboratory, 
Cambridge University 

SUMMARY 

The results of an experimental investigation of the effects of free- 

stream turbulence on a constant pressure turbulent boundary layer are 

presented. An increase in the fullness of the velocity profile with a 

consequent decrease in displacement and momentum thickness and an increase 

in skin friction is found with increasing free-stream turbulence level. 

Measurements of some of the turbulence structural properties show an 

increase in the turbulence kinetic energy and the turbulent shear stress 

throughout the boundary layer with increasing free-stream turbulence. 

'The turbulent shear stress, -p ';;G, was found to persist into the 

free-stream, well beyond the usual 6 
-99 

edge of the boundary layer. 

*Replaces A.R.C .34 586 

# Communicated by Dr. D. S. Whitehead 



Free-Stream Turbulence effects on the 
Turbulent Boundary Layer. 

Introduction 

In attempts to calculate boundary layers on 

turbomachine blades the external free-stream conditions 

become important. In the past, the flow downstream 

of moving blade rows has been thought of as a highly 

turbulent one, (Schlichtinq & Das (1967)). More recent 

measurements indicate that the flow incident on stator 

blades should be thought of as both an unsteady and a turbulent 

flow (Evans (1973). The present 

experiments were undertaken to gain a clearer understanding 

of the effects of free-stream turbulence, Tu, on turbulent 

boundary layer development. 

Onlv a few workers have been interested in the 

development of turbulent boundary layers under a turbulent 

free-stream, and there is a lack of reliable data. Kline 

et al (1960) conducted the first set of experiments designed 

solelv to investigate the effects of increasing TU On 

boundarv laver growth. They noticed an increase in 

boundarv layer thickness, 6,, with increasing Tu, and an 

increased velocity at the "knee" of the profile. They 

also observed an increase in the skin friction Cf. 

Robertson and Holt (1972) concentrated their measurements 

on the skin friction C f and the shane parameters G and H. 

Thev found an increase in cf and G with increasing Tu, and 

a decrease in H. The trend was for the change in all 

these quantities to level off after a Tu level of about 7%. 

In a short paper presented at the 1971 ACARD conference 

on turbulent shear flows, Charnay et al (1971) described some 
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measurements of a turbulent boundary layer on a flat plate 

under a turbulent free-stream. They noticed an increase 

in the skin-friction, the growth rate of the boundary 

layer and the shear stress at the edge of the layer with 

increasing Tu. They also found a decrease in the velocity 

defect profile in the outer part of the layer. Huffman 

et al (1972) have made a detailed study of the structural 

properties of the turbulent boundarv layer developing under 

a turbulent free-stream. They have found an increase 

in the turbulence intensities, turbulent kinetic energy and 

Revnoldts shear stress at the outer edge of the boundary 

layer with increasing Tu. 

Boundarv layer calculation methods and free-stream turbulence 

At the 1968 Stanford Conference on Turbulent Boundary 

layer prediction, the method of Bradshaw, Ferris and 

Atwell (1967) was generally found to be one of the most 

successful methods. Bradshaw's method solves the momentum 

equation: 

The continuity equation: 

and a transport equation for the turbulent shear stress 

r=-p in equation (1). This equation is derived 

from the turbulent kinetic energy equation: 
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by assuming that the shear stress r is directly related 

to the turbulence kinetic energy T./z l 

This 

relationship together with functions relating the diffusion 

and dissipation terms to the shear stress are determined 

bv empirical observations: 

Bradshaw gives G and L as functions of y/' and quotes 

a constant value of 0.15 for al. 

One of the most successful integral boundary layer 

calculation methods presented at the Stanford Conference 

was that of Hirst and Reynolds (1968). This method also 

uses the turbulence kinetic energy equation, but in an 

integrated form. 

The momentum integral equation: 

de+ (H+e)s d&o = cff12 (4) 
dx Uao dzc 

is used along with the definition of entrainment: 

i 

6 
4 udy= E (5) 
dx 

0 
and the integral turbulence model equation: 

Equation (6) is the inteqral of equation (3) from 

y=o to y= b where the entrainment has been linked 

directly to the turbulence kinetic energy T/' . The 
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entrainment is taken as E = Xl”, where Q is a weighted average 

of p over the thickness of the boundary layer, and Kl is 

some constant. 

The constant K3 is then determined from empirical 

information, and Hirst and Reynolds quote a value of K3= 0.14 

determined from Wieqhardt's flat plate data. These three ordinary 

differential equations, (4) to (6) together with a skin-friction 

relation derived from the Coles' (1956) profile are solved using 

a predictor-corrector technique. 

These two calculation procedures, one a differential method 

and the other an integral method, were considered to be the most 

suitable for computation of turbulent boundary layers with 

turbulent free-stream boundaries. The reason for this is that 

both methods use the turbulent kinetic energy equation to keep 

track of the turbulence energy within the boundary layer. 

It should then be possible, by modifying the appropriate 

boundary conditions, to match the free-stream turbulence energy 

to the boundary layer turbulence energy at the edge of the layer. 

The present experimental program was designed to study 

the effects of free-stream turbulence on both the integral and 

structural properties of turbulent boundary layers. Using this 

information, the modifications necessary for both these methods 

can then be determined. The actual modifications used, 

and calculation results, will be detailed in a subsequent 

report. 

Experimental Apparatus- 

Measurements were made on the boundary layer on the 

wall of an 8in I.D. perspex pipe at stations 3 ft and 

5 ft downstream of the pipe entrance. A contoured inlet 

section was provided, and a 5/16" diameter trip wire was 



5. 
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glued to the entrance of the pipe. The fan was situated 

downstream of the test section and the inlet placed in 

a large settling chamber with a honeycomb and wire gauze 

at the entrance. A sketch of the tunnel is shown in Fig. 1. 

Provision was made for placing circular-bar, rectangular mesh 

grids between the inlet and test section. Only two grids 

were used, one with 0.25" diameter bars and 1" mesh 

spacing and one with 0.50" diameter bars and 2" mesh spacing. 

It was considered that larger diameter bars would provide too 

much flow blockage and would not yield homogeneous turbulence. 

The turbulence levels as measured at the pipe centre-line 

are shown in Fig. 2. A third condition was taken with no 

grid in place. The turbulence levels on the pipe centre-line 

at the 3 and 5 ft. stations were 1.0% and 0.6% respectively 

with no turbulence grids in place. 

All boundary layer measurements were made with a linearized 

DISA hot-wire anemometer. For shear stress measurement and 

determination of the u and v fluctuations an X-probe 

was used. A random signal indicator and correlator was 

used to provide the sum and difference signals necessary 

to measure shear stress and the individual fluctuating 

velocities. Appendix A gives details of the X-probe 

measurements. 

The free-stream velocity, &, at the 5 ft. station 

was set to 50ft/sec. on the pipe centre-line for all 

measurements. A pitot tube and wall static tapping were 

used with a micromanometer for this setting. The 99% 

boundary laver thickness, C& was of the order of 1 in. 

at the 5ft. station. 
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Data Reduction and Analysis 

All voltages were recorded bv hand and converted into 

velocities bv using the aopropriate calibration curve 

obtained beforehand, and the relations qiven in Appendix A. 

The hot-wire probes were generallv checked for linearization 

after everv three traverses, and the calibration constants 

set before each traverse. 

All mean velocities were nlotted against distance from 

the wall, y, and these values, together with an estimate 

of the 99% boundary layer thickness, 6 .w ' fed into a computer 

program which then qenerated tables of YJ ‘J >‘/i ) u/u, 

and Ry=yb . 
v 

A best fit curve was passed through the data points 

by hand, and approximately 35 points per profile were read 

into a second computer nroqram which uses a trapezoidal rule 

integration scheme to calculate the disclacement and momentum 

thicknesses, b * and f3 , the shape factor H 

and the momentum thickness Reynolds number Re . For 

these calculations, no attemnt was made to fit a standard 

sub-layer profile in the region yu+ = 0 to yu, = 50 in the 
V V 

manner of Coles (1968), as measurements were made down to 

YUZ = 6 or less, (see Appendix B). Trial calculations were 
T 

made using Wills' (1962) correction for hot-wire measurements 

near a wall. There was no chanqe in &* and &to the fourth 

decimal point, so further corrections were abandoned. 

Using the values of u/&and Rr output from the first 

program, Clauser plots were formed for each velocitv profile 

to determine the skin-friction Cf. Using this value of 

Cf and the computed values of &* and e , a third program 
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was used to calculate Coles' profiles and to generate tables 

of experimental values of U/u, and y2 . Coles (1956) 
Y 

universal turbulent velocitv profile is given by: 

where TT is a parameter and W(r/a) is Coles' wake function 

which can be aooroximated bv: 

The Coles' profile mav also be written in velocitv defect 

form: 

Using this equation and the definitions of displacement 

and momentum thicknesses: 

&* = j-#-(1 - $!m) dy (10) 

an equation for Coles' 

wake parameter n is found in terms of H and CL> . 

Using the value of # determined from the Clauser plots 

and the computed value of H equation (12) is solved for n . 

The complete Coles’ profile can then be computed to compare 

with experimental data. The values of n obtained from 
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equation (12) and the computed Coles' profiles for all cases 

are given in Appendix B. 

Experimental Results 

(I) Integral Properties 

All the boundary layer integral parameters were 

calculated bv the method outlined in the previous section. 

Table 1 gives a summary of the results for three different 

turbulence levels at positions 3 ft and 5 ft downstream 

of the trip wire. Fig. 3 shows a typical velocity profile 

with a best fit curve passed through the experimental points. 

The three mean velocity profiles measured at the 

x = 5 ft. station are shown plotted in dimensional form 

in Fig. 4. This plot clearly shows the effect of stream 

turbulence on the profile shape. There appears to be a 

very slight Increase in the 99% boundary layer thickness, b9 f 

with increasing free-stream turbulence, but there is a marked 

increase in the "fullness" of the velocity profile. 

The fuller velocity profiles, if they always had the same 639 

would mean a decrease in the displacement and momentum thickness 

as can be seen from equations (10) and (11);. However in 

the present case there appear to be two conflicting effects, 

one beinq the slight increase in baqgtending to increase the 

integral thicknesses, the other being a "fuller" profile 

which tends to decrease these thicknesses. Fig. 5 shows 

the displacement and momentum thickness as a function of 

free-stream turbulence level. It is seen that the integral 

thicknesses tend to increase up to a Tu level of approximately 

2% and then again start to decrease because of the increasing 

'Ifullness" of the velocity profile. Also shown in Fig. 5 

is the data of Kline et aJ (1960) which shows the same trend. 
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The skin friction for each profile was determined 

from Clauser plots. Fiq. 6 shows the effect of increasing 

free-stream turbulence on the skin-friction for the profiles 

measured at the X = 3 ft. station. Also shown on Fig. 6 

is the data of Robertson and Halt (1972). For both 

sets of data the value of C 
fo 

was taken from the formula: 

Cf, = (4.4 -I- 3.6 Aqp Re)-2 

suggested bv Ross (1953). It can be seen that there 

is a significant increase in skin-friction with increasing 

free-stream turbulence, leveling off at higher values of Tu. 

This result is consistent with the fuller velocitv profile, 

which then has a steeper slope at the wall so that the shear 

stressp Zw , is higher. The present experiments suggest 

a greater initial increase in cE/cfO with Tu than the 

data of Robertson and Holt, but tend to level off to the 

same value. This may be due to the relatively high level 

of turbulence in the present tunnel with no grids in place. 

TJsina the value of C, obtained from the Clauser plots 

and ecruations (7) and (12), Coles' "law of the wake" 

velocitv orofiles were calculated. For these calculations 

R was taken = 0.41 and B = 5.0 in equation (7). Fig. 7 

shows a tvnical semi-logarithmic velocitv profile plot. 

it is seen from this nlot that the first few noints measured 

were just within the viscous sub-laver. This could also 

be confirmed bv observing the hot-wire anemometer signal 

on an oscilloscope. The outer-laver Profiles for three 

Tu leveis are plotted in Fig 8. which indicates that the 
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Coles ’ wake component is decreased with increasing Tu. 

This effect was also noticed bv Huffman (1972). That this 

decreased wake component is due to the fuller velocity profiles 

can be seen more readilv from the velocitv defect plots 

of Fig. 9. Outer layer velocitv defect profiles, when 

made non-dimensional with the friction velocity UT are 

expected to collanse onto a single curve for a constant 

pressure gradient, as noted bv Rotta (1962). It can be 

seen from Fig. 9 that the outer-layer velocity defect is 

decreased with increasing Tu. This is consistent with 

what 

11) 

one would expect from a fuller velocitv profile. 

Turbulence Structural Properties 

Figures 10 and 11 show the distribution of the 

turbulence intensities z/U~ and 00 ?jU$through the boundary 

Saver, for two Tu levels. The longitudinal component 

is seen to be larger than the transverse component in the 

inner layer, although the two components converge to the 

same value at the outer edge of the laver, where the free-stream 

turbulence is expected to be nearlv isotropic. The same 

data is replotted in Figs 1.2 and 13 to show the effect of 

increased Tu on both the longitudinal and transverse fluctuating 

components. There is a slight increase in intensity in 

the inner laver with increasing Tu, but a marked increase 

in the outer laver, no doubt due to the increased mixing 

with the turbulent free-stream. 

In Fig. 14 the distribution of Reynolds shear stress 

Eli= - vp through the boundary layer 

is shown for two turbulence levels. There is seen to 

be an increase in shear stress with increasing free-stream 
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turbulence which stays more or less constant throughout 

the boundary laver. With incrr:;i:;ing Tu the shear stress 

is seen to oersist further into the free-stream bevond 

the 99% thickness 6.9,. 

-2 Twice the turbulence kinetic energv, 9 , is shown 

plotted in Fiq. 15, where q = 2 t? +s . For 

these plots, the 3 component, which was not measured, 

was taken to be 1.27 following Huffman (1972). Again 

there is seen to be a slight increase in turbulence kinetic 

energv in the inner laver, with a much greater increase in 

the outer mixing laver due to increased Tu. The ratio 

of Revnolds shear stress to turbulence kinetic energv 

is shown in Fig. 16. This quantity is al which Bradshaw 

et al.(1967) take as a constant 0.15 in their calculation 

method. At the lower turbulence level, the peak value 

is verv near 0.15 and is somewhat higher with increased 

free-stream turbulence. In both cases the ratio falls 

off ranidlv after the peak which occurs just outside the 

sub-,laver. 

Conclusions 

The effects of increasing free-stream turbulence Tu on 

the turbulent boundarv layer can be summarized as follows: 

(1) An increase at first, and then decrease in the displacement 

and momentum thicknesses 6"and e . These increase at 

first due to a slight increase in 6.99 and then decrease due 

to a fuller velocitv profile. 

(2) An increase in the skin friction, Cf. This is 

consistent with a fuller velocity profile and hence an 

increasing gradient a at the wall. 

aY 
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(3) A decrease in the wake component of the Coles' profile 

and the outer laver velocitv defect, which indicates 

a denarture from the "universal" law of the wake in the 

outer laver. 

(4) An increase in turbulence intensities and kinetic 

energy, especiallv in the outer mixing region where the 

flow interacts with the free stream. 

(5) An increase in turbulent shear stress, -Qz , 

and a continuation of the shear stress past the 99% "edge" 

of the boundary layer. 

(6) An increase in the ratio of turbulent shear stress 

to kinetic energy, al. 



Nomenclature. 

Ql - 

B- 

c., - 

E - 

G - 

H- 

K- 

L- 
Q- 

91- 
b - 
Re- 
TA - 
U- 

u.4 - 
u’, VW’- 
G:,i+ - 

x- 

& !?I - 
P - 

7-r- 
(A)- 

itr,- 

e- 

Ratio of shear stress to turbulence kinetic 

enerqv; constant in Bradshaw's calculation scheme. 

Constant in the law of the wall = 5.0 

Skin friction coefficient = 

Entrainment 

Shape factor = - ; 0 
Bradshaw's diffusion term 

Shape factor = bY 
3 

Constant in the law of the wall = 0.41 

Bradshaw's dissipation function 

Velocitv scale in Birst and Revnold's 

5 
6 

calculation scheme 2 Q = o 
iz q dy 

Twice the turbulence kinetic energy 

Local Reynolds No. = yum 
T-- %U, Momentum thickness Revnolds No. = 7 

r Y 
?ree-stream turbulence level = i? 

-32 
Mean velocitv in X direction 

Free-stream velocity 

Turbulent fluctuating velocities 

Root-mean-square values of the fluctuating 

velocities 

Distance from the pipe entrance 

Boundary laver 99% thickness 

Boundary layer displacement thickness 

Parameter in Coles' law of the wake 

Dimensionless friction velocity = uT/La 

Wall shearing stress 

Boundary layer momentum thickness 



w Friction velocitv 

P- Fluid densitv 

V- Kinematic viscositv 
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APPENDIX A 

Turbulence Measurements with a hot-wire 
Anemometer X-probe 

All the turbulence measurements reported in this 

paper, with the exception of the mean flow velocities 

were made with an X-probe. The development Of the 

necessary ecfuations, and the notation closely follows 

that given by Lawn (1969). 
. 

A single hot-wire, exposed to an air flow will 

respond with a voltage, 

V2 
b&t,-Rg) = 

,@, + B &i . (0 

where Rw = resistance at wire temp 

w = resistance at ambient temp 

U eff is the effective cooling velocity. If the hot-wire 

probe lies in the X-Y plane of Fig. A-l, with the wire 

normal to the X direction, U eff can be given by: 

Ueff2 = U2 + k2 V2 t Kz2 W2 (2) 

We now consider a flow with mean velocity fi in the X 

direction and turbulent fluctuating velocities u, v and w. 

For a orobe held in the mean flow direction, but with a wire 

held at an angle ( */2 - 4 ) to this direction, as 

in Fig. A-2, U eff is given by: 

V,$P = c (iJ t U) Co3 4 t V Sin d 
2 

Ti 

+ K,2 

i 

(u +U) Sin tj - V CO5 4 
3 

2 
+ Kr2 vv2 .(3) 
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To first order in the fluctuating cofiponents, 

and taking time means notinq that i = v = w = 0, 

ijeff 5 lj (COS2& t k,p Sih’e4) 
‘k 

(4) 

In hot wire anemometry it is usual to linearize the signal, 

so that eg'n (1) becomes, 

v- D + c Ueff (5) N 
The slope of the calibration curve is then 

where v is the time 

mean or D.C. Voltage. 

Then, from eq'n (4) 

c =: c (cot? I$ + k,2 Gn’6) 
42 

6) 
dtj 

Expanding eq'n (3) and taking 1st order terms only 

It can now be seen that a single wire normal to the 

mean flow will yield a fluctuatinq signal, 

v’= cu (8) 
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A X-probe, with the two wires at + ‘rr/q and - ?/4 
to the flow direction will yield the two fluctuating 

signals, 

Nl= c, ( lA + " (!s!z)) (9) 

When linearizing the two wires, it is usual to adjust 

the linearizing circuits so that Cl= C2= C 

If this is done, the sum and difference ofthe signals 

measured with an rms voltmeter are 

These two equations form the basis of all the X-probe 

measurements. The value for the constant in eq'n 

(12) was taken to be KI= 0.23 as given by Lawn. 

In order to measure the turbulent shear stress, -pz 

the ratio Ris = g is obtained directly from a 

DISA signal correlator. The ii and c values are 

taken from eq'ns (11) and (12) so that: 
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FIG. A-l 

4 



fiPPENDIX B 

This appendix gives the experimental values 

for all the mean velocity profiles measured, 

together with values for a Coles' velocity profile 

calculated from equation (7). The value of r 

used in these calculations is obtained from equation (12) 

and is listed for each profile. 
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I-ml NO. 36 x33.0 FT. 

0.0 IN. TURRULEPJCE GRID 

CP=. Cl038 

DEI,TA=O. 9fI0 IN. 

Dk I.‘iA*=. 087 1 IN. 

lHTt.TA=.BhSl IN. 

u/u 1 Y*UTAU/NU U /UTAU EXP., 

0.260 5.660 5.365 
II. 4 s n 11.320 lo.324 
0.5G6 16.973 12.9&S 
0.620 22.639 14.224 
0. 654 28.299 15.mq 
0. 670 33.999 15.371 
0. MO 39.619 15.6Rf-l 
0.686 45.279 15.73F3 
0. 690 50.938 15.R30 
0. 69 6 56.598 15.967 
0. fiO6 67.918 16.197 
0.‘7 14 79.238 16.380 
0.722 90. 557 16.564 
0.732 101.877 16.793 
0.742 113.196 17.083 
0.754 124.516 17.298 
0.774 141.496 17.757 
0. am 163.795 18.445 
0.832 19R.034 19.m7 
0.850 236.393 19.5Qr) 
0. t;7 6 282.991 2a. 097 
0.896 339.589 2Q. 556 
U-916 396.188 21.014 
0.934 452.766 21.427 
0.950 509.384 21.794 
0.962 565.982 22. wo 
0.972 622.581 22.299 
0.981;) 679.179 22.@3 
0.984 735.777 22.575 
0.990 792.37s 22.712 
0.992 a48.974 22.758 
0.938 905.572 22.836 
1. cm0 1018.768 22.942 

1 o-4 UTAU= 2.1794 

Ul= 50.00 FT./SEC. 

9. 22i: 
10.313 
11.9t-M 
12.611 
13.156 
13.602 
13.9’13 
14.307 
14.5CJ6 
14.s55 
15.305 
lS.bRf> 
lG.fJlt: 
16.31 I 
1 G. 5 i ’ ) 
1 6. fi,<T’ii 
1-t. ld7 
17.621 
lR.032 
18.396 
19.03! 
19.580 
20.07 1 
31). 520 
20.3311 
21.319 
21.674 
22.002 
22.302 
32.572 
22.Rlrf 
23.025 
23.357 
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aIN NO. 35 X=3.0 FT. 

.25 IN. TUREWLEF\(CE GRID 

CF=. 004 0 

I~E:I,‘I’A= 1 . QS Q I N . 

lJEI,lA*=. 1051 IN. 

‘.i-HE’l-A= . 08 i 4 I F! . 

Y/DEf,T/\ 

D.OO4fl 
0. 003 5 
P).Q143 
0.0190 
0.0238 
O.0286 
c?.Q333 
0.038 1 
t-J.0476 
B.QS71 
13.w14 
G1.0352 
0: 1190 
6.1423 
0.1667 
0. 1705 
0.2381 
C1.2&57 
0.3333 
0.3810 
0.4286 
0.4762 
B.5238 
0. 57 Id 
0.6190 
0.6667 
fl.7619 
W. 85’7 1 
0.9524 
1.047 6 

NU= 1.6WrSX 

u/u1 Y*UTAU/NU U/UTAU EXP. 

0.260 5.807 5.8 14 9.290 
('. 460 11.6111 10.886 10.981 
0. s74 17.421 12.835 11.970 
I). 610 23.227 13.648 12.672 
Fl. 640 29.034 14.311 13.216 
0.656 34.841 14.669 13.661 
0. 668 40.64tl i 4. 9 3-i 14.037 
I). 680 46.455 15.205 14.363 
G.6?6 S-S.069 15.563 14.908 
0.712 69.682 15.321 15.353 
0.130 87.1Q3 16.323 15.899 
0.758 116.137 16.949 16.6O3 
0.780 145.17 1 17.441 17.151 
il. 8OR 174.206 17.889 17.6013 
r,*RlG 203.240 18.246 17.95o 
0.830 232:274 18.559 18.311 
0.854 230.343 19.096 18.R69 
fi . f5 7 6 348.4i11 19.588 19.328 
0.896 406.480 2n.035 19.721 
11.912 464.549 20.393 2O.865 
0.924 522:617 2R.661 20.372 
0.936 580.686 28.930 20.650 
0.946 630.754 21.153 20.903 
0.952 696.823 21.287 21.135 
L3.958 754.891 21.422 21.350 
fJ.964 812.96Q 21.556 21.549 
0. 974 929.W7 21.779 21.907 
Cl.9U6 1045.234 22.048 22.217 
u.990 1101.371 22.137 22.406 
l.OBO 1277.508 22.361 22.719 

1 O-4 UTAU= 2.2361 

U11 SO.00 FT. /SFC. 

PI = i3.0563 



B - 4 

RUM NC); 30 xa3.0 FT. 

-50 IN. TUlzOLLkNCE GRID 

CF=. 0042 

DF.;l,TA= 1. 130 IW. 

DELTA* = .09 16 IN. 

‘IHETA=.Q704 IM. 

YfDELiA 

I). m-34/1 

cl. rJmf3 

CJ . 0 1 3 3 
l’,.O177 
I>. 0221 
0.0265 
o.n310 
D. 03s4 
I;. c)442 
cl.0531 
I,. 0619 
0.87DR 
0. QH8S 
0. 1 106 
01.1327 
0. 1543 
6.1770 
cl.1991 
ii.3212 
L1.2434 
0 . 2 6 5 5 
0 . 3 09 7 
0.35J3t-3 
0.39H2 
0.4425 
0.4867 
0.5310 
0.5752 
0.6195 
0.7080 
il.7965 
13.8850 
0.3735 

UPU 1 Y*UTAU/NU U’fUTAU fsXP. 

tJ.3tiL;u 5.753 6.547 0.2ht$ 
0. s(‘:o 11.50s 10.911 10.958 
I:, . 5 7 G 17.2SB 12.569 11.947 
0. 614 23.011 13.339 12.649 
II. 634 20-764 13.835 13.193 
(3. cts4 34.516 l/I. 27 1 13.638 
D. 672 f!O. 269 14.664 14.014 
&I* hRG 4 6 . 0 2 2 l/1.970 14.340 
,I. 7U& 57.527 15.406 14.885 
0. 7'24 G9.032 15.799 15.531, 
(3. .'I 4 a an. 538 16. I’%@ 15.707 
r!.'750 98. (343 16.366 16.033 
O-766 1 15.054 16.715 lG.Sc30 
0.750 143.818 17.021 17.127 
0.806 172.581 17.58R 17.5’75 
0.03R 281.345 18.112 17.95G 

0 l 8.4 6 230.108 18.461 lB.QtSb 
0.860 258.872 18.767 18.579 
D-870 257.635 18.3$5 18. ‘Y/12 
0.680 316.399 13.203 19.082 
0. $92 345. 162 19.465 13.301 
0.310 402.6R9 19.858 13.h9.7 
0.926 460.216 20.2677 CO.036 
(II. 940 517.744 20.512 20.341 
0.954 575.27 1 2(3.6lR 20.618 
Q. 364 632.7'98 21.036 2P.57cP 
0.970 630.325 21.167 21.1&z 
8.976 747.852 21.298 21.317 
0.981a 005.379 21.385 21 .S17 
0.986 920.433 21.516 21.eJ78 
0.992 1035.487 21. err7 ET2.193 
0.99& llso.s~ll 21.770 22.4G3 
l.QclQ 1265.595 21.822 22.710 

NO= r.6s96x 10-4 

PI = 0.8591 

W-AU= 

Ul= 5DIaO FT./SEC. 

2.2913 



B ‘- 5 

CF=. 0037 

DELTA= 1.33:0 IN. 

DELTA%=. 164 IN. 

rn!=TA=. 1250 IN. 

Y*UT&.l/NU U/UTPlJ EXP. U/UTAV COLES 

5.626 5.a12 9.213 
7.1476 8.137 10.034 

11.251 10.462 1a.9m 
16.877 12.183 il.893 
22.503 12.927 12.595 
28.128 13*485 13.139 
33.754 13.9GO 13.584 
45.005 14.27s 14.PS7 
56. asc; 14.926 14.633 
67. SO8 15.298 15.279 
78e759 lS.577 15.657 
90.010 15.903 15.98s 

112.513 16.182 16.53A 
14th 641 16.6BO 17.087 
196* 898 17.344 17.929 
253.154 17.995 18.570 
309.411 18.553 19.094 
365.667 19.065 lQ.S42 
421.924 19.530 19.937 
47R. 180 13.902 eo.293 
533.437 29.227 20.618 
SOO.693 20.460 20.928 
646.950 20.646 21.RQl 
7n3.2oa aa.ssz 21.466 
759.462 21.01s 21.716 
815.719 21.250 21.952 
988.232 21.669 22.387 

104a.745 2i?.aa7 2C.776 
11Ss.as8 22.645 23.116 
1265.77 1 22*924 23.416 
1378.284 23r203 23.668 
199P*797 03r2scl 83.875 

Ul= so.00 FT. /SEC. 

UTAU= 2.1506 
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. 

-iiUN NO. 25 X=5.8 FT. 

.50 IN. TbRBULENCE OR1 n 

CF=. 0039 

DELTA= 1.200 It?. 

IX~.I,T(‘1*=. 1183 IN. 

-fHETA=.0&86 IN. 

Y/i?Iil,fi‘ u/u1 Y*WAtJ/Nli U/UTPU CXP. u/uTAU cokes 

0. r-Jr)42 
ti. I?058 
M . 0 l?R 3 
0.0125 
0.01167 
Cl. 8208 
0.0250 
o.m92 
0.0333 
0.0375 
(5. 04 i17 
0.0500 
0.0583 
fl.D667 
B. (2,750 
0.0833 
a.1042 
0. 1250 
0.1458 
Me 1667 
0.2085 
ti.2srTo 
Gi. 29 17 
c1.3333 
M . 3 ‘I 5 0 
0.4167 
u.4583 
0.5G)OQ 
8.5417 
0.5833 
cl.6250 
GI.708Y 
c3 . 7 9 1 ‘I 
r?.8750 
(~‘1.9583 
1.0417 

0.260 
I). 350 
M.4SO 
II. 530 
0.574!4 
0. QOL! 
n-620 
0.628 
!?. 636 
0. 64% 
l-3. 6SO 
0. 664 
0. 676 
0-686 
0.‘698 
0.706 
65.730 
c9.752 
U.778 
cl. 790 
Ir.824 
0.854 
l? . 8 8 ‘2 
Cl. 904 
0.922 
0.936 
0.940 
0.956 
0.962 
0.968 
0.972 
8.980 
0.9t36 
0.994 
0.998 
1.000 

5. to0 
7.f351 

11.216 
16.$2!i 
22.433 
28.041 
33.649 
39.2S7 
44. 8 65 
50.474 
56.082 
67.298 
78.514 
89.731 

lQ(3.947 
llR.163 
140.284 
168.245 
196.286 
224.327 
289. dn8 
336.490 
392.572 
446.654 
504.735 
560.817 
616.899 
672.980 
723.062 
785.144 
m1.225 
953.389 

1065. ,552 
1177.716 
1289.879 
1 dbtX?. 042 

5.888 9.205 
7.926 IO. 026 

10.190 10.896 
12. or?2 ll.$FfS 
12.999 12.508 
13.678 13.132 
14.090 13.578 
14.221 13.954 
14.403 14.281 
14.538 14.569 
14.720 14.827 
1s. 037 15.274 
I5.3OS 15. ts3 
lS.S3S 15.982 
15.807 16.273 
15.988 16.534 
16.531 17.091 
17.029 17.550 
17.437 17.944 
17.$90 18.289 
18.660 18.881 
19.339 19.381 
19.973 19.821 
20.472 20.217 
20.879 20.580 
21.196 20.918 
21.466 21.233 
21.649 2.l. 530 
21.785 21.810 
21.921 22.074 
22.01 I 22.322 
22.193 22.774 
229.329 23.165 
22.510 23.493 
22.600 23.759 
22.646 23.962 

NCI= I. 6404X 10-L) 

PI= 0.2656 

UTAU= 2.2(079 



x = 5ft. Rx = 1.5 x lo6 

Tu% 

cf 
6* 

0 

H 

6 

Re 

Tu% 

cf 
tS* 

8 

H 

6 * 

Re 

No Grid 

0.6 

.0037 

. 1640 in 

.1250in 

1.31 

1.330in 

3271 

b" Grid 4" Grid 

1.39 2.38 

.0038 .0039 

.1650in .1183in 

.1274in .0886in 

1.30 1.34 

1.450in 1.200 in 

3304 2249 

X = 3ft. Rx = 0.9 x lo6 

No Grid 

1.0 

.0038 

.0871in 

.0651in 

1.34 

0.9OOin 

1690 

t" Grid 

1.94 

.0040 

.1051in 

.0814in 

1.29 

1.050in 

2113 

TABLE I 

Summary of Integral Results. 

4" Grid 

3.42 

.0042 

.0916 in 

.0704 in 

1.30 

1.130in 

1760 
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