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ABS'l'RACT 

Three experiments were perforaed to deteraine how boundary-layer 

turbulence is affected by strong convex curvature. The data gathered on 

the behavior of the ReynoldB stress suggested the formulation of a si~ 

pIe turbulence model. 

Three sets of data were taken on two separate facilities. Both 

rigs had flow from a flat surface, over a convex surface with 90° of 

tUL"ning, and then onto a flat recovery surface. The geometry was ad

justed so that, for both rigs, the pressure gradient along the test sur

face was zero -- thus avoiding any effects of streamwise acceleration on 

the wall layers. Two experiments were performed at o/R approximately 

0.10, and one at weaker curvature with o/R = 0.05. 

Results of the experiments show that, after a sudden introduction 

of curvature, the shear stress in the outer part of the boundary layer 

is sharply diminished and is even slightly negative near the edge. The 

vall shear also drops off quickly downstream. In contrast, when the 

surface suddenly becomes flat again, the wall-shear and shear-stress 

profiles recover very slowly towards flat-wall conditions. Data suggest 

that as many as forty boundary layer thickness~s may be needed for sig

nificant recovery, whereas the curvature effects are dominating the flow 

in two layer thicknesses after the beginning of the curved flow region. 

It was discovered that. for the shear-stress profiles taken in the 

curved region. the shear-stress profiles for all three experiments col

lapse when - uv/u2 was plotted vs. n/R. The strong curvature data of 
1 

So & Mellor (with different free-stream velocity and radius of curva-

ture) also fell on the same curve. This suggests an 8 Jymptotic state 

for the shear-stress profiles of strongly curved boundary layers. The 

slope of the curve shows an almost linear dropoff of - uv with dis-

tance from the wall. The shear stress is approximately zero in the 

outer part of the boundary layer. 

The physi~al interpretation given to these observations is that the 

width of the active shear layer has been compressed (by the curvature) 

close to the wall. Its width is much less than the velocity-gradient 

boundary layer. In the recovery region. the width of the active shear 
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layer regrows slowly within the velocity-sradient boundary layer. like a 

developing boundary layer under a freft Itream with velocity gradient. 

A aillple turbulence model, which was based on the theory tbl\t the 

Pundtl lIixing length 1n the outer layer should scale On the .i,dth of 

the active shear-stress layer rather than on the velocity-gradient 
layer, was shown to account for the slow recovery. 
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Chapter 1 

INTRODUC TION 

1.1 Project Background 

The primary objective of this program W8S to extend the understand

ing of low turbulent-transport procelses to control the convection of 

heat from a solid surface. The work was undertaken a8 part of an on

going series of projects at Stanford sponsored by NASA-Lewis Lab.. The 

motivating problem has been the n<!ed to accurately predict the heat 

transfer loading on gas turbine blades. 

When the project was begun, NASA used the boundary layer code STAN5 

[l], developed at Stanford, to make heat transfer predictions. This 

code solves the partial differential equations which govern transport of 

heat and momentum in boundary layers. The crucial step in this proce

dure is the modeling of the Reyrlolds stress term which appears in the 

momentum equation. The code STAN5 has a Reynolds stress model which, 

compared to some, is mathematically uncomplicated. However, because it 

contains empirical input from twelve years of careful experimentation, 

it handles very complicated problems accurately. In particular, empiri

cal input has been used to construct a model which calculates through 

areas of strong streamw1se pressure gradients, transpiration, or combi

nations of these two effects. 

At the time this project was begun, however, any possible effects 

of longitudinal surface curvature were ignored. 

f ill this void. 

1.2 Previous Research in Curvature Effects 

Our aim has been to 

Experimental evidence that the effects of curvarure should be 

included in a good turbulence model has been accumulating tor a long 

time. The first work on the subject was done by Prandtl and his stu

dents. Prandtl had apparently convinced himself frOID mixing-length 

arguments that curvature effects should be negligible, but the work of 

his student Wilcken [2] showed large changes in the mix! ng length of 

boundary layers on convex and concave surfaces. Further work at 



GOttinaen was done on flow. between coaxial rotating cylinders by Wendt 

[31, in a curved duct by Wattendorf [41, and in convex boundary layer. 

by Schaidbauer [5J. The general conclusion of all this work -- that for 

even .. all values of 6/R the boundary layer hydrodynamics are greatly 

affected -- was published but did not in8pire further investigation. 

In the early 1950. Krieth [6] made use of Wattendorf's result to 

make a quantitative estimate of the changes in the eddy diffus1vity 

brought about by curvature. His conclusion was that the curvature 

effects scaled on U/r, which he called the forced vortex parameter. 

When non-dimen8ionalized by au/aYt this forced vortex parameter 1s now 

called the curvature Richardson number. At about this same time, Eski

nasi and Yeh (7) of Johns Hopkins performed experiments in a curved 

channel flow. This excellent study is very detailed even by today's 

standards. Using hot-wire anemometry, a fairly new technique at the 

time, they took the first lIleasurements of turbulence quantities and drew 

important conclusions. The rRtio of their channel half-width to span

wise dimension was only 15.5, which, based on our experience with bound

ary layer flows. may not have been enough to ensure two-dimensionality. 

Indeed, their measured shear stress values did not balance the measured 

pressure gradients. Their experiments showed a great decline in the 

u' and v' over the convex surface (and a corresponding increase over 

the concave surface). Their spectral measurements of u' and v' 

showed that the decrease was largest in the low-wave-number range. They 

related this drop qualitatively to the production term in the Reynolds 

stress transport equations. 

Interest in the effects of curvature intensified In the late 1960s, 

possibly because. by this time. calculational models had been develop,~d 

to the point where the effects of curvature were not lost in other inac

curacies. The first experiment of this era was performed by V. C. Patel 

[8J in & wind tunnel wi~h a 90° bend. He measured only mean quantities, 

and these measurements may have beEl'n influenced by secondary flows. 

Nevertheless, he was able to come to the correct conclusion that curva

ture afiects entrAinment by examining the variation of the shape factor 

'\ /6 2 , 

2 

i 

I 
J 



L 
L 

l • 

r 

I 
L 

Three yean after Patel's work, 1bounn (9] publiahed a set of 

experiments on heat transfer in curved boundary layeu. They proved 

that the Stanton nUliber 18 affected 1n IMlch the aame way aa the skin 

friction, but no detailed measurementa of the hydrodynamic boundary 

layer were taken. Thomman's measurements were a180 unusual in that they 

were the first performed at high Mach number. 

In 1972, So & Mellor (10] published results from a very detailed 

experiment on a curved-wall boundary layer. In this experiment the 

ratio of boundarv layer thickness to radiu5 of curvature was large 

enough that several gross effects were demonstrated. All the Reynolds 

stresses were measured, and the flow was acceptably two-dimensional. On 

the convex wall it was found that the turbulent shear stress was "turned 

off" (the value of uv was approximately zero) in the outer half of the 

boundary layer. Over the concave wall, they found evidence of a system 

of streamwise axial vortices, analogous to those formed between rotating 

cylinders. Wall shear stress was inferred from a Clauser plot, but the 

turbulent shear stress profile was not measured close enough to the wall 

to check the wall value by extrapolation. 

At about this time, Bradshaw [t1J pointed out the analogy between 

the effects of curvature and the effects of buoyancy. He then proposed 

that the Monin-Obouhkov formula for the correlation of the apparent mix

ing length with small buoyancy effects. 

• 1 + a I 
L '" 1 + a Ri 

(where S is an emplrical constant and Ri is the Richardson number) 

could be used to model the effects of weak curvature if the "curvature 

Richardson number" was defined as 

Ri 2 U/R 
oU/oy 

This appro~ch met with considerable success. In fact, the value of 

the constant e could be inferred by analogy irom meteorological exper

iments in stably and unstably stratified boundary layers. where it was 

found to be of the order of 10. The Bradshaw model was also extel.ded to 

rotating flows '",here the "rotation Richardson number" was defined as 
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Ellia and Joubert [12} of the Unlver.ity of Malbourne meaaured mean 

properties 1n boundery layers of a curved duct. they, too, noticed that 

the width of the logarithmic zone was curvature-dependent. Convex cur

vature caused the velocity profile to become wake-like at a lower value 

of y. and the converee for concave. they found some evidence of .pan

v1Re Irregularities which may have been due to taylor-GOrtler vortices. 

Much of the rest of their work was concerned with trying to derive a 

form of the law of the wall wbich would be applicable over curved sur-

faces. 

In the early 1970s, Bradshaw undertook a series of experiments on 

tbe effects of very weak curvature (6/& !II .01) I working first with 

Meroney (13} and later with Hoffmann {14j. The preliminary measurements 

taken by Meroney and Bradshaw showed again how the effects of convex 

curvature made the mean velocity profile lesa steep t following a lower 

power law -- as had been observed in other experiments. Because the 

curvature effects in this experiment were approximately one order of 

magnitude less than for the So & Mellor work t the turbulence profiles 

were not as dramatically affected. Still, there is a noticeable decline 

In the shear-stress levels 1n the outer region of the boundary layer. 

The extensive measurements taken by Hoffmann and Brad~haw showed that 

even this weak curvature affected the triple-veloCity correlations very 

strongly. Their measurements of the mixing length displayed an inter

esting trend. The outer-layer values declined slowly as the flow moved 

downstream of the start of curvature, eventually the values over the 

convex surface were approximately one-half of their corresponding flat

wall values. This gave a very strong indication that, for this weak 

surface curvature, downstream convection of Reynolds stress was a sig

nificant {actor in det.ermining the shear stress prof He at any point. 

Simultaneously with the work. described above, Bradshaw and Castro 

(15 J were characterizing a highly (convex) curved free mixing layer. 

This was the first experiment to examine the recovery process, that 18, 

how the effects of curvature die away after a longitudinally curved 

shear layer encounters a flat downstream wall. In the early stages of 
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recovery, their data showed an "overahoot" in value of the turbulent ki

netic energy relative to itl equilibrium flat-wall value. Thil peculiar 

behavior wal linked to the lupprelsion of the triple products by convex 

curvature, as previously documented by the boundary layer experimentl. 

Effects of very mUd curvature on boundary layera were alao e:-:

plored by Ramaprian and Shiv.prasad (16,17) in an experiment very 

similar to that of Bradshaw and his co-workers. In general, the results 

of the two experiments are qualitatively similar. 

Hayle et ale (18) performed heat transfer experiments but presented 

very few data on the hydrodynamics. Nevertheless, their experiment 1s 

an advance because it wa~ the first to isolate the effects of curvature 

by controlling the pressure gradients along the surfaces. 

1.3 Objectives of This Program 

The experiments described in the previous section provided a good 

justification for further research into curvature effects. However, it 

was clear at the time this program started that, if a turbulence model 

which could predict the effects of convex curvature were to be devel

oped, reliable data from a specially designed experiment were needed. 

This experiment was designed to address issues which had been ig

nored or overlooked by previous experimenters. In particular, although 

quite a lot of data had been taken over curved surfaces downstream of 

flat surfaces, th~re were no data at the time to indicate how the recov

ery processes would proceed on 8 nat wall downstream of a curved wa!) .• 

This situation is of particular importance because it occurs often in 

practice, for example In airfoils and turbomachine blades. 

Another shortcoming of the data available at the start of this 

project was the possible influence of longitudinal pressure gradients. 

The experimental layout used by most previous experimenters (the excep

tion is Mayle et al.), as shown in Fig. la, is a duct of constant width 

which is swung through a bend. This configuration leads to a pressure 

distribution similar to that shown in Fig. lb. At the start of cur

vature, there is (over the convex surface) a substantial streamwise 

acceleration, and. at the end of CUf\· ..... Ult!, there is a substantial 
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deceleraUon. A walth of data lbovl that luch acclleratione bave a 
Ireat effect on turbulence etructure. and 10 1t 11 hard to be lure that 

the effectl obaerved 1n prev10ul expert-entl are entirely due to curva

ture. In thi. expert.ent a Ipecially contoured conUlurat1on va. ueed 

which produced a conltant .tatic prellure over the entlre teet .urface. 

Thul. in the turbulent layerl near the vall there vere lubltantially no 

acceleration effact •• 

Three experi.entl were perfoned in two different wiud tunnel I • 

The relt of thia doc_ent will clelcribe the wind tunnel. and other 

equipaent uled. then pre.ent the data and the turbulence model which wa. 

developed from the data. 
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Fi~. lao Experimental layout used bv previous experimenters 

I Curvature I 

+ 0.3 

0.0 

-0.3 

Fig.lh. Inner and outt>r wall static pressure distributi()ns 
for layout pf previous ~xr~rim~nts 
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Chapter 2 

THE EXPERIMENTAL APPARATUS 

2.1 Introduction 

A total of three experiments vere performed, ulin8 two comphtely 

different but geometrically ,1milar wind tunnel.. The firat expertment 

vas done on a simple rig vhich had no facility for heat tranafer mea8-

urements and which had only a 8hort recovery surface downatream of the 

curvature. The last two experiments were conducted on a more elaborate 

apparatus, havina a lonaer recovery aection and heat-tlux in8trumen

tation. In the qualification of both riga, careful attention was paid 

to the control of aidewall secondary flovs, in order that the measured 

flow be two-dimensional. The secondary-flow control techl&lquea which 

were developed for the first experiment (and are described in Appendix 

A) were also used on the seco"ld and third experiments. The two rigs 

will be described in sequence. They are shown in Figa. 4 and 6, and 

meaaurements stations are given in Table 2.1. 

2.2 The First Rig 

a. Physical Description 

The first test section was a 90° curved ~unnel of rectangular 

cross-section followed by a ~traight recovery tunnel. This test section 

was attached to the end of a long, straight, pretunnel, as ahown in Fig. 

2a. 

The pre tunnel 1s the test section of the two-story Heat and Mass 

Transfer Apparatus first described by Moffat (19). The operating con

trols and heavy equipment are on the first floor, the wind tunnel (and 

curved test section) are on a deck 4.5 meters off the first floor. The 

tunnel i8 open loop; after traveling over the test surface, the air is 

exhausted to the room. Incoming air is first filtered through 1.0 micron 

retention filter felt. The air then passes through a gate valve, which 

1& used to regulate the air speed. Once set at a nominal value, the 

variation of the freestream spe~d in experiments rerformed on the first 

rig was about 1%. Downstrea!T of the gate value are two blowers in 

series which provide up to 94 em of 1~0 pressure gain at S6 .J Imin 
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flov rate. The flov then pa •••• throuah a duct fro. the firat to a.coad 

Itory, where it .. ptie. into a plenua. Downatre .. of the planua are a 

h,!<.t exchanaer to \,'.ontrol tuperatura, acreena to reduce the .cale of 

any unlteady aotion., and a tvo-diaet' .• ional noule. The lide valli of 

the pretunnel are plexiglaa., a. ia the adju.table top vall. The floor 

of the pretunnel, over which flovs the boundary layer of intere.t, ia a 

hydraulically Rooth aurface .. de of aintered bronze particle.. There 

are 0.063 ca d18.~ter pre •• ure tap. in the .idewall. at 15.24 ca inter

vah in the aa1Ll flov direction, over the pretunnel'. 2.43 aeter length. 

At the start of the experiaentl the top vall v •• adju.ted .0 that, for 

the condition. of the firlt experiQent, the Itatic prelsure at all tapI 

va. equal within 1% of the freeltre .. dynamic pre.aure. 

I 

AI mentioned in the ;'irat chapter, one of the ala. of this aerie. 

of experiments val to Ie' up a flow for which the Itatic pre.sure va. 

conltant not only in the pretunnel, but allo over the convex te.t sur

face and recovery plate. The criterion of conltant vall pre •• ure wa. 

applied to the design of the curved and recovery sectionl by ule of a 

theoretical prediction of the Ita tic pressure distribution foe a tunnel 

of constant area. An in-house potential flow coaputer cod~, RELAX 

(written by W. C. Reynolds), vhich uses an irregular star relaxatio, 

method, was appUed to solve Laplace's equation. Figs. la and Ib .how 

the tunnel cross sectf.on and predicted pre8sure distribution for the 

constant cross-section duct that could have been Illed without appli

cation of the constant-pressure criterion. To maintain the test surface 

preu~re constant, it is clear that the tunnel wst be widened at the 

start of curvature and narroved near the ~nd of curvature. Figs. 2a and 

2b show the tunnel conf1gurat1on and wall static pressure distributions 

which were finally obtained after several computer runs. The test 

surface pre6::ture has been held constant at the price of intro~ucin8 a 

severe adverse pressure gradient at the start of curvature and a strong 

favorable pressure gradient at the end of curvature on the concave wall. 

After the tunnel conf iguratlou of Fig. 2a had been detemined. 

boundary layer calculations were made for the top (concave) and bot

tOIl (convex) walls using STAN5. The results showed that the adverse 

pressure gradient on the concave side was strong enough to cause a 
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'.paration vhich, in turn, va, large enouah to up •• t the potential 

flov prel.ure di'trlbutlon. to raDedy the lituation, a ~de.t aaount of 

auction va. applied at the beginnina of curvature on the concave vall, 

and a.paration va. prevented. 

To provide the luction at the start of curvature, a re.trlctlon va, 

installed at the downltre .. end of the tunnel. Thll ratled the atetic 

..,re .. u"~ in the tunnel to about 1. 5 c ... -~O over ataospheric. At the 

start ,-f .:urvature. in the region of adver.e pres.ure gradient. a porous 

plate vas inltalled as an integral part of the concave waU. On the 

out. ide of the porou. plate wa. a plenua box vith three sections. The 

sections spanned the tunnel vidth and were arranged sequentially in the 

downltream dlrection. as shown 1n Fig. 3. Each of the plenuma vas con

nected to the atmosphere by a valve which was adjusted to control the 

rate of suctl~n. The contours of the final test 8~ction and the mealur

ing stations are shown in Fig. 4. 

All th~ static pressure taps were constructed as shown in Fig. 5. 

Firlt, a .5 em diameter hole was drilled from the back of the teat sur

face into the spacer. almost all the way through. A .63 .. outside 

di .. et~r hole was then drilled through froa the test surface. Finally, 

a .5 em 0.1>. copper tube, which served as a connector to the tubing 

transmitting the pressure signal, was inserted and sealed with epoxy. 

In the pretunnel, upstream of curvature, there were static pressure 

taps every 15.24 cm., located in the side walls. From 15 em upstream of 

the start of curvature to the end of recovery, the taps were located in 

the test surface. For 15 cm upstream and downstream of the start of 

curvature, the sp~clng of the taps was every 1.S cm. In the curved re

gion the tap spacl~g was ~vey 5 cm. From 15 em before the end of curva

ture to 15 em downstr~am of t~u end of curvature. the spaclng was again 

2.5 cm. In the recovery reb'L , taps were 5 cm apart. There were 128 

taps in total, of which 38 ..,ere On the tunnel centerline. At 15 sta

tions there were co~~lete span..,ise sets of pressure taps at 10 cm spac

Ings In the spanwise direction. About ~very third centerline tap was 

part of a spanwlse set. 

10 



r 
\. 

, .. 
i 

b. Qualification of the Flow 

The two-dimens1.onal1ty of the flow wa. checked a. part of the 

qualification procedure. It was found that, although the flow was very 

two-dimensional upstream of the curve, the secondary flows generated on 

the parallel aide walls by the pressure gradient normal tu the test sur

fBce caused significant spanwise non-uniformities in the curved and re

covery sections. This problem was solved by skilllllling off the sidewdl 

boundary layers just upstream of the curvature and also ~nQtalling 

boundary layer fences downstream. Details of experiments conducted to 

study two-dimensionality are given in Appendix A. After installation of 

the fences, the spanwise variation of the integral properties (C f /2, 

°1 , and 02) across the center 13 cm of the channel was less than 

± 2.5% at stations 5 (after 40° of curvature) and 9 (in the middle of 

the recovery plate). 

For the test conditions chosen, the free stream speed upstream of 

curvature was 1600 em/sec (52.5 ft/sec). Surveys of the boundary 14yer 

in the flat pre-tunnel showed it to have normal, zero-pressure-gradient, 

turbulent boundary layer profiles in the mean velocity and all Reynolds' 

stresses. The Reynolds number based on momentum thickness was about 

5000 at the start of curvature, the point where .;.tstance ", measured 

along the surface, was designated to be zero. The thicknesf! of the 

boundary layer (based o~ U • 0.99 Up) varied from 2.95 em at the first 

measuring station, Station 1, 71.1 em upstream of the curvature, to 4.88 

Cm at the end of the section, Station 10. 44.2'; em downstream of the 

curvature. In the curved section, the ratio of the 99% boundary layer 

thickness to radius of curvature varied from 0.085 near the start, 

Station 3, to 0.097 at the end. 

2.3 The Second Rig 

a. Physical Description 

The second rig was in many ways similar to the first. It, too, had 

a pretunnel, the test wall of which was a flat preplate, a convex curved 

test section, and a flat recovery plate downstream. The radius of cur

vatur~ was 4S em (17.7 inches), the same as for the first rig, the tun

nel height, width, and length of preplate were nearly the same. The 
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major differences were these: the second rig had a recovery plate that 

was twice as long a8 that of the first rig; the preplate. the curved. 

and the recovery test surfaces were copper and fully instrumented for 

heat transfer measur~ents; and finally, the second tunnel was a closed

return system. 

The physical layout of the tunnel is shown in Fig. 6. A large 

centrifugal ventilation blower located downstream of the test section 

delivers pressurized air to a 61 cm diameter duct which connects the 

blower to a plenum box at the upstream end of the tunnel. Downstream of 

the plenum is a two-d~1Densional contraction nozzle with an 11: 1 area 

ratio, a "teaL exchanger, and six sets of screens. Following the con

traction, the potential core has a velocity profile flat within 0.15 

percent of the mean and a streamwise turbulence intensity (u'/U~) of 

0.5 percent. The bOIIQdary layer on the test surface is tripped just 

downstream of the nozzle exit and then flows over the preplate, which 1s 

203 cm long. The tunnel height measured to the wall oP?osite the test 

surface, is adjustable to give zero pressure gradient, but in the pre

plate region, for the experiments to be described, it was always set 

close to 19 cm. 

The convex curved surface was made up of 14 copper plates, each 

approximately 5 em tn the streamwise direction and 50 cm wide. After 

assembly. the surface was turned on a large lathe to give a constant 

radius of curvature of 45 cm. Various types of instrumentation, de

scribed by Simon and Moffat [20J, was imbedded in the test surface, 

which allowed very accurate measurement of the surface heat flux. The 

convex surfa':e also had fourteen .tl3 mm diameter wall-static pressure 

taps just off the centerline. On each of thcee plates -- at the begin

ning, middle, and end of the curve -- there were five spanwise pressure 

taps which were used to check for any gross irregularities in the flow. 

The parallel side walls and the ollter (concave) walls of the tunne:' were 

Plexiglas. 

As was the case with the first rig, suction had to be applied on 

the concave wall near the start of curvature. On this rig, however, the 

suction box design was replaced by a series of seven louvres, as shown 

in Fig. 7. !l.e skimming of the sidewall boundary layers upstream of 
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curvature was handled in the same was as on the first rig. To replace 

the air which was exhausted to the atmosphere through these louvers and 

at various other places, a small blower was used to inject air into a 

plenl.D just upstream of th~ main blower. To assure cleanliness of the 

injected air, the small blower drew air from a filter box covered with 

1 micron retention filter felt. The rate of injection (and hence the 

tunnel overpressure) was controlled by a slide valve between the blower 

and the plenum. 

b. Qualification of the Flow 

As with the first rig, qualification tests were run to see whether 

the flow was two-dimensional. It was found that the secondary flow 

techniques developed on the first rig worked well but that the flow 

upstream of the curve was slightly irregular in the spanwise direction 

-- integral properties (Cf/Z, 01' and 0Z) varied by about ± 10 percent 

relative to the spanwise average of five profiles, each spaced 10 cm 

apart at the beginning of the curved sector. The problem turned out to 

be associated with a bend il~ the return duct, and when this was correc

ted the flow was everywhere acceptably two-dimensional (spanwise Varia

tion les than 5%). 

There were two experiments run on the second rig, with different 

values of o/R. For the first experime'lt, the pretunnel fl'eestream 

speed was 1510 em/sec (49.5 ft/sec), The inlet boundary laye~ was, as 

in the case of the first rig, a normal, zero-pressure gradient turbulent 

boundary layer as shown by examination of mean veloci ty and Reynolds' 

stress profiles at the start of curvature. At the start of curvature, 

the momentum thickness Reynolds number was 3763, and the ratio of bound

ary layer thickness to radius of curvature was nominally 0.100. 

For the third experiment, one of the two trips used in the second 

experiment was removed so the boundary layer thickness was less. The 

freestrearo speed was 1460 cm/sec (47.9 f:/sec~, and the boundary layer 

momentum thickness Reynolds number was about Z300. In this experiment 

the ratio of boundary layer thickness to radius of curvature was 0.05. 
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2.4 "-asuring Egulp!ent 

The lIoat accurate lIean flow lIeaaurellentl were taken using wall

static pres.ures and pitot tubes, which were travened aero.. the 

boundary layer (n-direction). The outslde diueter of the enda of 

theae tubel waa 0.71 l1li. The wall-atatic pr .. "ure and total-to-atatic 

preasure differences were read froll Valldyne PH-91 transducera callbra

ted to aasure 11nearlty to * 0.25% of full-acale output. In the curved 

region, the static pre8sure was read at the wall, and the local velocity 

was then calculated from the formula, 

u (P -P ) - (P -P ) 
t 9W r sw 

-1 _ 1 l ~1/2 l (1 + n/R/J I 
which is derived and explained in Appendix B. 

Hean velocity measurements were also taken uslng 8 DlSA 55MOl 

constant-temperature anemometer, a TSI 1076 l1nearizer, and a DlSA 

55P01 horizontal wire probe. Because of the limitations of hot wlres t 

these lIean-velocity measurements are less accurate than the pitot data. 

However, they were useful to check the pitot data and, at stations near 

the start of curvature (where the static pressure distribution was un

known), they provided the only mean measurements. 

The horizontal-wire bridge signal was used in conjunction with a 

TSI 1076 l1nearizer and a DISA 55D35 True RMS meter to measure turbu

leuce intensities and the dissipation rate. 

Measurements of the Reynolds stress tensor were I114de using two DlSA 

55M01 bridges, two TSI 1076 lineari~ers, and a DISA 55P51 x-wlre probe. 

Detailo are given in Appendix D. 
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Table 2.1 

l~cationa of Mea.urement Stations for Profile. 

of Velocity and TUrbulence Propertie. 

Firat Ria (First Bxperiaent) 

Stre_wile 

Coordinate. 
Statton No. Location 

8 (em) 

-71.75 
1 Flat wall, pre tunnel 

2 Flat wall, pretunnel -41.27 

3 Flat wall, pretunnel -6.19 

4 Curved reglon, at 20.6° turn +16.20 

5 Curved region. at 42.8° turn +33.65 

6 Curved region, at 64.7° turn +50.80 

7 Curved region, at 81.6° turn +64.13 

8 Flat recovery zone +81.91 

9 Flat recovery zone +97.16 

10 Flat recovery zone +112.4 
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Table 2.1 (cont.) 

Second Rig (Second and Third Experimente) 

Station Streaawise 
Number Notes Location Coordinate, _(em) 

1 b,c,d,e Flat wall, pretunnel -ll8.74 

2 b,c,d,e Flat wall, pretunnel -74.29 

3 e Flat wall. pretunnel -52.70 

4 b,d,e Flat wall. pretunnel -41.28 

5 b Flat wall, pre tunnel -29.84 

6 a,d,e Curved region. at 0° turn 0.00 

7 Curved region. at 13° turn +10.39 

8 e Curved region. at 31° turn +25.19 

9 Curved region, at 52° turn +41.48 

10 e Curved region. at 72° turn +61. 72 

II (This s ta tion was never used) 

12 Flat recovery ;;::one +88.47 

13 e Flat recovery zone +103.71 

14 Flat recovery zone +118.95 

15 e Flat recovery zone +124.79 

16 e Flat recovery zone +149.43 

17 Flat recovery zone +164.78 

Notes: 

(a) No pitot mean profiles, second experiment. 

( b) No single hot-wire profiles, second experiment. 

(c) No cross-wire profiles, second experiment. 

(d) No pitot mean profiles, third experiment. 

(e) No turbulence profiles. third experiment. 
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Chapter 1 

EXPERIMENTAL RESULTS AND INTERPREtlTION 

3.1 Introduction 

Results from I!ach of the three experimente vill be preeented in 

turn, and then aeneral conclusions viII be drawn. The first experiment 

(denoted as Exp. 1) vas performed on the r.old-flow rig, which had only a 

short recovery plate. The value of 6/k va~ close to 0.10. The second 

and third experiments (Exp. 2 and Exp. 3) we're perf(\tmed on the heat

transfer rig, vhere more data could be gathered on the recovery process. 

In the second experiment (Exp. 2) the value of 6/R vas asain close to 

0.10, and so it constitutes a repeat and extension of the first experi

lIent. The third experiment (Exp. 3) was run vith a thinner bo'Jndary 

layer; the value of 6/R was 0.05. 

3.2 R~su1ts of the First Ex~eriment (Exp. 1) 

a. Static Pressure Measurements 

The distrihution of static pressure for the hrst experiment is 

shown in Fig. 8. The largest value of the static pressul'e coefficient. 

defined as 

c 
p 

p - p 
sw sw,s·o 

• ---1 -~--. 
- p U 
~ pw 

(3-1) 

1& 0.029. Thh is Ii 5mall value. however. the pressurt' coefficient 

does ch3nge from +0.029 to -0.010 in Ii short distance near the start of 

curV'lture. To che('k whether 'the resu1tinL press.lre gradient was strong 

enf.>ugh to affect the turbulence structure, it was necessary to calculale 

the value of ~he acce1er1tion parametpr K , defined as 

JU .. 
K • dx 

de 
-\I J 

,.. W dx .. (3-2) 

To get an approximate value ~'f the pressure gradient, it was 8&-

SUllIed that the distribution of 

sinusoidal over a 30 em length. 

- -

c p near the start of curwlture wa. 

-



L 

c • 0.029 sin 21x 
p W 

dC 
1( lIX _J • 0.029 15 cos n dx 

This pre •• ure field ha. a maximua value of K of about 

(3-3) 

(3-4) 

-7 2.5 x 10 • 

Thil value il about an oTder of magnitude lower than the value needed to 

significantly change the turbulence structure near the wall. ThUI, 

experimental results should not be affected by any pressure gradients 

not directly asociated with the curvdture. 

b. Mean Velocity Measurements 

Figure 9 shows mean-velocity rrofiles taken upstream of curvature, 

at station 2, at station 5 (after approximately 40 0 of curve), and at 

station 10, the last station on the recovery plate for Exp. 1. 

It should be explained that the ordinate in Fig. 10 is the local 

velocity U divided, not by the velocity at the edge of the boundary 

layer, as is customary on a flat wall, but by the local potential flow 

velocity Up' Up is calculated from an assumed free-vortex distribu

tion: 

U • p 

R 
U 0 

pw it +n 
a 

(3-5) 

where Ro is the wall radius of curvature. After a moment's reflec

tion, it is clear that nondimensionalizing on Up over the curved vall 

is the exact analog of nondimensionalizing on the edge velocity over a 

flat wall. On a nat wall, Up is effectively the edge velocity at 

every distance from the wall. 

The upstream profile compares well with that expected for a fully 

turbulent boundary layer; the shape factor, H, is 1.36. The profUe 

at station 5 (after 40° of bend), however, looks more like a transi-

tional or even a laminar boundary layer. The velocity gradient is 

higher in the vake region and, although it is not readily apparent from 

Fig. 9, the velocity gradient is lower near the wall. Originally. it 

was ,"xpected that in the recovery region the velocity profiles would 

relax back I:owllrd the upstream profile as thE;! flow Jloved downstream in 

?3 
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the recovery reaion. We vere very lurprhed to .ee the profile. eon

tlnue to 10 •• th.ir fullo .... end the lhape factora r ... in hiah. At the 

end of the "r.eovery~ •• etion, the recovery of the .. an-velocity profile 

i. not apparent at all. 

The volcclty profile. vere then replotted In Inner eoordinatel, a. 

ahown in F1S. 10. The lIethod uled to calculate ut 11 de.cribed In 

Appendix C. It 1, clear that the up.trea. profile froll St.tion 1 tol

low. the law of the wall. 

1 (nUt) 
- .41 1n v + 5.0 (3-6) 

It 1. clear that the profiles 1n the curved res ion also follow the 

law of the wall, althoush they beeolle n(Jl,-logarithlllc at a lower value 

of n+ in the curved region. In the profIles from 60° (station 6) on, 

it is also possible that there is a second losarithmic zone froll n + II 

200 to n+ 2: 1500. The profiles at stations 6, 7. and 8 show the 

phenJ1lenon IIIOst clearly, the second (outer) logarithllic zone seelll to be 

breakins down at Stations 9 and 10. however. 

The fact that the curved-wall pr~file8 followed the law of the wall 

close to the wall but became non-logarithllic at a low~r value of n+ Is 

an indicatIon that the curvature phenomenon 18 stronger In the outer 

portion of the flow than in the more highly turbulent layers nearelt the 

wall. Thh behavior where surface layers are little affected 18 unu.

ual. In the cas~ of many other phenomena which affect turbulence struc

ture, such as longitudinal ,relsure gradients, transpiration, Ol surface 

roughnesl, the law of the wall function must be modified to fit the data 

U accurate f1 t8 are needed. With these other phenomena, except for 

prp.ssure gradients, it is the wall layers whIch are lIOit affected. 

Since the data follow the logarithmic law of the wall, one tIlay 

calculdt~ the wall skin friction by the Clauser plot method described in 

Appendix C. The results Me shown in Fig. 11, where C f/2 is plotted 

as a function of d1stanc.a s along the centerline of the wall. For 

purpoaes of comparison. we have included iii. solid line showing the 

flat-wall akin friction distribution predicted by the boundary layer 

code STAN5 [l}, using the measured profile at statiO'l 1 as ;1n initial 
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condition. The condition. at atation 2 are well predicted by the pro

Iru. but the prediction and the data •• parate a. .oon a. the flow 

enten the curve. The effect of the curvature 18 to reduce the .a11-

.hear .tre •• at StatioD 7, after 80° of turninl. by about 33% -- a larae 

a.ount, but an eaount con.1atent with that expected fro. exaainat10n of 

the data of other 1nves tilatora. The akln-fr1c tion data alao .ho'- the 

seae trend ae the mean-velo~1tf profile. Namely, the effects of curva

ture apPtiar quickly (the dropoff of wall ahear 1s quite apparent at 20° 

-- only 3.5 boundary-layer thicknesses downatream of the 8tart of curva

ture), but the disappearance of thOle effect8 1n the recovery region i. 

clearly an extremely dow process. The last point, at Station 10, 18 

11.7 boundary-layer thickn~8ses dOWDstream of the end of curvature. a~d 

no recovery 1s apparent. 

In Fig. 12 the displacement and momentum thicknesses have been 

plotted as a function of s. Over the flat portions of the wa':"l. up

stream and recovery. the definition of these quantities is conventional, 

but for the proflles in the curved region. definitions developed by 

HonalDi (21) were used. Honami calculated the integral parameters by 

imposing the conditions that 

(\ 
fa Up dn 

_ (flO (U -U) dn 
Jo p 

· fflO U(U -U) dn 
o p 

(3-7) 

(3-8) 

The physical basis for these definitions, in the c; . ~ of 61 > is 

the idea that the displacement thickness should correspond to the dis

tance the wall must be displaced into the potential flow field to ac

r.ount for the mass-flow deficit caused by the velocity defect in the 

boundary layer. 
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Fig. 12 shows a rapid increase in both °1 and 62 in the reeov-

* ery section after the dip at the end of the eur-~ed wall. One lI.eehani811 

which could cause this rapid increase is the action of any residual sec

ondary flow rl'OID the channel end walls, which was not removed by the 

lIeaaures described 1.n A.ppendix A.. The secondary flow drives extra-low 

moaentlD fluid to~ard the centerline. If the flow were entirely free 

of any secondary flow 1.nfluence, 

frOll the momentum integral equation, 

then it is possible to calculate, 

the rate of growth of 

recovery region. Ber 'use the static pressure is constant, the two-

dimensional moment\El ~ ,)gral equation reduces to 

6
2
(x) f. x Cf 

62 + "2 dx 
o 0 

(3-9) • 

where 62 is the momentum thickness at some starting p«)int, here taken 
o 

at station 8, s" 33 cm. Fig. 13 shows the measured 62 (PI.) and the 

calculated 62 (PR) in the recovery region. In the recovery region, 

PL increa~es faster than PR, indicating that some secondary flows may 

be present. This idea was checked usiog a form of the mome~tum integral 

equation which allows for secondary flow, 

6
2
(x) f. x Cf 

62 + "2 dx 
o 0 

(3-10) 

where a - arctan W/U. and Z ,.. 0 on the centerline. The basic 

assumptions are that all mean velocity profiles are collateral (not 

skewed) and that the boundary layer flow is a simple convergent or di

vergent flow. Using Eqn. (3-10) along with the measured values of 62 
and Cf /2, the effective secondary flow angle for thp center 13 em of 

the flow was calculated. The results are shown in Table 3-1 below, 

along with flow angles in the boundary layer measured with the Conrad 

probe (see Appendices A and E), and the agreement is close enough to 

sustain the conclusion that the difference between PL and PR is 

caused by secondary flow. 

* The "dip" in the first experiment is yet to be explained. The 
62 at Station 8 was repeatable. The "dip" did not appear in experi
ments two (Fig. 32) or three (Fig. 47). 
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Table 3-1 

Calculated and Heasured Secondary flow Anale, 
for the Recovery Section of First Experiment 

8 (em) 32.25 38.25 44.25 

Eqn. (3-10) 0.7 0 3.7° 1.4° 

Measured * 
Flow Angle 3 0 2° l.~ 

Average vlllue 1n profile, see tabulated data 

for details. 

From the mean velocity profiles, it was possible to calculate the 

rate of entrainment. On a flat wall, the boundary layer mass flux is 

simply 

(3-11) 

On a curved wall, however, we used the form.ula 

m - [

R + 6l 
~ U R tn --.-?--r pw 0 R + 01 

o -' 

(3-12) 

which 1s derived and explained in Appendix H. l{esults for upstream and 

curved regions are shown in Fig. 14. Results are not plotted for the 

recovery region, because the secondary flow which is present there tends 

to influence the rate of growth of the integral quantities. 

The solid line shown in Fig. 14 has the slope calculated frolll known 

correlnt 10ns for flat-wall turbulent boundary layers without pressure 

gradients , 

0.2 
0.037 B (-is) 

"" 

(3-lJ) 

and 

6 • 
6 
2 

n~ 
(3-14) 
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The fact that the flat-vall data have the .... elope •• predicted by 

Eqn. (3-13) il another indication that the boundary layer upltrea of 

curvature la noraal. Fig. 14 ahove that the entr.lnaent rate, ~/ds, 
is guatly reduced by the curvature. Since the .. chani .. by v:.lch frtle

stre .. fluid 18 entrained into the boundary layer hal been linked to 

actlon of large-scale sweeping .oUone near the edae of the boundary 

layer. this result sUKgeats that preaence of the pre •• ure gradient 

norlMl to t he wall (ap fa n .. pU2/ (R +n» haa inhi bi te<1 theee large-
s \) 

scale mot ion$. Funher evidence vill be pres.nted to support this 

hypothesis. 

c. Turbulence Intensity Measurements -----_.. . *-------
Turbulence-intensity profiles were taken at all ten stations 1n 

Exp. 1. In Fig. IS is an isometric plot of .!l ten profiles with dia-

tance along the centerline itS 3 parameter. The curvllture clearly af-

feets the pruf 11e shape. For example. the peak turbu lence intensity. 

which occurs vri!ry near the wall, 1ecUnes quickly after the start of 

curvature. Fig. D also provides s\)IJle coniinnation of the slow recovery 

trend observed in the! mt'an-velocity profiles. The pc-ofile taken at 

station 10 lihows a higher lev~l of turbulence intensity than the pro

files taken over the curved surface, but it is not nearly so intense as 

the profiles upstre31B of the curve. The recovery that is set'n takes 

place first at the wall and then diffuses slowly outward. At the last 

recov~("y station, the ~bulge" of increased turbulence, outside of the 

sharp peak, has reacheu only about halfway across the layer. 

In l'i~. 16, the four profiles of u' taken in the curved region 

have been superimposed. It is i~tt'rest ing that there the prof ilea at 

40, 60, dod 80" are very similar. This indh'ates that, near the end of 

the curve, the process of accolllDlOdation to curvature by the turbulence 

18 near ly comp It'te. liy ItCCOllll1loJlltion, we me~n that 11 fa.r degree of 

similarley in pI"ofilt>. shape is achieved after 40 dt'~rees of l~lIrvllture. 

Compllri~on of curved prof ties of Stations ~, b, and 7 with the upstream 

prof lle8 shows another lntf~rcst ing fal~t. 11} the upstream profile the 

value of u' falls ott sharply at first And then with a steady negative 

slope from 11/5 • 0.0'1 to n/5· 0.8. Beyond 0.80 the r"te of dropeff 



inc~eases, due to the action of lnteraittency. For the profiles in the 

curved reaion. however. after the initial sharp dropoff. there 18 a 

region from n/u. 0.40 to n/6· .80 where the value of u' 11 

fairly constant. This "shelf" will be diacu .. ed 1n lIlore detan in Sec' 

tton e. 

d. Meaaure_ant of Dissipation 

Approxiaate measure_ents vere alao .. de of the dissipation rate. In 

doing so the usual a8sUlllpt~.on that the mall-scale lIlOtions which are 

responsible for the dissipation are isotropic vas made. This means the 

dissipation is approximately [22] 

( .. (3-15) 

Using Taylor's hypothesis, this becomes 

'1 

( 
15 v (dU)· 

::r --- at 
U2 t 

(3-16) 

Eq. (3-16) was used to determine the dissipat 1"n rate from the time-

differentiated horizontal wire signal. As pointed O\Jt by Klebanoff 

[23], this method of measuring dissipation is not completely accurate 

because of assumption of isotropy. However, the mea~urements are useful 

foc qualitative comparison ot the structure of curved and flat boundary 

layers. Profiles tak~n at stations I, 5, and 10 llre shown in Fig. 17. 

The results are nondlmensionalhed on lIpw and 6. 111e profiles show 

that the dissipation ratc over the curved surface is different from the 

dissipation rate over the flat surface, especially outside of u/6 or 

0.1. The profile at station 10 on the flat recovery surface shows a 

two-layered structure, not unUke the !i.hear-stress and turbulence

intensity profiles at the same station. 
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a. Measurement. of Reynold. Stra.s.s 

Complete Reynolds atress profile. vere taken at aU ten .tation. 

uatna the rotatable x-wire probe described in AppendIx D. Fig. 18 shovs 

the - uv profile measured upstream of curvature at station 1, plottad 

along with a profile taken by Klebanoff. The agreeaent i& rea.onable. 

Further, the value of wall-shear .tre .. obtained by the Clauser method 

froa the ~ean-vel~clty profile wa. used to noraaliae the d~ta in Flg. 18 

to give unity value at n/6. 0.0, and it 1. clear that the ~xtrapolated 

turbulent shear stre.s lIne agrees with the wall ahear, a. it should. 

11gul-e 19 is an isometrtc plot of aU ten shear-stress profiles 

va. n/6. This plot ahows the draatie effect of curvature on shear 

stress. The first three profiles. taken before the onset of curvature. 

are quite s1milar and display a high level ~f turbulent shear stress at 

the wall and well out into the boundary layer to n/6" 0.1 or 0.2. 

However, the prof He at ststion l, which is just upstrealll of the start 

of wall curvature, shows a slightly reduced level of turbulent shear 

stress in the wake, while the near-wall layers seem to be unaffected. 

Becaust> streamline curvature outside of the wall layers must start a 

little upstream of s· 0, the outer layers are :tffected by curvature 

at Station 3. This result gives more evidence that the curvdture ef

fects are powerful and that they are felt away from the wall more than 

in the wall layers_ The transformation in profile shape from station 3 

to stst10n 4 is dramatic- The shear stress virtually disappears in the 

outer ]0% of the iayer and is greatly reduced near the wall. Down-

stream, the prottles seel1l to recover a little but have a shape which is 

much like the profile at 20 0
_ In the recovery %one, the profile shape 

changeR markedly froUl the last curved proftle. at 80° af turn, to the 

first recovery ~rof11e at Station 7. 10 the recovery profiles there is 

a layer close to the wall where the gradient of shear stress in the 0 

direction is approximately zero. Nevertheles8. the shear-stress pro

files also show the "slow recovery" from the effects of curvature 

already seen 1n the sk.in-friction, mean velocity profiles, and the 

turbulence-intensity profiles. Examination of the last recovery station 
-- 2 shows that the value of - uv/U is still very low at all values of 

pw 
n/6 compared to the upstream profiles. 
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Figure 19 also shows the wall values OI shear ,tress calculated 

from the mean profiles at each station. At all stations (except station 
- 2 4), the value of shear stress extrapolated from the uv/U profiles 

pw 
agrees well with the law-of-the-wall values. Agreement betweeu extrapo-

lated turbulent and mean-velocity wall shear is a good indication that 

the data presented are reliable. The fact that there is good agreement 

in the curved region is perhaps a surprise. Many analytical derivations 

of the law of the wall assume that there is a region in the fully turbu

lent zones near the wall where the shear stress is nearly independent of 

distance from the wall and equal to the wall-shear stress. The curved 

surface profiles do not s~ow such a region. 

Figure 20 compares the shear-stress profiles at stations 3 and 4. 

It is clear that the enormous change takes place in a downstream dis

tance of only about five boundary-layer thicknesses. Such a large 

change 1n the Reynolds stress 1n so short a d1stance clearly means that 

the large and medium scale, stress-carrying "eddies" ill the boundary 

layer are far from equilibrium. [t is not surprising, then. that the 

wall shear calculated from the Cla~ser plot method (which assumes that 

the boundary layer "eddy" structure is at or near equilibrium) is not in 

agreement with - uv profile extrapolated to give a wall-shear stress. 

The extrapolated values are believed to be closer t() the true values 

of uT ' 

In Fig. 21 the shear-stress profiles are plott~d for the stations 

nominally at 40. 60. and 800 of the curve. There is a region between 

n/6 • .10 and n/6 - .JS where all the profiles collapse on a single 

curve. While this is not a large fraction of 6. it 1s a significant 

fraction of the region where uv is large. Profile collapse indicates 

that the boundary layer turbulence structure may have attained au "equ1-

libriun:" state, an idea which is supported by the observation that this 
+ is the same region where the second log zone appears in the u va. 

y+ data. In the region beyond n/o - .75, the profile at 40° shows 

positive values of uv, as does the 20° profile shown in Fig. 20. The 

values of positive uv are not large but are larger than the uncer

tainty in the data (see Appendix D). Previous convex-curvature exper

iments (So and Meller) at similar conditions also found a region of 
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p08itive uv far fro. the vall, but attributed it to uncertainty in the 

data. 

Aa discu8sed in Appendix D, the design of our croa'-!ire-£robe al

lowed us to .~a.ure all the turbulent normal atreaa (u, v, and 

v
2) at eaci~ point. From these ve were able to calculate the turbulence 

kinetic energy (q2 /2 ). Fig. 22 shovs three q2/2 profilea for repre

sentative upstream curved-vall and recovery stations. The level of q2 

decline. due to curvature, but not as draatically 8S the shear stresa. 

- uv. 

Plotting profiles of the individual components of 2 q allows a 

clearer picture to develop. Figs. 23, 24, and 25 show the normal 

stresses at stations 1, 5, and 7. Upstream of curvature (Fig. 23). the 

normal stresses are very different in magnitude near the wall but ap

proach the salDe values near the free stream. Fig. 24, which is a pro

file typical of the curved region, shows that, near the wall, the three 

Reynolds stresoes are more nearly equal than on a flat wall. The most 

remarkable thing. however. 1s the shape of the profiles. All three 

quantities fall off sharply near the wall, and (at about the same 

y/o value where - uv/U 2 has reached a value close to zero) they pw 
hti\'e approximately the same magni.tude (v' is slightly lower than u' 

and w·) • Unlike the upstre8DI profile, the level of each component 

stays fairly constant from n/6 '" 0.3 to n/6:r 0.8. Beyond 0/6 • 

0.8, the magnitude of the turbulent normal stress drop8 off due to 

intermittency of the turbulence at the outer edge of the layer. Thus. 

there is a region where the values of u ' • v'. and w' are nearly 

equal and where the gradient of each in the n direction is 8l11al1. In 

this same region, the turbulent shear stress is close to zero. 

The prof iles near 80 0 of turn, plotted in Fig. 25. show the same 

behaVior, except that the l,,-~el of the "shelf" is lower. 

The explanation for the shape Jf the norlll8l stress profile is ob

tained from the turbulence kinetic energy equation. Over a curved wall, 

it has the form [141: 
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- t (3-17) 

vhere t is the dissipation rB.te for conversion of turbulence energy to 

internal thermal energy. If the gradients of q2 in the normal direc

tion ar.. small (as the profiles in the outer parts of the curved flov 

shov they are). then the redistribution terms in the line directly 

above t can be assumed to be negligible. For this experiment, the 

three terms au/Cls, VIR, and avIan are also negligible, as they 

would be in a constant freestream-velvcity, plane-wall layer. For the 

region where u I .. v' .. w', we also have seen that uv· O. This 

leaves the disSipation as the only significant term on the RHS of the 

equation. On the LHS, the second term which depends on 3(q2 /2 )/3n 

witl also be small. The TKE equation then reduces to: 

d(q~(2) 
ds 

£ 

U (3-18) • 

This equation predicts that the level of the "shelf" should decline 

monotonically as the flow ;noves downstream. Figs. 24 and 25 show this 

is clearly the case. The turbulence in the ollter part of the layer is 

then "debris" from the preceding flat-wall boundary layer. which simply 

decays as it is convected downstream. 

To test this conjecture, the following calculations were made. 

First. from the mean-f low data the positions (n( s}) of mean-flow 

streamlines were located. The data were then studied as a function of 

distance s along the curve. If the turbulence in the outer parts of 

the boundary layer is indeed quasi-isotropic. then its decay, 8S it is 

convected downstream by the flow, should be predictable. We employed a 

model for the decay of isotrupic turbulence given 

2 
q • q! + :t; __ 1 

[

-1 -6/5 

qo .J 
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where qo is the initial value of q2 and '0 i8 the initial value of 

the rate of turbulence diuipaUon. '0 in our computation was taken 

from the dissipation measurements. UsinS Taylor's hypothesis to replace 

t by xlU and with the conditions at station 5 as initial conditions, 

the decay of the turbulence was calculated along a streamline. The re

sults are siv.n in Table 3-2 below. 

Table 3-2 

Comparison of Calculation and Experiment 

Turnins Distance Exper. Calcul. 

Remarks Ansle Station s-so q2 2 q 

(degrees) (cm) (cm2/sec2) (cm2 /sec2 ) 

Curved 40 5 0.0 6230 • q 2 
0 

Curved 60 b 17.8 4900 4400 

Curved 80 7 30.5 4200 3600 

Flat Reeov. 8 42.2 4900 3100 

The model and experiment show fair agreement in the curved region, 

although the calculated decay is slightly faster than the experimental 

rate up to Station 7. The agreement is bad in the recovery region, Sta-

tion 8, but this is to be expected. The appearance of significant 

- uv in the outer region during flat-wall recovery produces (generates) 

new q2 which more than balances the decrease due to dissipation. The 

agreement is about the same for other streamlines which exist between 

the place where the shear stress becomes negligible (n/o '" 0.4) and 

where intermittency effects become important (n/o '" 0.7). This cal

culation 1s intended only to show thAt the turbulence decays at roughly 

the predicted rate in the curved region; the model employed is too crude 

to pursue further, and it is no good in the recovery zone. 

The fact that the turbulence in the outer layer decays leads to an 

interesting hypothesis, namely, if the curved region were long enough, 

the outer part of the layer would eventually become laminar. The "tur

bulent shear layer" would then fill only the inner 35% of the mean

velocity-gradient boundary layer, and the outer 65% would affect the 
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vall tr.n.port proce •••• only indirectly. If this hypotheli. i8 .ccep

ted, then it c.n be concluded th.t even close to the .t.rt of curv.ture, 

the larae.t .cale. of the "turbulent .he.r layer" .... t be of the order 

of .35 6. 

Since all the non-zero Reynolds strel.e. h.ve been .... ured, the 
- 2 structural eo ... fficient a· (- uv/q) can be computed. Profile. of 

• va. n/6 for three at.tiona are ahown in Fig. 26. Upatreaa of cur

vature a ia nearly conat.nt over al.aat all of the boundary layer .nd 

ia .bout equal to 0.145, a value in good .greement with previoua flat

plate measurements [26 J • For the curved boundary layer, however, • 

becomes a strong function of position acro.a the layer. Value8 of • 

beyond n/6 u.4 are not very reliabl~J because of the uncertainty in 

- uv on q2, both of which have low magnitudes. Many calculation 

methods employ the assumption that - uv/q2is a constant, and so it i8 

clear that some modification will be necessary if these models are ever 

to handle curvature. In the recovery reg10n, a very surprising trend is 

noticed. The recovery of the structural coefficient is very quick 
- "2 (compared to the sluggish recovery of the - uv snd u profiles). 

The idea that the "turbulent shear layer" is concentrated in a nar

rower zone within the "velocity-gradient layer" could also provide an 
- 2 explanation for the shape of the - uv/q profiles, if the "turbulent 

shear layer" hd~; its own intenD! ttency, as sketched in Fig. 27. If the 
- 2 ratio of - u':/q in the "turbulent shear layer" is about 0.145 as 

usual (and 8S it is near the wall), then a probe which time-averages 
2 - 2 - uv/q at a point wher~ instantaneous - uv/q is alternately 0.145 

(wall layer) and 0.0 (outer, decaying layer) could easily produce a pro

file like that at Station 5 in Fig. 26. 

J.J The Second Experiment 

Upon the completion of the first experiment, just described. the 

second rig went into operation. This rig had a recovery section which 

was about twice 8S long as that of the first rig and was in addition set 

up for 8urface heat-flux measurements. The first experiment run o~ the 

new rig was essentially 8 repeat of the experiment run on the old rig, 
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a8 a check on ita performance, and to obtain .are data on the slow re

covery process, which could not be deduced from the first expertaent. 

a. Static Pressure 

Figure 28 i. a plot of the measured wall static-pre.sure distritu

tlonj it, too, i8 flat, as for the first experiment (see FIg- 8), and, 

a. previously noted In Sec tion 3. 2A, thp- effec ts of pressure gradients 

on the wall layers are unimpottant. 

b. Two-Dimensionality and Inlet Boundary Layer 

The boundary-layer thickness was adjusted by installing trips In 

the "transition box" between the nozzle exit and the p"eplate. For 

Exp. 1, two 32 mm trips, each 1.25 cm wide, were installed about 25 em 

apart. This produced a boundary layer thickness at the start of curva

ture of 3.75 em. Figs. 29 and 30 shew the turbulence intensity and 

shear-stress prof iles plot ted wi th Klebanoff' s data for a constant 

pressure turbulent boundary layer of different. but. fully turbulent. 

flows (see Reo value denoted in Fig. 29). There is good agreement. 
2 

As with the first experiment, careful attention was paid to th~ 

two-dimensionaHty of the flow. In Fig. 31, the momentum thickness 

measured at flve spaowise locations 29.84 cm upstream of curvature are 

plotted VB. z. The variation is less than :t: S:/:. Also plotted are 

five profiles from station 13 in the recovery section. This station 

corresponds to a place on the first rig where the flow angles reached a 

maximum. Comparison of results in Fig. 31 t-> those frQm Exp. 1 (shown 

in Fig. A-12) shows that there is less secondary flow interference in 

this experiment. This observation was confirmed when the skew angles 

were measured. Finally, a plot of PL and PR, bhown in Fig. 32, 

shows that the two terms grow at the same rate from the middle of the 

curved region down to the end of the recovery plate. All results indi

cate that the flow in the longer recovery s~ction of Exp. 2, which was 

of pr 1me interest here. was ~c:EJ ~o-d_~~_!'I_~!_.?naL This point is im

portant because the observations from the first exp~riment about the 

slow process of recovery from curved to flat-wall conditions were con

firmed In the second experiment. We conclude that the effects noted ar'2 
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cOfitaminated little if at all by vall pressure gradients or by secondary 

flov effects. 

c. Hean-Velocity Measurements 

Figure 33 shovs mean-velocity profiles measured upstream (Stn. 5), 

in the center of the curve (S~n. 9), at the point (Stn. 14) vhich cor

responds to the last recovery station on the first experiment, and the 

farthest downstream measurement (Stn. 17) in the nev experiment. The 

most important trend noticed in the velocity profiles of the first ex

periment -- that recovery haf'l not even begun in the outer part of the 

layer ten boundary-l.3yer thicknesses downstream of the end of curvature 

- is clear again. T\ro new observations can be made from the new pro

file at station 17, which is 20 boundary layer thicknesses downstre~m. 

First, there does seem to be 80me recovery taking place very close to 

the wall, below n/6 - 0.05. Second, the profile is slIIoother beyond 

n/6 - 0.10, which is interpreted to meftn that th~ effects of the short 

region of longitudinal pressure gradient 1n the outer layers, at the end 

of curvature, have disappeared. 

The fact that the values of U/U p along given streamlines (or ap

proximately at given n/6) is }ncreasing as the flow moves downstream 

in the recovery region has certain implications about the shape of the 

shear-stress profile. As pointed out by Smits et a1. [27], the momentum 

equation, along a streamline in a constant-pressure flow, reduces to 

(3-20) 

where Pt is the stagnation pressure and 1 Is the total sh~ar stress. 

For the recovery points very near the wall, Pt is increasing down

stream. Sin~e 1 drops to zero at the edge of the boundary layer, one 

concludes that the gra.dient of 1 must be positive near the wall and 

that 1 must reach a maximum away from the wall, even when aPa/ax. O. 

l'igure 34 shows the distribution of wall shear computed from the 

mean-velocity profiles. Also shown for comparison are the data from the 

first experiment and the flat-wall predicted values for both data 

sets. There is obvious agreement. The new data &how that the recovery 
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procese 11 atill not coaplet. at &tation 17, about 20 boundary-layer 

thicknesses dcwn.tre .. of the end of curvature. 

lecaule the flow in the recovery zone of the 8econd experiment was 

two-diIHnaional, the growth rate of boundary-layer .... flux could be 

u.ed to elti.ate the entrainaent rate. The data pointe plotted In F1S' 

35 were obtained using the procedure described in Appendix I. It 18 

cleat' froa the plot ..:hat the entrainment rate t wbicb 18 reduced by the 

eurvature, rema1ns low all the way tbrough the recovery section. In 

this caBe a8 in Exp. 1, Fig- 1S, tbe solid line has the alore entrain

ment rate) expected for a flat-plate boundary layer. and 1t fits tbe 

data upstream of the start of curvature. 

The shape factor computed from the profiles is shown 1n Fl~... 36. 

The curvature raises H. as might be expected. and. although it dro,ls a 

bit, H stays higb all tbe way through recovery. 

d. Turbulence-Intensity Measurementa 

Figure 37 shows profiles of turbulence-intensity taken from three 

spanwise 10caLions downstream of curvature. They indicate clearly tbat 

the turbulence field was two-dimensional, wben compared to the profiles 

taken at ~hree streamwise locations (see Fig. 38). 

Data from the fiI'8t experiment showed that the recovery of the 

turbulence-intensity profiles started 8S a "bulge" near the wall wbich 

migrated across the layer as it moved dowstream. In Fig. 38 three 

turbulence-intensity profiles from the beginning (Stn. 12). the middle 

(Stn. 14) and the end of recovery (Strl. 17) have been plotted on top of 

each other. The profiles from Stns. 12 and 14 show the same outward

migrating bulge that was observed In the first data. However, there i8 

not too much change between stations 14 and 17, indicating that the tur

bulence proftles are nearing completion of their recovery. The "bulge" 

has all but disappeared by 8~ation 17. Figs. 33 and 34, of course, show 

tt't the mean-velocity profIle is nowhere near completing its recovery. 
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The turbulent .hear-.tre.. prof ilea for all station. are plotted 

laOlletrically in Fig. 39. Again, there 1& 800d agreement with the 

Clauser-plot IUn friction everywhere but at the first station in the 

curved region. In this experiment, the fir.t station in the curved zone 

i. much closer to the slart of curvature than in the first experiment, 

and there 18 a profile tak.en exactly at the point where the profile 

changes from nat to curved. Fi8' 40 .hows an up.stream profile, the 

profile tit the start of curvature, and the first two profiles in the 

curved region. The results of the fint experiment showed that there 

was a very quick. change in the shear-stres~ profiles after the onset of 

curvature, but Fig. 39 proves it to be even quicker than the first 

experiment indicated. Right at the start of curvature, the near-wall 
- 2 

va be of - uv/U is only slightly less than it is at station 4, which 
pw 

is 28 cm upstream. This indicates that the curvature effects have yet to 

really begin. At station 6, the change to a typical curved-wall profile 

is C'omplete -- in only 2.5 boundary-layer thicknesses. Yn the outer 

region, the profile at station 7 shows nearly zero shear stress. By 

station 8, the outer layer shear stress has become negative by a sig-

nif icant amount. A glance at Fig. 39 shows that the negative shear 

stress disappears &A the flow continues downstream. Ttl is region of 

negative shear stress is also apparent in Fig. 19 from the first ex

periment. 

The shear-stress profiles taken over the curved wall in tIle first 

experiment collapsed on each other when nondimen&ional1zed 011 U
2

• pw 
Fig. 41 shows that the last three profiles in the curved region collapse 

in the second experiment also. It seems clear that thet"e 18 some sort 

of simple scaling law waiting to be discovered. 

In the recovery region, there is no similarity of ~rofiles when 

- uv/u 2 i I d /~ Fi 42 h At th t t f s p otte vs. n u, 8S g. S OW8. e s-ar 0 re-
pw 

covery, there Is a very quick transformation In the shape of the pro-

file. Near the wall, the curved region profiles do not show an obvious 

region of constant stress, a, do the flat-wall profile'1 upstream. The 

prOfile at station 12, however, suggests that there is a constan~ stress 

region beyond which the stress level increases to a maximum before 
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falling off sharply, like the curved-wall profiles. The fact that there 

is a maximum away from the wall is in accordance with the observations 

made earlier about the recovery of the mean-velocity profiles. Farther 

down the recovery plate, the aaximum moves away from the wall, and the 

point at which the shear stress falls off linearly also moves out. 

Thus, there is a gradual thickening of the width of the active shear

stress layer until it fills the width of the velocity-gradient layer, 

o. Examination of the profiles at stations 16 and 17 shows that, at 

about the time the active shear-stress layer is as wide as the velocity

gradient layer, the shear-stress profiles stop changing, although the 

maximum is still there. 

Figure 43 is an isometric plot of the turbulence kinetic energy 

(IKE). When compared to the isometric plot of shear stress (Fig. 39), 

it is interesting to note that the IKE profiles do not change as dras

tically at the start of curvature. Rather, the decline winds down as 

it flows downstream. The profile at station 10 has a shat>e which sug

gests the two-layer structure discussed before. The TKE drops off al

most linearly with distance from the wall out to n/6 = 0.40. Beyond 

n/6 = 0.40 is the "shelf" which appears in the normal stress profiles. 

If the hypothesis that the "shelf" will eventually decay is correct, 

then a portion of the profile which remains (the part which drops off 

rapidly near the wall) will have a shape which is similar to the up

stream profiles, except that the width of the layer is about the same as 

the width of the active shear layer. As with the first experiment, ea~h 

of the three turbulent normal stresses were measured at each station, 

allowing the calculation of the structural -:oefficient "a". "a" 

changes rapidly from being a function of position in the curved region 

(as it was in the first experiment) to being about constant (see Fig. 

44), as it usually is in flat-plate boundary layers. 

3.4 The Third Experiment 

The last experiment in this series was run on the long-recovery 

rig. One of the upstream trips was removed and the remaining trip 

readjusted in order to give a boundary-layer thickness-to-radius of 

curvature ratio of 0.05. This plocedure enabled us to observe the 
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effects of curveture at an intermediate value of 6/R. It wal also 

supposed that the recovery process would be more co.plete, since the 

number of (velocity-gradient) boundary-layer thicknesses downstream of 

curvature was greater. 

Other than inlet boundary-layer thickness, the only difference in 

tunnel conditions between the second Rnd third cases was the no.inal 

freestram speed, which was 48.1 ft/sec in Exp. 3. Figure 45 shows the 

measured distribution of wall static pressure, which is similar to that 

of the other two cases. 

The skin-friction distribution for this case 1s plotted in Fig. 46, 

along with the flat-wall prediction. Despite the fact that the original 

bO'.1ndary layer is only about one-half as thick as for the previous 

cases. the Cf /2 curve is remarkably similar. The recovery after cur

vature appears to be no more adv3nced at the end of the recovery plate 

than in Exps. 1 or 2. 

One of the consequences of thinning the test surface layer was to 

increase problems wi th secondary flows generated on the end walls. 

Since the boundary layers on the side walls and fences were unaffected 

by the change from thick to thin test- surface boundary layer, the 

amount of secondary flow fluid coming off the side walls and fences was 

the same as for Exps. land 2, where 6/R - 0.10. The test-surface 

boundary layer mass flux, however, was much less, and consequently the 

skew angles increased. Fig. 47 shows PL-PR calculations for this 

experiment. The secondary flows are clearly enough to influence the 

growth rate of integral parameters. The mean skew an.~le for this case 

is approximately 4 degs, using the results in Fig. 47. Experience with 

the first two experiments indicates that measurements of Cf /2 and the 

turbulence quantities should not be greatly affected by small secondary 

flows and skew angles. 

Only six shear-stress profiles were taken in the last experiment. 

Measurements were made upstream; two were located in the curved region, 

and three were over the recovery plate. Fig. 48 shows all tnese pro

files. 
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The trends observed previously are reconfirmed here. except for a 

couple of peculiarities. First. in the profile taken near the end of 

curvature (station 9). the region over which there ia apprecioble ahear 

stress extenda over a greater fraction of 6 than in the 6/&. 0.10 

cases. Second, in the last profile at station 17, the level of 

- uv/u2 at 1 ts max1m\D 1a much higher .,ver the entire profile than 
t 

for the meaaurements taken upstream. At n/6 2 .50 the value of 

- uv/u! at station 17 ia twice what ~t is at station 5. 

As in the 6/R - 0.10 experiments, the structural coefficient, 

a, became a function of position (y/6) over the curved surface, as 

shown in Fig. 49. For this case the 8te~pne88 of the dropoff at large 

n/6 is much less than was the case at 6/R· 0.1. 

3.5 Comparison of all EXperiments 

The data from all experiments, both at 6/&· 0.10 and at 6/1· 

0.05 show a striking degree of similarity downstream of the start of 

curvature. It is suggested that, as the width of the active shear layer 

is decreased, the large eddies which carry the "history" of the turbu

lence ~tructure are either destroyed or modified in such a way that the 

"history" is lost. Downstream of the start of curvature, the initial 

conditions are largely irrelevant. Note that in both flows we have 

examined the initial boundary layer thickness 6 was larger than the 

thickness of the shear-stress-carrying region. The present suggestion 

may not be valid for layers that are very thin at the start of curva-

ture. 

Support .for this interpretation comes mostly from the shear-stress 

profiles. Fig. 50 shows three plots of - uv/u~ VS. n/Ro' The three 

plots are from different experiments, but they are all from stations 

near the end of curvature. It is clear that, for the three experiments 
-- 2 

presented Ilt~re, - uv/u is a function only of n (R was constant for 
1 

these thtee experiments). To check the significance of R, we have 

also plotted, in Fig. 51, tht:' shear-stress data of So and Mellor, from 

an experiment in which the radius of curvature and the freest ream veloc

ity were somewhat different from those in the present case (R· 32.Sb 

CIU, Upw - 2404 em/sec). The data follow the same curve, which again 
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indicates that the shear stress is Il function of n/R rather than 

n/6. and that it is, at IDOSt. only a weak function of Upw ' That 

Upw is not a strong influence 1.s surprising. since the cross boundary

layer pressure gradient pu2/R Is a strong function of Upw • 

In Fig. 52, the skin-friction curves for Exps. 2 and 3 have been 

overlai.d. It can be seen from these curves that the \!urvature exerts an 

"organidng influence" -- the values of skin friction after the start of 

curvature are much closer in value than they were over the preplate. 

HeasurementG of Stanton number for the s8lle two experiments, taken by 

T. W. Simon and shc,WQ in Fig. 53, show the similarity of conditions 

after curvature even more clearly. 

The main effect of strong curvature, then, is to impose a limit ;)n 

the size of the largest eddies. if the initial large-eddy size 1s 

larger than this Umit, eddies larger than the limit must either shrink 

or be destroyed. In the recovery region, the large-scale eddies grow 

back slowly, just as large eddies grow slowly in a developing boundary 

layer. 

Apparently our experiments at 6/R· 0.05 and 6/R· 0.10 simply 

approach the same "asymptotic convex boundary layer" from two slightly 

different initial conditions. Whether an initially thin layer such as 

that of Hoffman and Bradshaw (o/R:::: 0.01) approaches this limit from 

below is all ODen ques don. If our resul t8 do indeed show an asymptot ic 

state, the results of Bradshaw & Hoffmann, as plotted on Fig. 51, must 

be well below that asymptotic state. 
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Chapter 4 

DIlU!X:TlONS FOR nJRBULENCE MODELING WITH CURVAnJRE 

4.1 Introduction 

One of the aims of this project was to translate the experimental 

data into a simple turbulence model that would be useful in practical 

engineering calculations. For such a model, it 1& desirable to keep 

the number of transport equations to be solved to a minimwo. In the 

author's experience, designers are willing to trade some loss in gener

ality for quick running times and simplified input. For these reasons 

we chose to use an empirical modification to the mixing-length turbu

lence model in the boundary layer code STAN5 [lJ. 

The nodel which has been developed represents a significant im

provement over the curvature modeling work done previously at Stanford. 

In particular, the slow recovery can now be accounted for. Neverthe

less, the present model cannot yet be considered comple:e. 

The mixing-length hypothesis uses an empirically prescribed length 

scale to relate the mean velocity gradient to the Reynolds shear stress, 

through the formula 

- uv - (4-1) 

For a flat-wall boundary layer, the length scale is taken as 

(4-2) 

in the wall layers where y < 0.207 6. 1(, the Karman constant, 1s 

taken to be 0.41, its usual value. In the outer parts of a turbulent 

boundary layer, 

t - .085 6 (4-3) 

where y > 0.l07 6. The value of the parameter A + is determined 

from an empiricaL function. For a flat-plate, turbulent boundary layer, 
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~.+ - 25. For other pressure gradients, etc., the formulation used 1n 

StAN5 was also used here. 

There have been previous efforts to build simple IlOdela of curva-

ture effects. The moat successful models have been those baaed on a 

schelle proposed by Bradshaw (11). Bradshaw suggested fllUltiply1ng the 

flat-vall mixing length by an empirical function built around the cur

vature Richardson number: 

(.~-4) 

where Ri is the curvature Richardson number, to is the standard 

* flat-vall mixing length, and S is an empirical constant obtained froll 

the data. The ~urvature Richdrdson number is defined as 

Ri • 
2U/R fe t 
aU!3n (4-5) 

The effective radius of curvature, Reff' is computed from a first-

order lag equation. which simulates the e~fect crellted by a changed 

radius of curvature with streamwise distance, s. 

d(l/Reff ) 
-([s--'" 1 [1 1 ] 

10C Ro - Reff 
(4-6) 

This form of model was used by Cebeci et ala 128], Rastogi and Whitelaw 

[29], as well as by Jl.>hnston and t:idt' (30]. 

The Johnston-£lde model also had a fedture which allowed it to be 

used for very strong curvature effects llke those shown in the experi-

ments just described. The authors put a rt.'strictioll on the 8i~e of 

Richardson number in the outer regions of the boundary layer, where the 

velocity gradient Is very small. nley used 

• Universal values of 
valls. Bradshaw suggested 
walls. 

» 

.3 
2U6 

U It 
pw 0 

(4-7) 

l~ are 
~, - 2 
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This allowed them to circumvent a problem which occurs in atrong curva

ture cases. At 6/R. 0.10, the Richard.on number becomes large enouah 

half way across the layer, at n/ 6 ~ 0.5, so that the mixing length 

calculated from (4-1) becomes negative, an obviously undesirable result. 

The models proposed by Launder et al. (31) and Irwin and Smith (34~ 

are based on the flat-plate stress equation model af Launder, Reece and 

Rodi [33]. Irwin and Smith showed that mild curvalUre effects could be 

modeled reasonably well by including the extra curvature-production 

terms which appear In Reynolds stress transport equations. thesE terms 

can be derived directly from the Navier-Stokes equation without resort 

to a model of turbulence. This is an important point which will be 

discussed again below. It is difficult to assess the success of this 

model, because it was used to calculate only one data set that of 

Heroney and Bradshaw [13]. The curvature effects in that experiment 

were very slight (6/'f{ '" .01) and even a flat-plate model comes close 

to the data. 

Launder et al. applied the concepts developed by Bradshaw to the 

two-equation turbulence model of Joaes-Launder [34J. Since the tur-

bulence-Iength scale used by this model is determined by the dissipation 

equation, their approach was to make some of the constants in the 

modeled equation depend on the curvature Richardson number. Arguing 

that the curvature correction should scale on turbulent quantities and 

not mean-flow quantities, they redefined the curvature Richardson number 

as (for non-swirling flow): 

Ri - (4-8) 

The agreement w1.th experiments was improved over the Jones-Launder 

model. Agreement seemed to be about as good as for mixing-length luodels 

WI. ~ch use Bradshaw's sugges ted correc t ion. One wonders, however, 

whether multi-equation, single-point closure models, in which all length 

scales and stresses are calculated from data available at a single point 

in space, will be much more successful than miKlng-length models. As 

has been shown in the data, curvature dfects seem to act on the large

scale processes. MiXing-length models. because they must scale 1 on 
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6 and on condition. upstream, if a lag equation is used, would seem to 

have greater potential for getting large-scale eddy conditi~ns into the 

calculation scheme, given our current Btate of knowledge. 

Another multi-equation model for curvature effects was developed 

recently by H. H. Gibson and his co-workers at Imperial College (35). 

His model, like that of Irwin and Smith, 1s based on the work of Laun

der, Reece, and Rodi, but includes curvature-production terms in the set 

of Reynolds stress equations. However, Gibson's model is apparently 

different from Irwin & Smith's in the detdls of the pressure-8train 

term modeling. Results of computeticns show that agreement is as good 

as Irwin-Smith for the weak-curvature Meroney & Bradshaw data and also 

very good for the data of So & Hellor and the very strong curvature case 

of Smits, Young, and Bradshaw. Figs. 54 and 55 8how the re8ults of 

Gibson's calculations of the data of the first experiment presented in 

Chapter 3. Agreement for mean values and turbulent shear stres8 i8 very 

good in the curved region. It 1s interesting that Gibson's model pre

dicts negative shear stress in the outer region over the convex surface, 

as was measured. In the recovery region, however, there is poorer 

agreement between the model and the data. The surprisingly slow recov

ery process shown in the data is not reproduced well, although it 1s 

somewhat better than earlier work at Stanford [361. 

The purpose of constructing a new model was to use the insights 

developed from the r:ata shown in Chapter 3 to improve on th~ models pre

v10usly available. It was also deemed desirable to keep the computation 

scheme 8S simple as possible, in order to make the code useful to indus

trial designers. For this reason, it was decided to try to improve the 

zero equation" mixing-length methods, whjch are easy and inexpensive to 

use but which are not as general as some of the multi-equation Keynolds 

stress models. It was particularly desirable to find a model which 

would predict the obs~rved slow recovery from curvature effects. 

An analysis of the causes of:.iden disappearance of the Keynolds 

shear stress was carried out by Honami (21), based on the transport 

equation for - uv, which is, for curved flow: 
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The tet'Uls of RHS have been grouped according to function. 

(4-9) 

On the 

first line arE! the production terms. TIle second line is the pressure-

strain term which tends to change the orientation of the turbulent mo

tions. On the third line are the diffusion terms, and the last line is 

the dissipation term. Over a curved wall the dominant production terms 

are 

U 
N. 

(4-10) 

For a flat wall, of COUl'se, only the first of the ter:ns on the RHS is 

non-zero. The second term in Eqn. (4-10) appears suddenly at the start 

of curvature, and it tends to decrease the total proJuction rate, since 
2 --2 

usutlily 2u »v. Honami calculated "he si1:e of the production terms 

for two profiles of the first experiment, one on the flat wall upstream 

of curvature and one at Station 4, 20° after the start of curvature. 

Results are plotted in Fig. 56. For the flat-wall profile, the total 

production is positive at all values of y. For the curved-wall boundary 

layer, the total production is positive in the inner layer, but in the 

outer layers the positive and negative production terms are about equaL 

This shows the reason for the hug~ change in the outer layer levels of 

- uv near the start of curvature. The negative production balances the 

positive production, and the dissipation reduces the level to nearly 

zero. 

Soon after the start of curvature. the shear-stress profiles have 

the same shape. as was poiuted out before. Indeed, the changes in shear-

stress profiles were slow with respect to s (or turning angle) 
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downstre811 of the start of curvature for all three data sets. This 

indicates that a local equilibrium model, like the mixing-length 

hypotheSis, might be successful. 

The first step in building such a model was to calculate the actual 

mixing-length distributions from the experimental data. From the shear

stress and mean-velocity profiles, it is possible to calculate the mix

ing length, and in Fig. 57 mixing length profiles have been plotted for 

three stations of the first experiment used previously to represent 

flat. curved, and recovery profiles. The mean-velocity g~adients needed 

to calculate the mixing length were obtained by differenti~ting a cubic 

spline which was fitted cJ.ose to the data points. Fortunately, very 

little smoothing was needed to fit the spline. In the profiles vf Fig. 

57, the great reduction in the length scale of the turbulence which has 

been observed by all workers in this field is evident. 

Even in the curved region, there is a layer close to the wall where 

the classical mixing-length distribution (t = Kn) Isolds. In the 

curved region, however, the mixing length becomes constant closer to the 

wall. This view is supported by Fig. 58, where 1/6 is plott~d vs. 

n/6 at 60 and 80 deg. (Mixing lengths calculated from data taken far 

out in the boundary layer are not shown because, far from the wall, both 

the shear stress and velocity gradient ar~ small and the computed mixing 

lengths show considerable scatter, due to large uncertainties.) The 

plots show profiles which seem to have two regimes; t '"' Kn for n 

less than 0.070 and 1 '"' 0.0256 for n greater than 0.076. The 

recovery profiles suggest that the point at which the mixing length 

becomes constant moves slowly back toward the usual value of approxi

mately .0856. This picture is consistent with the idea that the main 

effect of the curvature is to confine the turbulent motions close to the 

wall and to destroy the previously existing large-scale motions. The 

slow regrowth of the mixing length in recovery is probably associated 

with the slow reappearance of large-scale structures. 

Previous work on mixing-length models at Stanford showed that the 

effects of longitudinal pressure grlldients and transpiration could be 

cOrt"elated by the use of on(: parameter A+ I which is the effective 

viscous sublayer thickness that appears in the Van Driest damping 
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.ch.... Near a wall the .ixina length i •• od.led a. in Kqn. (4-2). tb 

t .. t the pouibUit.y that A+ miaht b. the correlatina parameter for 

curvature elfeeta. the value of A + wa. calculated froll the data for 

each of the atation. in the first experi •• nt. Th. calculation of A+ 

is ba.ed on the experimentally oblerved fact that at y+. lA +. the 

Reynold. nUlllber of turbulenee~ defined as 

II r-Uv 
Rt) • t v 

(4-9) 

haa a value of :H. The length ~cale in the equation is taken 88 the 

Prandtl 1II1x1"g length. Results are shown in Table 4-1. 

Table 4-1 

V~lues of A+ Calculated from Oata of First Experiment 

---.--- --------,-------------------------
Flat I Curved I Flat Recovery Wall 

St.tlo~-~_J: ___ ~+~ --~-~1~-L~-L-1. LO 
t\+ I 24.~J_2.,.l ~~_.5 33.8 28.3 ~~~~~~l::~~_12~ 

~ith the exc.eption of Station 4, which is the first staUon down

stream of the start of l~lIrvature, the value of A+ is changed onl)' 

tll1ghtl)' for the flat'-wall value of 25. This ~Qakes sens.e because, in 

the subluyer. the Illlrnull pressure gradient PU2 /R. is very slilal L com

pared to i':s vlllue in the outer layers. Since th~' strongest effects llre 

away from the wall, another mtlthod of correlation mUl:lt be lound. 

The facts that: the outer-layer ~nixll1g length is 80 much smaller 

than 0.085 \~ t\l\C that the layer with active shear-stres8 is also 80 

much smllllt'r tlHiIl 6 sug~est that perhaps 6 is no longer the approp-

riate scaling length. b fac.t, it seems much more llk.ely that the 

outt:!r-iayer w1xlll~ 1t:'ngrh is tied to the width of the active shear

stress !ayt-·r than t\) the velocity-gradient layt·r. indeed fOf flat-walL 

s· em S t 
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flow. if • boundary layer were to develop into 8 free stuam which had a 

aUght 8hear, one would not expel" t that the boundllry layer length 8c"le 

for active turbulence would extend far into the free streaa. 

In an unrelated experiment, Kill, KUne, and Johnlton (31) found, in 

a reattached boundary layer downstream of a separation, that the ou,er

layer eddy viscosity scaled on (6-6 1), not on 6 alone. In their 

ca.e, 8S in our recovery flow, 8 Ilew sub-boundary layer grows slowly out 

(rOOl the wall, downatre8lll of s sudden chtu18e of conditions. dt·tachment 

in (37), removal of stabll h Ing curvature in our flow. Both obser-

vatlons noted above were combined for our model of mixing lel18th, i.e., 

(4-10) 

where 6 
51 Is the width of the act lve shear layer and itl the dis-

plAl"elD~nt thl('kn~ss call'ulatcd by illt~grating out to 

nle probll!1Il of how to detendnt' tht' width of the shear layer was 

now faced. This can be dlme v\!ry easily but only approxim8tt'ly by (!ye. 

ElHllDinatioll of Figs. 21,42, and 4~ shows that 6 s1 IIIlJSt be about 0.35 

6 h\!" the first two l'xperiments and about 0.6 6 for the third experl-

ment. T',) de t e rnli 1\(" consistently, the proct"dur~ 1l1ustrated 1n 

Fig. 59 Was used. l~rt' 6s1 is taken to be the extrapolation of the 

straight, descending portion of the shedr-stres8 prof! leo nlt~ other 
• parameter, 6
81

, wns calculated, once 6s1 was determined as: 

':1 • f6S1 (1 - -u-"--) dn (4-11) 
o pw 

ngur~s 60 and 61 tlhow ho,", the mt'ling length compllres in tht' 
• second and third l'xperimelus with (6

81 
- 6

81
), l'he COllstant llf pl'O-

portlonlll1ty is taken dS ll.10. Also SilllW1l is the averagl' vl\lue of the 

experimt·ntaLly dt.'termiof.'d mixing 1tmgth In tht: active stress outer re-

reasonahlt' in the 

slightly fatHer. 

TIlt' Sl'a ling is very good 111 the curved region. lind 

region, nl though (5 sl 
... , 

- 0 l' i'"cco~'..!rs s 
The fact that agrt't'melll ls so good tor the I1I t xing 

length indk8ll'~ thlit the m('an velocity profiles rt!sulting from inte

grating thls mixing ll'!1Sth will be very dose tndt~ed. 
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Examination of Figs. 60 and 61 shows that the aUigested scaling 

method works well when the boundary layer i. in qua.i-equilibrium in the 

latter stages of the curve and through the recovery aectlon. It will 

not be a good predictive tool at the start of curvature where the 

boundary layer is out of equU ibrium. Indeed. the scaUng method does 

not ... ddress the question of why the mixins length should drop when the 

wall suddenly changes from flat to curved. Clearly. another step is 

necessary to complete the model - sOlIe way is needed to adjus t 6sl 
down at the start of curvature. 

Many ideas for ways of adjusting 6s1 downward in the non-equilib

rium portion of the flow were tested in the code STAN5. The most suc

cessful (but still not entirely sathfactory) scheme was based on the .. 
work of Gibson [381, who made the observation that there appears to be 

critical value of the stability parameter S. defined as 

s - U/R 
au 
ay 

(4-12) 

above which shear stress could not sustain itself. Note that the sta

bility parameter, S, is one-half the curvature Richardson number. 

Gibson surmised that the shear stress fell to zero whenever S was 

greater than 0.17. It was then suggested that the data of our experi

ment could have been pred ieted by the boundary-layer code STANS, if it 

had used the shear-layer mhing-length scaling discussed above, and de

fined 0SL in the curved region to be the n value where S was equal 

to 0.17. 

To summarize the calculation procedure, upstream of curvature the .. 
outer-layer mixing length is determined directly from (Osl-6

sl
). At 

the start of curvature, 6sl is taken to be the n value where s 

is S regardless of the shear stress profile. This reduces critical 
the outer-layer mixing length immediately, and 6s1 i" determined by 

the S parameter through the curvature. At the end of curvature. the 

* One may 8ttribut~ the first observation of this type to ~ither L. 
Prandtl or P. BrAdshaw. 
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calculation svitches back to determining 

profile by extrapolation, as in Fig. 59. 

from the shear-stres. 

The model described abovG vas applied in conjunction vith the S~N5 

tvo-dimensional boundary layer method. However, a good fit, in term. of 

computed meAn properties and shear stress, vas produced with Scritical 

• 0.11. 

Resul ts computed for the first experiment were very encouraging. 

Fig. 62 shows a plot of the computed Cf/2 distribution. These results 

were very encouraging; the skin friction trends are well represented in 

the curved region, and the recovery is very slow. 8S the data .ay it 

should be. More importantly, the shear-stress profiles are closely pre

dicted, as shown in Fig. 63. 

Figure 64 compares the results of the second experiment to the pre

dictions. The skin friction is again well predicted in the curved re

gion, as would be expected since 6/R is almost the same for the two 

experiments. TIlt~ recovery-region skin friction is also well predicted, 

as are the shear-stress profiles. 

Resul ts were not as encouraging for the thi rd experiment, as shown 

1n Fig. 65. TIle skin friction is overpredicted by about b% in the 

curved regioll. In the recovery region, tht: calculation shows some re-

covery; however, the skin-friction data show none. As a result, the 

predicted skin triet ion is 25% too high at the end of the recovery 

region. a may be that some of the disagreement between calculation and 

experiment In th~ recovery region of the third exp~riment is due to the 

influence of secondary flows, which, as Fig. 47 shows, become large in 

the last hAlf of the recovery plate. However, it is also clear that the 

new model does re~~over too quickly, although it is closer to the datn 

th.,n previous models. The reason for the quick recovery of the model is 

the L'lct that the scaling It·ngth csl is Sl't artificially in the curved 

region, rather than taken from the CAlculated shear-stress profile. At 

the er,d 0 f the l'urveu 

6sl lit the point where 

shear-stress profile. 

region, the program switches back from setting 

S - 0.11 to selt ins llsl by extrapolating the 

if thl' lD:xing lengths calculated by the two meth-

ods arc not exactly the same, then there 19 It step ~hange In the calcu

lated turbulence structure which 17tlUSeS either a too quick or d too slow 
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recovery. In this case. the model for the! curved region produced a 

.hear-stress profile <at the end of curvature) with 6.1 about equal 

to .84~. whereas the data show 6s1 - .566. Also shown in Fig. 65 

are the results of computing the recovery regIon flow using. as an ini

tial condition. the data at Station 10. This calculation showed much 

better agreement. Thus. the key to bet ter agreement in the recovery 

region is a better method for setting 6s1 in the curved region. 

Efforts to find su~h a model are continuing. 

The model presented above is based on the premise that the near

wall conditions are unaffected (to the level of approximation necessary 

to get rough agreement with the data). If this idea is true. then one 

might expect that heat--transfer data could also be predicted to good 

accuracy by using the above model to calculate the hydrodynamic equa

tions, standard flat-wall energy equation. and turbulent Prandtl number 

distribution. The turbulent Prandtl number is close to 1.0 in the 

outer layer. as it should be when the momentwn and energy transport are 

both determined by the turbulence strueture. If this is the case, then 

one would expect the heat and momentwn diffusion processes to be affec

ted in the same way by the curvature. To test this assertion. the heat

transfer data from the second experiment was predicted with the new 

curvature model. Reaul ts shown in Fig. 60. show that indeed the Stanton 

numbers can be predlct~d with no change to the energy equation, 0(' 

change from the usual flat-wall turbulent Pr number values. 
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Chapter 5 

CO~LUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 

5.1 ConclU8ions 

This project, like alllOSt all work on turbulent boundary layers, 

has provided sODIe insights, but it has also served to Ulustrate the 

complexity of the turbulence problell. The main conclusions are as fol-

10W8. 

1. The main effect of the introduction of surface curvature is a 

significant and Il11Dediate reduction in the turbulence-length scale (as 

measured by the lIixing length). Once this length 8cale i8 reduced, it 

regrows ery slowly, even if the boundary layer is flowing over a flat 

surface downstream of significant curvature. 

The reduction of eddy-length scale caused by the curvature, through 

the action of the normal pressure gradient (PU2/R), i8 accompanied by 

a collapse of the active shear-stre8s layer to a thickness less than the 

thickness 0 of the velocity-gradient boundary layer. The width of the 

velocity-gradient boundary layer is mainly determined by flow upstream 

of curvature; the width of the active shear layer Is chiefly determined 

by local conditions in the curved region. Once the shear-stress layer 

has collapsed, it can regrow only at the rate characteristic of a thin

ner developing boundary layar. This rate Is slow enough to account for 

the slow redevelopment of the shear-stress layer, after curvature, on 

the flat recovery surface. 

After compression of the shear-stress layer, the turbulence at 

large values of n/6, beyond the shear-stress layer but within the 

velOcity-gradient layer, is effectively isolated from the wall layers. 

It has little production and consequently dissipation causes decay of 

the turbulent energy. 

2. Shear-stress profiles taken in the curved regions for our two dif

ferent sets of initial conditions (6/R· 0.05 and o/R· 0.10), and 

the data of So & Mellor (with different radius of curvature and free-
- 2 stream velocity), collapse when uv/u

T 
:is plotted vs. n/R. This 

behavior indicates that, after the compression of the turbulent shear-
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I. 

atr.aa layer, the large-acale eddies which carry the upatre .. hiatory of 

the boundary layer are deatroyed and the initial conditions no lonser 

lIatter. The collaple of profile indicatel that there .ay be an aaymp

totic Ihear-streas profile, at least for zero preslure-gradient flow 

over convex lurfacel with 6/R greater than 1/20. 

3. In the curved region, the law of the wall fits the data with the 

lame conatanta uled on the flat wall. The log region doe~ not extend a. 

far out in the boundary layer, ending near / - 100. Calculation of 

the effective sublayer thicknesa shows A+ ia essentially unchanged by 

curvature. In addition, near the wall, the mixing length still scalel a 

distance from the wall, as it doea for no curvature. These observations 

indicate that the near-wall layers are not as strongly affected by the 

curvature aa is the wake region. 

4. It was found that, for this experiment, the outer layer mixing 

length scaled on the width of the shear-atress layer rather than on the 

velocity-gradient-layer thickness O. This fact was used to construct a 

model of curvature effects which appears to enable one to predict the 

slow recovery from curvature. 

5.2 Recommendations for Further Researcll 

This program has answered some, but hardly all, questions about the 

effects of convex curvature. Several interesting experiments could be 

performed to further elucidate curvature effects. First, it would be 

instructive to see whether, in a tunnel like ours which turned more than 

90°. the outer-layer turbulence does indeed decay away completely as the 

flow goes on in the curved region. 

Another good area for investigation is the exam!natlon of curvature 

effects on boundary layers with very small values of o/R. If the 

asymptotic state our data indicate does exist. them the shear-streas 

profile of a very thin boundary layer should grow out until it reaches 

that state. (In our cases, the profile contracted inward.) The data of 

Bradshaw and Hoffman indicate that, after a sudden chang'" L·om flat tv 

mUd curvature, 0sl slowly becomes a smaller and smaller tractil'n of 

o as the layer moves downstream. However, the aBympt~;l.ic limit is not 

approached, we believe, because the lengt.l of curved surface is too 
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short to allow the layer to get thick enough. It would be interesting 

to see a curved run long enough to approach the hypothesized asymptotic 

liait independent of initial conditions. 

FinaUy, a better IIlOdel for the onset of curvature effecta is 

needed. We feel that such a aodel should adjust the shear-stress dis

tribution when it is inc~~patible with the radius of curvature but stop 

* adjusting when (6 sl-6 sl) is about ten times the outer-layer mixing 

length. 

Still unanswered are questions about the combined effects of convex 

curvature with iongitudinal pressure gradients, transpiration, or sur

face roughness. And beyond these is tlte whole area of concave curva

ture. which must be explored before the problem can be considered to be 

in hand. 
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Appendix A 

THE EFFECT OF SECONDARY FLOW 

Any experimenter who studies two-dimensional boundary layer flow on 

convex surface in a test sectj on of rectangular geometry will have to 

face the problem of secondary flow. The direction of these flows is 

shown in Fig. A-l. The sidewalls of the wind tunnel are covered by low

momentum boundarty layer fluid which reacts to the radial pre. sure gra

dient created by the curvature. As a result, the 8ide wall boundary 

layer fluid flows down the sidewall toward the convex surface. When it 

reaches the surface, it makes a right-angle bend and flo'i's onto the 

convex surface. Eventually, the secondary flows from the t,~ sidewalls 

meet on the tunnel centerline. Thus the fow in the test surface bound

ary layer--off the centerline--flows at an angle toward the centerline. 

On the centerline, however, the flow is straight, but the boundary layer 

growth is faster than in the same flow if there were no convergence. 

There is no way to avoid this problem completely, since it is the radial 

pressure gradient which both causes the flow to follow the convex sur

face and also drives the secondary flow down the side w~lls. 

There are a number of devices which one may use ~o minimize the in-

nuence of secondary flows. The most successful trick is to use a 

tunnel with a large aspect ratio. If the convex Burface is twenty or 

more times as wide as the sidewalls are high, the influence of the 

secondary flows near the centerline will be smalL In the currene ex

periment, the aspect ratio was dictated, at the start. by the ilat tun

nel upstream of the curve. it was about 3:1. Other experimenters with 

1.0'"" aspect ratio tunnels have used var 10us schemes to straighten the 

flow. Patel [8] used false wa!.ls which made the effective sidewall 

boundary layers thinner. and so red'Jced the amount of low-momentum fluid 

subject to the radial pressure gradient. There has been some question 

about the effectiveness o~ this technique [24J. So & Mellor [10J. in an 

experiment much like this one. firt!d jets upw~rds into the sidewall 

boundary layer. Mayle [18) used side-wall slots to intercept the sec

ondary flows. Launder (39) used boundary layer fences. 
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We tried aeveral schemea before 8dttllna on a layout which uaed a 

cOllblnaUon of falae walla, fencea, and alote. We believe that th1.e 

cOllblnation pre.erved the flow'. two-dtaen.Ionality in our te.t .ection. 

In auec.edina •• etiona, .0 .. of the early experiment. with Ie •• auee.a.

ful .cheau are discuased aa background for the preaentation of the 

final r •• ulte. 

Preliminary Data 

Before beginning our work on the secondary flows, we made a quIck 

check of the spanwise uniformity of the upstream tunnel by uaing a Pres

ton tube to me&lure the skin ft'icUon. Results are shown in Fig. A-2. 

'lbese measurements indicate good spanwise uniformity in the flow up

stream of curvature. 

For our first attempt, following Patel's Icheme to reduce the 

secondary flows, we narrowed the test channel width at the start of 

curvature and blew the sidewall boundary layers out of the tunnel (see 

Fig. A-2). 'lbe boundary layers which established themselves on the new 

sidewalls downstream were then much ~hinner than the boundary layers on 

the sidewalls upstream of curvature. We also opened slots in the side 

walls, as shown below in Fig. A-3. In theory, these slots would inter

cept the secondary flows as they came down the sidewalls, and blow the~ 

out. 

The sidewall slots were adjusted as follows. First, the slot was 

opened fully (about .63 em), and then a tuft was positioned inside 'he 

tunnel, just below the slot. In theory the slot should intercept and 

blo~ out only the secondary flow coming down the sidewall from above the 

slot and not "11ft" any fluid from the boundary layer beneath t" - slot. 

The slot openi!1& was then narrowed until the tuft below the slot was 

parallel to the surface. This method generated ~ettingQ which were re

peatable to about ± .25 ma. 

The effectiveness of these techniques could be gauged 1n several 

ways. With the slots closed (but_ upstream bo"ndary layers blown out at 

the start of curvature), the secondary flows were to strong that, near 

the sidewalls, tufts showed a flow skew angle of up to 30 0
• Whe!' the 

slot openings were adju8ted as described above, the skew angles were 
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small enough that tufts were not reliable indicators. All further meas

urements of skew angles were made with the Conrad probe described in 

Appendix E. The Conrad probe gave a good measure of the magnitude of 

the ~l~w angles. but. to our surprise, we found that the spanwise dis

tribution of i:;f:"egral parameters (6, 6
1

, 62) was also an extremely 

senai tive indicator of the presence of secondary flows. In fact, the 

spanwise distribution of 61 and 62. became our final criterion of 

two-dimensionality. Figs . .:\-5 and A-6 show flow skew angles at Station 

4 (A-J) and Stat·ir 9 (\-6) measured after the slots were adjusted. The 

skew angles at ± U Lm are larger near the wall and reach a maximum of 

seven degrees. Nedrer the centerline, the flow is straighter, and the 

flow on the centerline is straight to within experimental accuracy. In 

spite of the smallness of the angles, there was significant variation of 

rne spanwise integt3l properties, Fig. A-7 shows three spanwise 

profiles uf mooentum thickness taken at Stations 4, 6, and 9. the 

influence of the secondary flows (which thickens the boundary layer at a 

rate which increases off the centerline) is clear. 

Lest the reader be led t() believe the problem was worse than it 

was, it must be pointed out that the vertical scale is SO times the 

horizontal scale. In fact, at the second downstream (worst) station the 

variation in 0 divided by the channel width is only about 2%. In view 

of the span4ise difference in integral quantities, it was decided to try 

other schemes. 

We finally decided that further reductions of the effects might be 

obtained with a boundary layer fence such as the one used by Launder. 

In the end, three configurations were tried, these are ",hown in Fig. 

A-a. We u~ed flow angle measurements to test the effectiveness of these 

schemes -- no velocity profiles were taken. 

For the first experiment with fences, we used the configuration 

shown in Fig. A-8a. with fences mounted horizontally 00 the sidewalls, 

at the same height a& the slots. This scheme produced flow angles on 

the test surface of about the same magnitude as the slots. Upon reflec

tion, we decided that this was due to the position of the fences on the 

sidewall. We speculated that both the sidewall slots and the fences 

used by themselves were doing an effective job of stopping the secondary 
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flow co.ing down the side ",all fraa above. but that our problem vaa 

coming from side-wall aecondary flov generat~d below the .lots and 

fences. The alots and fence., were locate~ 3.8 Clll above the tunnel 

flow. Since the tunnel was 42 Cill vide, this meant that the effective 

aspect ratio which they created (AR·~: l) Vali appaNntly not suffi

ciently larie • 1'0 increase the effective a.pect ratio, we lowered the 

alots one inch on the sidewalls, as shown in Fig. A-8b. This arrange

ment, however, did not greatly improve things. Finally, we tried 

mounting low fences on the tunnel floor. This increased the effective 

aspect ratio to ll: L At f irat. this did not prove to be any more 

effective than any of the other configurations. However. a survey of 

.panwise static pressure showed that, while the static pressure was very 

unHot'1l
J 

the .!tat1c pressure between the fences snd the sidewalls was 

0.10)( PU 2 /2 higher than the centerline wall static. This was In-
pw 

terpreted to mean that the secondary flows were in fact stagnating in 

the regions close to the side ~alls. We also di~covered that if a trip 

on a barrier w@s placed just downstream and parallel to th~ leading edge 

of the! fe~c~, the flow angles were greatly affected. Finally. we de

c ided that there was a small lead ing edge separation bubble on the fence 

and that this wag thickening the ftmce boundary 18yer, 8S shown on the 

left. below, ill Hg. A-9a. 

To aveld this separation bubble. we opened the first sidewa 11 slot. 

which was just above the fence leading edge. Thls changed the direction 

of the flow just upstream of the leading edge and moved the septiratlon 

bubble ::0 the other side (see .'ig. A-9b). ThiR action reduced the flow 

/lngles measured 12.7 cm off the centerline by a factor of two. 

F iM' 1 Oa ta 

Figures A-lO dod A-il show flow :lngles measured at StAtions 4 and 

9, with the last configuration described above. Although near the cen

terline the flow angles are not much affected, the angles at z - 12.7 

cm are mm.'h less than with tloy other flow-control conf iguration. A 

l~omplete survey of flow angles W~HI taken and appears in the tabulated 

data. nle worst flow angles wre tit Station 8, and were about the same 

as those plotted tor StAtion ~. 
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Filurct A-IO 11 a plot of the apanwile d18tribution of lIlOIIIentUII 

thickne .. , which ia .uch IIOre unitol'll than ohtaint!d with the sidewall 

alota alone. There were no •• aaurea.nt. taken at ± 12.7 em because the 

boundary layers on the fencea distorted the velocity profilea there. 

Finally I Fil'· A-l) and A-14 show the variation of centerline 

intelral propertiea in the atreaavlae direction meaaured with slots only 

(A-D) and with fences (A-14). There 18 little difference between the 

two plots. leading ua to believe tbat the secondary flowa had be~n re
duced to an acceptable level. 
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Appendix B 

HEASUREHENT or DYNAMIC PRESSURE ON A CURVED WALL 

On a flat wall, measurement of dynamic pressure is straightfor

ward. The total pressure is obtained from a total head tube, and the 

static pressure, which is normally independent of y dnd z, is 
measured on a wall at the same x location. 

For flow over a curved surface, the problem is more complicated 

because the static pressure is a function of n, the coordinate normal 

to the curved surface. In our experiment, we chose to measure the 

static pressure at the curved surface and then to calculate the static 

pressure at the n location, where the total head tube was measuring 

the ~otal pressure (see Fig. B-1). 

N s 

TO PRESSURE 

TRANSDUCER 

TO PRESSURE 

TRANSDUCER 

Fig. 8-1. Measurement of Wall Static and Total Pressure 
in Boundary Layer 

To calculate the difference in static pressure between the wall and 

the measuring &tation, we first invoke the boundary layer assumption 

"hat the static pressure field is imposed by the potential core. For 
11 

parallel flow, this is 

ap 
s -- . an 

U
2

(n) 
--p-

P R(n) (B-1) 

• 
Note the assumption of pArallel flow is a good approximation in 

curve~ boundary layer flows. 
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"_c.,,,",, »+<.4 _ ....... ". , .Ubi. 

where is 8tatic pressure. p is density, R is the local radius 

is the invisc1d velocity. The (Ro + n), and U 
p 

of curvature 

distribution of Up is obtained from the lrrotationality condition in 

cylindrical coordinates (see Ref. 39, p. 191). 

CAl -z o 1 - -R 

Since Vp is assumed to be %ero, Eqn. (B-2) reduces to 

This integrates to 

d(RU ) 
P 

U (n) -
p 

o 

R 
o U 

K +n pw 
o 

(B-2) 

(B-3) 

(8-4) 

where Upw is the potential flow velocity at the wall and Ro is the 

wall radius. With the distribution of Up in hand, we can substitute 

into (B-1) and integrate. This gives 

p - p -
s sw (8-5) 

The above equation is not convenient for data reduction because 

upw cannot be easily determined, It is a fictitious quantity. To 

eliminate it, we used another e'-luation derived from co,lsidering the 

reading of a reference pi tot tube outside the boundary layer. Designat

ing the reading of this pitot probe as Pro 

U
2 

p - p - p ~ 
r sw 2 

Combining Equs. (8-6) and (8-5) to eliminate Upw ' we have 

(P sw-
P 

r) [1 - ~--;-(~/.~)zJ p - p 
s sw 

Now, the v.clocity at the measurement point is 

U (n) '" 
1/2 

~[p -p (n)l 
p t s -' 
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By uslD8 (B-7), we can f1nally get U in terms of measurable pressures: 

U(n) - ... 1~ I (P -P ) - (P -P ) [1 1 p t 8W r 8W 
(8-9) 

The reader will doubtless notice that a third pressure, Pr , which 

is the total pressure in the potential core (not a function of n or 

8 or t) appears. In practice, the pressure difference (Pr-Psw) was 

measured at the start of a profile and at the end. In general, the 

drift was on the order of 1%. This drift WdS corrected for in the data

reduction program by using oil linearly interpolated value of (P r -P sw) • 

The final confirmation of the whole procedure was the agreement of pitot 

probe and hot-wire velocity profiles. 
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Appendix C 

llA TA -REDUC nON PROGRAMS 

This appendix is included to show how the raw data were processed. 

There are four programs: VELPRO. which deduces mean propert lea from 

pitot probe data. SHETWO, which reduces data taken with an x-wire array. 

HIXLN. which uses an input mean velocity profUe and chear stress pt"o

file to calculate mean velocity gradl~nts, m';'xing lengths, and other 

values; and HWlRE, which reduces hori~ontal wire data. The programs are 

described and listed in the dissertation by J. C. Gillis, "Turbulent 

Boundary Layer on a Convex. Curved Surface." Mechanical Engilleer ing 

Department. Stanford University, June. 1.980. 

VELPRO 

This program, was written to be as easy to use as possible. It is 

designed to accept pitot probe data for a flow of air in common English 

engineering units (dynamic pressure in inches of H
2

0 and distance from 

the wall in incht's) and to yield mean vt.>locit ies , all integral thtck-

+ + nesses. the inner coordinates (u. y ), and the sk.in friction. It is 

designed to r.educe both curved-wall and flat-wall data -- a fact that 

may make the coding hard for those used to flat walls to interpret. In 

the output I samples of which are shown ir. Api>endix F, the only differ-

ence is the column labeled 

U/U~ or U/Uedgeo 

U/u • 
p On a fl.~t wall this would be called 

The program has a number of subsections which help to avoid inaccu

racies. First. the flow temperature (~F) and btmospheric pressure (in. 

Hg) are used to calculate .ln exact density from the perfect gas law, and 

the viscosity of air at the temperature of the flow is calculated by 

linearly interpolating data (rolu Keenen Eo Kay. Another refinement is 

the use of a variable value of on a curved wall). The 

program asks for the freestrcam dynrunic pressure at the time the first 

data point is taken and at the time the last point is taken, and then 

interpolates the free-stream pressure for each point. 

It has been found that the "effective" position of a pitot probe in 

a flow with a velocity gradielll is slightly different from its geometric 
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center. The program calculates the "effective" distance fro. the wall 

(this appears in the output as YCAL) using the correlation developed at 

MIT by Young and Maas [41]. The "effective" y value is used in calcu

lation of the integral parameters. 

The program avoids problems caused by thin boundary layers. If the 

boundary layer oeing measured is less than about one-half inch thick, a 

standard diameter pitot probe (.020 in. or more outside diamet~r) cannot 

get data close enough to the wall to calculate accurate integral param

eters. The program identifies this problem automatically and treats it 

in the following way. Firsl. the skin friction is calculated and, from 

it. the inner coordinates u+ and y+. If the lowest value of y+ is 

thirty or more, the boundary layer is probably too thin to determine 

'\ and 62 accurately. The program then uses the following near-wall 

integrals first proposed by Coles [42): 

540.6 

6546 

up to the data point nearest + y ... 50, !lnd the trapezoid rule from then 

on. If the first data point is found to have a y + value of less than 

thirty, the program uses the trapezoid rule all the way from the wall to 

the freetitream. 

The skin friction is determined by assuming that the law of the 

wall holds. With the exception 'If the Stanton tube. every generally 

used method of determining skin friction from a mean velocity profile 

(Preston tube. Clauser plots) uses this assumption. l'be program uses an 

iteratJve procedure which goes as follows. First, at every point in the 

prof 1l,~, 8 value of the fdc tion velocity is calculated by assuming the 

law of the wall holds. This is done by rewriting the law of the wall 

as: 

U .. -------~~----
T 

1 (yu) --. tn -..! + 5.0 
.41 v 
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Since the RHS is only weakly dependent on u
T

' a guess (usually u
T 

-

2 ft/sec) combined with the measured values of y and U(y) will yield 

a good approximation to u'f' Inserting this approximation in the RHS 

and recomputing will yield a bet ter approximation, and so on to clo

sure. The program quits when successive values of u
t 

differ by less 

than .001 f tl sec. The program then uses u
T 

to figure a C t/2 for 

that y value. This iterative calculation is then repeated at the next 

larger y. At that point the program has generated a profile of Cf /2. 

Now, if the law of the wall really does hold over some range in y, then 

over that range the vale;as of Cf 12 calculated above ought to be the 

Over a flat, smooth wall, this is approximately + 30 same. range y -
to y+ - 225 (for a curved wall it is less, approximately y+ '"' 25 

to y+ - 90) • The program uses the "profile" of approximate Cf /2 to 

calculate a + value for each value. It then locates the y y range 

of + 
- 30 to + = 225 (on a nat wall - for curved walls the y y range 

used is 30 to 90), and then averages the values of Cf /2 in this range. 

This value is then taken as the actual value of C f/2, and the 

values are then recomputed in the normal manner. The values of 

used in the averaging process are then checked for scatter. If any of 

the averaged Cf /2 values are more than 2% different from the average, 

the program prints out a message - lARGE SCATTER IN COMPUTED Cf/l 

VALUES. The program also prints out the Cf /2 profile. Output should 

always be checked to make sure that the log zone has been properly 

identified and that the average value (printed out next to the momentum 

thickness Reynolds n~ber) is reasonable. Also, if factors such as 

roughness (\T very strong pressure gradients move the log zone. new y+ 

values for the estimated log zone should be put in the program. The 

present program could be improved in its procedure for determination of 

the log zone. With some effort, a section could be designed to search 

the cf /2 profile to find the region where it is constant, without any 

reference to the inner coordinates. 

The input nomenclature is shown in Table C-l. 
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Table C-l 

Input No.enclature for V8LPRO Quantities 

Lilted 1n the Order They Are Read 

Input Data 

Nuaber of proftles to be 
reduced 

Title -- any title of up 
to 72 characters 

No. of points in profile 

Flow temperature 

At~ospheric pressure 

Free-stream dynamic presAure 
at ti~e of first point 

Free-stream dynamic pressure 
at ti~e of last point 

Outside dia~eter of pitot 
probe 

Reciprocal of wall radius 
of curvature 

Distance from wall 

Measured dynamic pressure 

\ 
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He.e 1n Code 

NOS 

TITLE(I) 

N 

ATP 

POB 

POE 

00 

K 

Y(l} 

TRPR(I) 

Units 

in.-Hg 

Ins. 

ins. 

t ".... " * .. 



SHETWO 

SHETWO reduces the output of a rotatable ~wire using the analysis 

of Appendix D. this program was not intended to be a general-purpose 

routine like VELPRO t and the input is pretty much limited to the data

acquisition system described in Appendix D. The inputs to the program 

are: 

l. 

2. 

3. 

4. 

5. 

6. 

7. 

UTAU 

UPW 

DEL 

DISP 

MOMT 

No. of points In the profile. 

The multiplicative constant in the linearized hot-wire 
equation. 

The friction velocity from mean-velocity data (ft/sec). 

The freestream (or wall potential) velocity (ft/sec) 

The boundary layer thickness in the same units as Y. 

The displacement thickness (ins). 

The momentum thickness (ins). 

8. RE The momentum thickness Reynolds number. 

9. TIME The integration time (sec). 

10. PHIONE and PHI1WO -- The wire angles as defined in Appendix D 
(deg). 
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HIXLN 

This program, like VELPRO, is a general purpose routine designed to 

compute velocity gradients from an input velocity profile. To do this a 

SCIP library subroutine, ICSSCU, is used. This subroutine fits a cubic 

spline near but not necessarily through the data points. The amount of 

smoothing which is done can be controlled from the driver program HLXLN, 

by adjusting the value of the parameter SM. 

If a shear stress profile is input with the mean velocity profile, 

the program will not only calculate the mean velocity gradient, but also 

the mixing length, the turbulence production, and the ratio of the ex

perimental mixing length to the standard mixing-length distribution, 

assuming an A + value of 25. Also computed is the eddy Reynolds nwa-

ber, def ined as: 

R 
eddy 

IUV R. .. --- -v 
uv 

aU 
- v 
3y 

If, as is usually the Colse. the points where j values of the shear 

stress profile are not coincident with the y values of the mean veloc

ity profile, the program uses the cubic spline to calculate both the 

mean velocity and the mean velocity gradient separately. 

}MIRE 

HWIRE reduces the data from a horizontal wire. It is basically the 

same program as VELPRO, but the data reduction U3es the linearized equ~

tion 

v -
for velocity- Besides the quantities calculated by VELPRO, the program 

also calculates the relative turbulence intensity: 

TURBIN - .~'7-
u pw 

• c..v 
1 U-pw 

The program will aho calculate the isotropic dissipation if the 

time derivativt.: of the fluctuating hot-Wire SIgnal, de/dt, is included 
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in the input data. The quantity printed out .. DISP in the output h 

actually 

& . -
,,36 

DISP 

t 

The dhelration, &, 1a calculated frOll the assumption of small-scale 

isotropy and Taylor'. hypothesi •• 

& 

--2 

15~ (:~) 

The input. for IIilRE are tht' s8Jlle as for VELPRO. except that meAn 

voltage is read in instead of mean dynamic pressure, and in the two 

fielde following are the true RMS fluctuating voltage and the time

differentiated fluctuating voltage. 
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Appendix D 

QUALIFICATION OF X-WIRE TECHNIQUES IN A FULLY DEVELOPED C~NNEL FLOW 

A pair of crossed hot wires can. In principle be used directly to 

measure the Reynolds stresses. For this experiment, however, we chose 

to prove our techniques by measuling the Reynolds stresses in a turbu

lent channel flOW, where the shear stress distribution is known. This 

append1.x will first describe the analysis which relates the fluctuating 

wire output to the Reynolds stuses, then describe the actual instru

ments used, and finally present the data measured in the channel. 

Da ta Red uc t ion 

After linearization, the output voltage of each wire is related to 

the flow ~elocity by the calibration equation (for definition of vari

ables, see Fig. D-1). 

U • Cal 1 • E + Cal 2 meas (D-l) 

where Cal 1 and Cal 2 are constants. The hot wire responds as if it 

""ere being acted on by a velocity, Ueff • which is defined by Jorgen

son's relation [42J. 

• (0-2) 

u2 • V2 • and Wz are velocities in wire coordinates; tnat is. U2 is 

the compnent of Umeas which is perpendicular to the wire ap~ ~arallel 

to the prongs; V2 is parallel to (along) the wire and in the plane of 

the prongs; and Wz is perpendicular to the wire and the prongs. U2 • 

V2 • and W2 are related to U by the cosine law: meas 

- U cos ~ mess 

- U sin ~ meas (0-3) 
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In practice the vire is aHgned prior to measurement so that, for 

the ~ velocity, the above relations hold. Substituting (D-3) into 

(0-2) relates Ume8s to Ueff • 

• (0-4) 

In unsteady flow, both Ueff and Umeas have mean and fluctuating 

cOllponents. The task of relating the fluctuating component of Ueff 
to the turbulence quantities vas carried out by Anderson [44}. He gets, 

for U» v. 

• 

where 

2 2 2 
~) A • (cos ~ + k1 sin 

D • (l-ki> sin 24> cos a 

F • (l-k~> sin 24> sin e 

where IP is the pitch angle as shown 1n Fig. 0-1 and e is the roll 

angle. 

Z 
Returning to the expression for Ueff , the square root of the RHS 

can be taken by first dividing through by the large tem (AU
2

) and 

then using the binomial theorem. This results in 

U /Au +rA D F • u+- v + - w 
eff meas 2fA z/A 

(D-5) 

Now we define 

u
eff 

• U - fAU 
eft meas 

(0-6) 

Then 

fit. D F 
ueff • u+- v + -- w 

zli.. 21A 
(0-7) 
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. 

• 

y/h 

.1 

.2 

.3 

.4 

.5 

.6 

.7 

.8 

.9 

Table o-L 

Ratio of Difference ,"'etween Heasuree! and Predicted 

* uv to Square of Friction Velocity 

~ - o· • - 180· 

~ . 180· . -O· 

Turb. RMS Wire 1 Wire 2 Turb. aM'-.-
Processor Meter Slant Slant Processor Meter 

-.031 .007 -.007 .048 -.003 .034 

.007 .022 .002 .048 -.016 .028 

-.003 .028 .Oll .044 .002 .022 

-.009 .034 .017 .023 -.017 .005 

.009 .016 .006 .014 -.025 .004 

-.012 -.005 -.013 -.--0 -.028 -.017 

-.020 -.023 -.028 -.014 -.025 -.019 

-.009 -.005 -.019 -.013 -.020 -.027 
-.012 -.024 -.023 -.020 -.009 -.019 

Values are of 

uv - uv 
x-wire Eqn. (0-11) 
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Fig. D-1. Coordinate system for analysis of hot-wire signal 
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Fig. 0-2. Block diagram ,)f instruments for Reynolds strC'ss mf;asurereents 
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The AC component or the output of the linearizer is related to the 

fluctuating component of Ueff by 

aU eff 
ueff - ~ e 

Inserting (D-8) into (D-7) giveR 

- (II Call) e 

e - 1 r D F J 
Call L u + 2A v +2A w 

(D-8) 

(D-9) 

(D·-9) is the basic equation which is used in the data reduction. When 

two wires (a and b) are used with ~ - 45° for both and e - 0° for 

one and 180° for the other, the AC outputs can be correlated as 

(a+b)(a-b) 

In our case, a DI8A turbulence processor was used to do the cross

correlation. However, a True RMS meter could also be used since 

(a+b) (a-b) 

~nd this scheme was also used in the channel tests. 

Equip:aent Used 

Figure D-2 shows, schematically, the layout of sensors and instru

ments used to measure the turbulent stresses. The output of the anemom'· 

toter bridges was linearized, fed to the turbulence processor (which 

performed the cross-correlations discussed abCive), and the resulting 

signal was time-averaged using an integrating digital voltmeter. 

TI.'! sensor tip was mounted in a probe holder which allowed ~he sen

sor to be rotated around an axis parallel to the prongs. The x array 

could be located in the x-y plane or the y-z plane. This allowed 

\:s, in practice, to measure the y-z Reynolds shear stress (uw) and 

the y-z Reynolds nurmal stress. nle rotating feature was also useful 

during qualification -- either of the two wires could be used as a ro

tatable slant wi=e to rueasu~e the Reynolds stresses independently. 
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Heaaurenaents ir. the Channel 

The channel flow we used has been described (and measured) in de

tail by Hussain [45]. The flow is known to be fully developed and very 

two-dimensional. The shear-stress distribution is 

h dP t 
uv - p dx [1 - y/h) (D-ll) 

where dP 0 1 dx is the total (or static) pressure gradient. h is the 

channel width and y is the distance from the wall. The pressure gradi-

ent was measureti by taking static pressure measurements at two stations, 

using a Combist micromanorueter. The results are shown in Fig. D-3. The 
2 

.03 u of 
-- t 

In addition, values of u
2 

and of 

value of measured with the x-wire is always withi.n ± uv 

lhat calculated from Eq. (1)-11). 

2 
v ~ompare well with those measured by Taslim (46J in the same channel, 

as shOtm in Figs. D-4 and 1>-5. 

During these qual it ication rlills, it was discovered that very long 

averaging times were necessary to avoid large scatter in the data, the 

minimum "c:ceptable time was 30 sec. For this reason, long averaging 

times, "p to 100 seC'. , were used during curved-flow data acquisition. 

As a furtlwr check on the acnlracy of measurement, a shear stress 

profile were taken in which the x-wire array was used in several inde

pendent ways. Each of the t.\oIO wires was used as a rotatable slant wire, 

an RNS meter was subst iluted for the DISA turbulence processor. 80G ~ach 

of the x-wires was used both at zero and at 180 0
• All the meall .... red val-

ues should agree, and Table 1>-1 shows that the diffl'rence between meas-

ured values dlld va';'ues cal"ulated f rum 1::411. (D-11) is always less than 
2 

u at 20:1 odds. 
t 

3 % ~. nle agreement was satisfactory for all coo-

figurations. 

¥. • ' • 
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Fig. D-3. Measurements of turbulent shear stress in channel 

.. -

I 

, I 
I 

.~ 



u' 

1.5 

1. ) 

1.1 

0.9 

0.7 
f).O 

• 
t 

A 

• 8 

• e 

L. 

• 
• 
e 

• 
& 

• 
• 0 o o 0 

X-Wires 

{
• DISA 

Peh-15960 ~TSI 

{
o nrSA 

Reh '"'22 )00 0 DISA 

55P53 
1243 

55P53 
55P51 

{
o DISA 55P53 

Peh ... 28500 e TSl 1243 

Reh-))Of)O 6 f;ILUS 

(K
1
-0.30) 

Lar~er symbols locate point 
to show scatter. They are not 
data points. I 

~-1-----O~.-2----0~:-'----0~:~4-----0~~-5----0'.6------0~:7----0-.~8-----0-.ri9----1~. y/h 

Fig. D-4. Plot of u'/u measured 1n channel 
T 

I 
I 
I: 
l 
~ 

I! 



- ---- ....... " 

1.2 
0 

1. 1 ~ 0 e 
e 

(9 0 0 
v' ,J e 9 

0 

IB A U
T ~ 0 ~ .... 

a .... 
~ • A ~ 

(J1 E9 0 IZi 
(J1 

Q) e 0 A c:: X-Wires 'P4 8 0.9 ~ 'i! - $ 
Q) & Reh-15900 { 0 DISA 55P53 
&.I 

fJ o TSI 1243 c:: $ 
Q) 
u i ~ { 0 DISA 55P53 

0.8 i E9 6 Reh-22200 
(X DISA 55PS 1 

~ .& 
$ 8 Reh-28500 { A DISA 55PS3 

E& ~ 0 o TSI 1243 
0.7. 11 a 

0 Reh-33000 o GILLIS 

0.6 ~ 
(K 1- 0.30) 

y/h 

0.0 C.l 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Fig. D-5. Plot of v'/u measured in channel 
T 

___ "">"_""___ ____ ~~ ""_ ""_00- ,,___ __,,___ __ _ ____ " "_ .. ,,~ 



Appendix E 

FLOW-ANGLE MEASUREMENTS 

Because the flow over the convex surface i8 so sensitive to second

ary flows. we decided it was wise to measure the flow angle at various 

points across the boundary layer. To do this we fabricateJ a two-hole 

or Conrad probe, the business end of which is pictured in Fig. E-l. 

For such a probe, the pressure difference between the two channels 

should be a linear function of flow angle -- at least for small ang

les. The response of the probe is shown in Fig. E-2. 

Because the slope of calibration curve is a function of the local 

f low speed. the following procedure was used. First the probe was 

raised into the free stream and a pointer, attached to the probe shaft, 

was set to read zero degrees. Then the probe was ~oved into the bound

ary layer, and, at every measuring point, the probe- shaft was rotated 

until both tubes read the same pressure. The flow angle relatlv~ to the 

free stream was then read off the pointer. It should be noted, however, 

that 1n all cases the free stream flow was parallel to the centerline of 

the passage within a few degrees. 
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Fig. E-l. Conrad probe 
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Fig. E-2. Calibration curve for Conrad probe 
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Appendix F 

STAN5 SUBROUTINE AUX AFTER CURVATURE MODIFICATIONS 

Lmplementation of the Curvature Hodel 

There are four groups of statements which hav been introduced or 

modified in Subroutine AUX to model the effects of curvature on turbu-

lence. 

Th~ first group 1.s between lines AUX00270 and AUX00280. This group 

of statements is executed only on the first integration and guesses the 

value of and related parameters. is taken to be the same as 

and is tak~n to be the displacement thickness 6
2

, The pro

* gram also uses the values of (6 sl-6 sl) from the previous two integra-

tions; and, for the first time step, these are taken as (6-6
2

) . This 

group of statements doe& not figure in subsequent integrations. 

The second set of curvature statements is between AUXOIOOO and 
• AUXOI020. First the values of (6

s1
-6

s1
) from the previous three inte-

grations are averaged (this step is taken to improve the stability of 

the model), and the average value, ALAMA, is used to set the outer layer 

mixing length as ALAMA/IO. 

Between statements AUX0124 and AUX0125 is a statement which deter
+ mines the value of 1 (called TPL(I» at each point for later use. 

The fourth group of statements concluded for curvature comes be-

tween AUX01560 and AUXOI600. This group determines and then I:om-
putes The first set of statements, 1657 to 1667, finds the value 

of y where the stability parall'eter s has a value of 0.11. If the 
wall has convex curvature (CW < 0) , then this y value is taken as 

• 6s1 and the program ski ps from 1673 to 1711 to compute 6s1 ' If the 
wall is flat (CW = 0) • then statements 1674 to 1710 de te mine 6 

sl 
from the TPL(I) profile by the method shown in Fig. bl, Rnd as described 

below. 

In the code, the 1+ profile is first searched to find t+ 
lDax 

'Chen the 1+ profile is searched again to find points which have 1+ 

values betwet"n 0.40 '" {+ and 0.90. -/ in a band centered at 
+ + max 

0.65 1 with half width 0.25 t If there are fewer than three 
~x ~x 
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points in this ranae, the band is widened by a factor of 1.25 &nd the 

profile 11 searched asain, When four or BOre pointl have been found, a 

least-squares routine 1& used to f1 t a straisht Une throuah thea in 

the t+-y plane, The interlection of thil line with the y axis can 

be computed directly (stateaent 1707) and il taken a. 611 , 

* Once 681 

1712 to 1742. 

has heen deterained, 6 sl 18 computed in stateaentl 

Prosram Noaenclature 

SLT 

DISSHR 

TPL(I) 

* (6 1-6 1) 
s 8 This integration 

ALAM 

* ( 6 1-6 1) s s ,_ &.Gat 
PLAM 

integration 

* (6 1-6 1) 
A S Two 

PALAM 
i~tegrations ago 

Average of ALAl'I, PLAM, & PALAM A LAMA 

STAB( I) 

CW (iuterpolated value) 

CDC (boundary condition read) 

In addition, small modifications were made to the input subroutine and 

the driver program. To read the wall curvature boundary conditions, the 

r~ad statement for boundary conditions, which normally reads; 

90 READ 9(5,580) SlM), RW(MO), AUX2(M), AUX2(M) 

was modified to read 

90 READ95 ,5800 X(M). RW(M). AUX2(H). AUX2(H). C8C(H) 
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In the driver prolr .. ( .. In), a Itatement va. added to interpolate the 

local value of wall curvature at the x location of the integration 

from the boundary condition value. of wall radiul (CIC(M» read. Thi. 
1, 

cw • BCB(~l) + (CIC(M) - CIC(K-l» 8 (XU-X(M-l»/(X(M) - X(M-l» 

Aho. the free con'taat 8XX va, not equal to the displacement thick
ness. DEL2. r1aht after .tat~nt 519 1n .. in. 

Finally. the comaon block ADO vas enlaraed by add1na CBC(lOO).CW 
after 1'l'KE. 
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SUBROUTINE AUX AUXOOOOO 
C..... AUXOOOIO 

INTEGER GEOM.FLUID.S~~CEI5I,SPACE,BOUFOR.OUTPUT.TYP8C AUX00020 
CO~OH/GEH/PEI.AMI,AME.DPDX.XU,XD,Xl,DX.INTG.CSALFA,TYPBCI51, AUX00010 

IMODE.PRTISI.PRE.NXBC.XIIOOI,RWIIOOI.FJI5.IOOI,GC.CJ.AMIIOOI.PRO. AUXOOO~O 
2UGIIOOI.PO,SOURCE,RETRAN.NUMRUN.SPACE.R~.PPLAG.OUTPUT.DElTAX.GV AUXOOOSO 
l/EIH.NPI,NPZ.NP1.NEQ.NPH.KEX.KIN.K£SE,KRAO.GEOM.FlUIO.BODfOR,YPMINAUX00060 
4/GG/BETA.GAMAISI,AJIISJ,AJEISJ.INOIISJ.ItIDEISI.TAU.QWflSI AUX00070 
SIVIUIS41.FIS.S41.AIS41.0MIS41.YIS41,UGU.UGD.UI,fIISJ,FMEAN,TAUW AUX00080 
6/W1SCIS41.AUI S .. I.BUf 541.CUI 541.AI 5. S~ I,BI 5.54 I.CI 5. 541,SUI 5.S41, SDAUX00090 
7/l/AK.AlMG,AlMGG.FRA.APL.BPl.AQ,BQ.EMUI541.PREFIS,S41.AUXMI AUXOOIOO 
8/LI/YL,UNAX,UMIN.FR,YIP.lEM.ENFRA.KENT.AUXMZ AUXOOIIO 
9/P/~HOIS41.VISCOI54J.PRIS.S41.RHOC.VISCOC.PRCI5J,T(54I,RHOM.BfI54IAUXOOI~O 
I/O/H .REM .~f~., STISI ,lSUB ,lVAR ,CAY ,REH, PPL .GPl.QWI 5 I .KO AUXOOI10 
2/CN/AXX.BXV.CXX.OXX,EXX,KI.rz.K1.SPI541.AUXIIIOOI.AUX2IIOOI,YPMAX AUXOOl40 
l/AOD/RSOM( S4 t ,I)MOI 541.ROMDI 541. ITI(E .CBCI 100 I.CHF! 541.CUG ,CURV. AUXOOl50 
4CW .PlI 541 

C ..... 
DIMENSION DVI541.SHRI541.STABI54J.VElGRDI54I,TPlI54J 

ITKE=I 
UGG=UI l J+FLOt,TlKEX-I'.IUINP1'-UI III 
RHG=RHOI I l+F LOA TI KfX- I '.1 RHOI HP1 J -RHO I I J 1 
AMW=-AHE+flOATI KEX-I '.1 AME+AHI I 
PHW=RHOINPlI+FlOATlKEX-1 I.IRHOII '-RHOINPl') 
VISW=VISCOINPJI+FLOATIKEX-I '.IVISCOIII-VISCO(~P311 
UTAU=SQRTI GC. T AUW/RHW 1 
YPUT=RHW·UTAU/VISW 
KTHRU=O 
IF IINTG.GT.I 1 GO TO 10 
KOUNT=O 
IF IHOOE.EQ.ZI KOUNT=I 

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C CURVATURE MODIfICATION -- GUESS INITIAL VALUES OF PARAMETERS 

SlT=Yl 
DIS~HR=BXX 

AlUI= SL T -DISSHR 
PLAM=Al.4H 
PZLAI1= P LAM 
ISLT=N 
F1ENS=REM 

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
RAVG=RII I 
I1HOAV:RHO( 1 1 
VISAV=VISCOI II 
kTUPB=O 
If INPH.EQ.0.A.m.MOOE.EQ.Z.ANO.K2.NE.2IWRITEI6,61 
IFI K2.EQ.2 . MID . MOllE . E~.2IWRlTE(6 ,91 
IF ItlPH.Eel. 0 .Alm .NOOE .EQ. Z . MID .KD.lT .21 W!HTEI6.7J 
IF (tlPH. EQ. 0 .AtlD .HODE. EQ. 2. ANO .KD .GE .21 WRITEI6.8 I 
IF INFH.EQ.OI GO TO 10 
JTKE=O 
00 5 J=I ,Nf'H 
IF ISOURCE(JI.E~.~I JTKE=J 
IF IJ.EQ.JTI',E.MIO.HODE.EQ,ZI WRITE 16.41 
IF (J.fQ.JT~E.Ah~.HCOE.EQ.?.ANO.K2.EQ.ZI WRITE 16,11 

l fORMATIII' KZ SHOULD tlOT BE SET EQUAL TO 2 'III 
4 fORMAll' flOW IS lUPBUlENT AND PRoe·RAM IS USIt4G TURBULENT' 
II' KWETIC-EtlERGY TO EVALUATE EDDY VISCOSITY. EXCEPT IH THE'I 
I' WAll FUIlCTIOt4 WHE?E MIXING-LENGTH IS USED. NOTE THAT TI1E'I 
I' PRItHED-OUT VALUES Of TKE HAVE NO I1EAtDlG IN THE NEAR-WAll'l 
I' REGION, I.E., fOR y. LESS THAHS+, OR Z.A •. '/I 

5 IF ISOUPCEIJI.EQ.ZI KTUPB=l 
IF (MC:1E.EQ.I I GO TO 10 
If IKTUPS.E'l.O.AlID.1<2 NE ZlWRITE 16.61 
IF IKD.lT.21 WRITE (6.71 
If IKO.GE.ZI ~cITE (6,8' 

6 fOP!'1ATI' FLOW IS TL'PEUlEtH AtlO PROGRAM IS USING THE PRANOTl MIX-' 
I J. r>:r.-I rW;TH H'~'OTHE<;IS TO EVALUATE EDOl-VIS(OSrn"/' 
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AUX00240 

AUX002S0 
AUX00260 
AUXOOZ70 

AUX00280 
AUXOOZ90 
AUXOOJOO 
AUXOOJIO 
AUXOOJ20 
AUXOOHO 
AUX00340 
AUXOOl50 
AUX003"O 
AUX00370 
AUXOOJ80 
AUXOOlqO 
AUX00400 
I.UXOO .. IO 
AUX004Z0 
AUX00430 
AUX0044C1 
AUX00450 
AUXOO .. bO 
AUX00470 
AUXOO .. 80 
AUX004qO 
AUX00500 
AUX00510 
AUX005Z0 
AUX00530 
AUX00540 
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7 fORMATI' THE VAN DRIEST SCHEME IS BEING USED TO EVALUATE' 
1/' THE MIXING-LENGTH OR LENGTH-SCALE DAMPING HEAR THE WALL.'/I 

I faRMATI' THE EVANS SCHEME I! BEING USED TO EVALUATE THE' 
1/' "IXIHG-LENGTH OR LENGTH-SCALE DAMPING NEAR THE WALl.'/1 

9 fORMA TI' flOW IS TURBULENT AND PROGRAM IS USING THE CONSTANT' / 
I' EDDY OIffUSIVITY OPTION 1M THE OUTER REGION'/I 

C ••••• 
10 KTHRU::KTHRU.' 

DO a9 1:2, NPI 
YM=O.S·IYII+II+YIIII 
If IKEX.EQ.I 1 YM=YINP31-Y" 
If IfLUIO.EQ.I I GO TO 12 

IAVG=O.S.'Rlll+RII+111 
IHOAV:O.S·IRHOII'+RHOII+I" 
VISAV=O.S.IVISCOlll+VISCO(I+111 

If Et1UT=O. 
OVIII=I. 
If INDDE.EQ.11 GO TO 50 
KOUNT:KOUtlT+I 
IF IKOUHT.EQ.' I GO TO , 
If IKASE.EQ.21 GO TO 25 

~UX00550 

AUX00560 
AUXOOS70 
luxoosao 
lUXOOS90 
lUX00600 
lUXOO"O 

lUX00620 
lUX006l0 
lUX006ltO 
AUX0065a 

lUX00660 
lUX00670 
lUX00680 
lUX006'O 
lUX00700 
AUX00710 
AUX00720 
Auxoono 
lUX007ltO 

C-------------------------------------- EDDY 
C ••••. VAN DRIEST OAMPltIG FUNCTION 
C ••••. APL, BPL COtlPUTEO IN WAll 

VISCOSITY DlMPING TERM ----lUX00750 
lUX00760 

IF (FLUID.HE.! 1 lPUT:SQRTIRHDAV*TAUW-GCIIVISAV 
YLOC:YM·lPUT 
IF IKo.GT.I' GO TO IS 
IF IYLOC/APL.GT.IO. I GO TO 25 
OVIII=I.-I./EXPIYLOC/APLI 
GO TO 22 

C ..••. EVANS DAMPING FUNCTION 
IS OVIII=YLOC/8PL 
20 IFloV(II.GT.1.1 oVII.:!. 

C •••.. lO:.!ER LIMIT VALUE Dt.tlPING TERM 
22 IF 10VllI.LT.0.OOOI I OVIII=O.OOOI 
25 CONTINUE 

Auxoono 
lUX00780 
AUX00790 
.lUX00800 
I.UX00810 
lUXOO!:!O 
lUX008l0 
AUXOOS40 
AUX008S0 
AUX00860 
lUX00870 
AUX00830 
lUX00890 

C-------------------------------------------_ 
IF II.GT.21 GO TO 30 
IF IGEOM.EQ.4.0R.GEOM.EQ.SI GO TO 30 

PRAtlOTl MIXING LENGTH ----AUX00900 
'UX00910 
AUXOO9Z0 

IF IREM.lE.IOO .. OR.K2.EQ.31 GO TO 30 
C ••••• EMPIRICAl COlli/ELATION fOR AUIG fOR WAll FLOWS 
C •.••. THIS CORRELATION THEN OVERRIOES THE INPUT ALMGG 

AMOR=AtlEiRHOI I I 
If IKIN.EQ.I I AMOR=lMI/RHOltlPlI 
lLMG:AlMGG·II.-67.S-AMOR/UGUI 
IF IALMG.LT.AlMGG. lLMG=ALMGG 

C ••••. COMFUTE MIXWG LEUGTH 
C ••••••••••••••• M ••••••• ~ ••••••••••••••••••• * ••••••••••••••• 
C CUQVATUPE MCOIFICATIOII TO WAKE MIXItlG LENGTH 

AlAMA=IALAM.PLAM.P2lAMI/3. 
30 AL=AlMG-AlAMA.I.l7bS 

AlMAX=AL 
c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IF IKASE.EO.I.lNO.YM.LT.Al/AK' AL=AK-YN 
IFIKASE.EQ.I.Atm.K~.EQ.ZIAL=AK.YM 

IF IKTUPB.E~.I.ANO.KASE.EQ.21 GO TO ltO 
IFIKASE.EQ.Z'GO TO 35 
YTKE = YI I I-I PUT 
IF IKEX.EQ. I InKE=1 YINP31-YI I-I II.'I'JT 
IFIKTURB.EQ.I.ltm.KO.LE.I.ANO.YTKE.GE.Z._APLIGO TO 40 
IFIKTUQB.EQ. I .ANO.KO.GE. Z .AIIO. YTKE.GL8PlIGO TO ltO 

lS fMUT=RHOAV-U-.U-ABSI lUI I.I I-UI I I III YI 1+1 I-YI I I I I-OVI I I.OVI I I 
Pl( I I =ALlYl 
SPI21=8XX 
SPI ll=SLT 
IFIKZ.NE.Z.OR.KASE.E1.ZIGO TO l6 
ENUTC=(AQ-~EM--B~'·VISAV 

IFIEMUT.GT.E~TCIEMUT=EMUTC 
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IfIYM.GT.0.4*YLI(MUT=EHUTC 
36 IfIKTURB.N(.I IGO TO 50 

C •..•. AOJUSTMENT OF TKE IN NEAR-WALL REGION 
FJJAVE=I IAK.EMUTI/IAQ.RHOAY*AL*OVIIII 1**2 
FIJTKE.II=FJJAYE 
IlKE:l 
IF IKEX.(Q.I.AND.ITK(.EQ.II IlKE:I 
GO TO 50 

C .•••. COMruTE (OOY VISCOSITY USING TURBUL(NT KINETIC EN(RGE EQH 
40 FJJAVE=ABSIO.5.IFIJTKE.r., I.F(JTKE.IIII 

EMUT=AQ-RHOAV.Al.OYIII*SQRTIFJJAVEI/AK 
C---------------------------------··------------ EfFECTIVE VI'CO'ITY 

50 EMUIII=EMUT+VISAY 
IF INPH.EQ.O.AND.KASE.EQ.II TIII=ABS(EMU(II*(U(I.,I-U(III/ 

II YI I+l'-YI I I I I/IGC.UUWI 
TPl( I I=ABSI EMUI I I*IUI 1+1 I-UI I IIII Y( I+l'-VC I I' '/1 GC*UUW I 
VElGPOI I 1=1 UI 1* I I-UI I II/( VI 1+11-YUI' 
If tNPH.EQ.O' GO TO &9 

C--------------------------------- TURBULENT PRANDTL/SCHMIOT NUMBER 
EOR=EMUTIVISAV 

C ..... 

DO 88 J=, .NPH 
If IMOOE.EQ.I I GO TO 80 
JPHI=I 
IF ISOURCEIJ).GT.O) JPHI=SOURCEIJI 
GO TO 16Z.68.6Z.6ZI. JPHI 

C ••••• SHGllA HON ENERGY EQN. TURBULENT PRANOTl NUHBER 
6Z PIHJ=PRTI J I 

IF IKASE.EQ.2.0R.Kl.EQ.31 GO TO 70 
C ••••• THE fOLLOIolIli:; IS THE FREE CONSTANT IN THE TURBULENT PUNCH 
C ••••• NUNB£R EQUATION. EXPERIENCE MAY SUGGEST A DIffERENT VALUE. 

CT = 0.2 
PtTC~EDR*CT"1 PilI J. I*t I+PRI J.I I lIZ. 
IFtPETC.LT .. OOI IPETC=.OOI 
IFIPETC.GT.IOO.IGO TO 69 
ALPHA=SQRTII./PRTJI 
AOP=ALPHA/PETC 
IFI AOP.GT. '0. IAOP:IO. 
PPTJ=I./tl./12.·PRTJI+AlPHA*PETC-PETC*PETC*ll.-EXPI-AOPIlI 
GO TO 69 

C ..••. TURBULE'lT KWETIC ENERG¥ EQN. TURS PIlAtlOlL NUI'1BER 
68 PRT J=FRTI J I 

C----------- .---------------------- EFFECIYE PRANDTl/SCHMIOT NUMBER 
69 IfIKIN.EQ. I .AllO.I.Ea.z ,GO TO 88 

IFIKEX.EQ.I.AtlO.I.EQ.NPI'GO TO 88 
70 PREFI J.I 1:1 I .O.EDR III EOI1/PRTJ*I .0/10.S*IPRfJ.I+ll+PPIJ.I I III 

GO TO M 
c ..... LAMItlAR EFFECTIVE PI1A1lOn NUM8EI1 

80 FPEfIJ.I loO.S*IPI1IJ.I.' IoPRIJ.III 
!e com HlUE 
8~ CC~HINUE 

r"~o.oo 
IFICIol.GE.O.OI GO TO 91 
DO 90 I~Z .tIP·, 
If I Y1 ! . G T. O. ° I GO TO 90 
VElGJ;" 0 I I I = I UI I I-UI I - I I I II YI I 1- YI I -1 II 
STABII)=CW·UIII/vELGI101 II 
IFISU811I.GT.-.11I GO TO qll 
YI 1=1 -. I I-STABI I-II III SUBI I I-SUBI I-I I I 
SLT=nl-llIII-YII-I IltYtl-1 I 

90 cem lNUE 
91 P2lAM=PLAM 

PlAtI-SlT-OISSHI1 
IFI Y1! .GT.O I GO TO lOZ 
NPSHR: 'II' 1 - 1 
TAUHA\:O.O 
nn a~ ,=,.~pc~g 
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'2 IFITPlIII.GT.TAUHAXI TAunAX:TPlIII 
CNTA=O.65 
BANO=O.U 

n KlUNK=O 
NFn=O 
SUI1I=O.O 
SUf1Z=O.O 
SlR13=O.0 
SUI14=0.0 
00 9~ I=I.NPSHR 
UPPER=I CNfA-UNO IwUUt'AX 
ALOWR=ICHTR-BANOI.TAUNlX 
IFIKLUNK.GT.OI GO TO ,~ 
HSRC=HPI-I 
IFITPLlHSRC I.GE. I 0.'3.UIIt1AXI I KLUNK=' 
lFITPLIHSRCI.GT.UPPEA.~A.TPLIHSRCI.LT.ALOWAI 60 TO 94 
HfIT=NFIT-I 
SlR11= SlR1I +VINSRCI 
SUMZ=SUNZ-TPlINSRCI 
SlR13~SlR13+TPlIHSRCI·YIHSPCI 
SlR14=SUN4+TPLINSRC,WTPLIHSRCI 

9(t CONTINUE 
ANUM=SUN3-ISlR1I·SUNZ/NFITI 
OE~I=SUN4-ISlR1Z.SUNZ/NfITI 
IfCDENUM.lE.O.OI WRITECb •• 61 II.YIII.UIII.TPLIII. I=I.NPSHAI 
IfCBAHO.GT.0.501 GO TO 100 
lfCDENUM.GT.O.O.ANO.'IFIT.GT.ZI GO TO 100 

.6 fORNlTI2X,I3,4X,F'.5.4X,F7.Z,4X,F7.~I 
BAND=CAND.' .2S 
GO TO '3 

100 Sll= C SUN' -SUNzwI lUUN/tlEHVI1II/NfIT 
lfIINTG.GT.I'.AND.IHTG.lT.30' WRITEI','71 (I,YIII,UIII, 

ITrlIII.VElGROCII.PLIII, I=I,UPSHRI 
97 FORMATCZX.I3.4X.f'.5,4X.F7.Z,4X.F7.4,4X,F7.0,4X,F7.41 

10Z IrISlT.GT.I.ZwYLI SLT=I.ZwYL 
C FIND NEW DElTASTAR BASED ON SHEAR LAYER THICKNESS 
C F IUD NEW fOGE VElOC I n 

KSlT=O 
DO 103 I=Z.HPI 
IFCKSLT.EQ.O.AND.YIII.GT.SLTI ISLT=I 
IFIYIII.GT.SLTI KSLT=I 

103 CONTlUUE 
IFIKSLT.EQ.OI GO TO lOS 
USLT=UGU 
OISSHR=II.-UIZI/USlT'WCYIZI/ZI 
DNOMT=CUIZ'/USlT'-OISSHR 
ISLTI =ISLT-I 
00 104 I=3.ISlTI 
DISSHR=DISSHR+I ( I . -UI I-I IIUSLT hI I • -UI I IIUSLT I I 

IWIYI I1-Y( 1-111/2. 
DMTI=IUIII/USLT,·ll.-CUCIIIUSLTII 
OMT2 = lUll-I I/U( ISL T II-I I . -I U( 1- I 11U( ISll III 

104 Ot:ONT=DMOMT.(OMTI _OMTZ IWI VI I I-VI I-II '/2. 
01 SSIiR =0 ISSHR - 1 I . -UI ISL TI I/USL T '-I SL T - Y I ISL TI II/Z. 
!JMltK = 1 U( ISL TI IIUSL T ,-( I . -UI ISll I '/USL T 'WI SL T- VI ISIlI I liZ. 
OMOM T =0I10:1T +(ltIINC 
IUMS=OMcrn-USLT-IIHOI I I/VISCOI I I 

105 IFIKSLT.[Q.OI DIS5HR=BXX 
AlAN=SLT-OtSSHR 
IF(INTG.GT.0.AND.INTG.LT.Z9" WRITEI6.I061 INTG,SLT.DISSHR, 

IYL,~FIT,IIEM5,ALMAX,KTHRU 

lOb FORM~TIIX,'lNTG :',I4,3X,'SLT ='.F8.5,3X,'OISSHR =',F8.5.3X, 
I 'O£lQ~=' ,F7 .4. lX, 'Kf 1'1'=' ,12,4X. 'REMS=' ,F7.2.4X. 'lNAX=' ,F7.4. 
2Zx, 'KTHIIU:' ,131 

IFIAOSIALAM-PZlAMI.LE.IO.OSWYLII AlAM=IPlAM-ALAMI/Z. 
108 com HIVE 

00 ItO I~=.NPI 
RIiOAVo I !;HOI I 10llHOI 1.' 11/2. 
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J' 
I 

RAVG=IRIl,+R(I+III/Z. 
C •••.• AOJUSTMENT OF EMU AT Z.5 lND N+I.S 

IF II.GT.21 GO TO 110 
IF (KIN.HE.I I GO TO 109 
IF IBETA.LT.0.02.0R.BETA.6T.0.91 GO TO 110 
EMUIZI=TAU*(YI21+YI})I/(BETA*(U(ZI+U(1») 

109 IF IKEX.NE.I I GO TO 110 
IF IBETA.lT.0.02.OR.BETA.GT.0.91 GO TO 110 
EMUCNPII=TAU*CYCNP3.-0,S*CYfNPI'tYfNPZJ"/ 

1 I BETA*O. S*(UI NPI I+UC NPZlJ I 
C ••••• COMPUTE SMALL C·S 

110 SC(II=RAVG.RAVG*RHOAV*0.5*IU(I.'I+U(III*EMU(II/CPEI~PEI' 
IF INEQ.EQ.II GO TO 300 

C----------------------------------------------------- SOURCE TERMS 
DO 200 I=3,NPI 
DO 150 J=I ,NPH 
SUIJ,II=O. 
50=0. 
IF I SOlJRCEI.I,. EQ. 0' GO TO ISO 
NSOR=SOURCEIJI 
GO TO 1115,130,115,1201. NSOR 

C------------------------------------- STAGNATION E~~ERGY EQN SOURCE 
115 IF (I.EQ.ZJ PREFIJ.I =PREFtJ,ZI 

PREFF=IPREFIJ.II+PREFIJ.I-II)*0.5 
CS=SCIII*(UII+I)*UII+II-UII'*UIII)*ROMOIII 
CS = CS-SCCI-IJ*CUCII*UCIJ-UCI-I,*UII-III*ROMOCI-IJ 
eS=II.-I./PREFF )*eS.RBOMI I' 
SUIJ,II = eS/IGC*CJI+BFIII/ICJ*RHOII)1 

120 IF (U(I).LT.O.OOOI I GO TO 125 
IF (SOURCEIJJ.EQ.3) SUIJ,II=SU(J,II+AUXNZ/IRHOIII*U(III 
IF ISOIWCEIJJ.EQ.41 SUIJ,l'=AUXN2/IRHOIII*UIIII 

125 so=o. 
GO TO I~" 

C------------------------- TURBULENT KINETIC ENERGY EQUATION SOURCE 
130 Al=AlHG*n 

IF IKASE.EQ.ZI GO TO 140 
YMQ=YI r) 
IF IKEX.EQ.I I YMQ=YINP31-YIII 
IF I1MQ.LT.Al/AKI AL=AK*YMQ 

140 OU2DON=.S*((lHI+1 I.UII+I )-U!I'*U!III*ROMOIII+ 
I lUI II.UI I I-UI!-I '.UI I-I )J.ROHDII-: II 

DVO= .S*IDVI! I+DV(I-ll1 
FJ2=Ae~(FCJ,IJJ 

PROD=AQ.AL.OVQ.SQRT(FJ21*IRHOIII*RI!I/PEII*·~/CUII)*AK*4.1. 

I DU2DONHZ 
OISS=6Q·AK*FJZ··,.S/IAl*OVQ*UIIII 
IF(DISS-DX.GT.FJZIDISS=FJZ/OX 
SU(J,II=PPCD-OISS 
FGT=F(J,NP31 

IFIKIN.EQ.2JFGT=FIJ,I, 
IfIKIN.EQ.31FGT=0.0 
IF(F(J.II.lT.FGTISU(J,II=?ROO 
SD=O.O 
GO TO ISO 

C ..... ADD OTHER SOURCE FUNCTIONS HERE 
C .•.•. CHA~~GE 'COMPUTEO GO TO' STATEME:n TO WC:llJOE 
C .•... SOURCE FUtlCTION S7ATEMENT NUMBERS. LIKEWISE, 
C ..... ::HAt~GE TUPBUl E~T PR/SC NUMBER 'CONPUTED GO TO • 
C ..... STATEMENT NUMBlR5. 

150 cmn ltIUE 
21)? C~tlT !'~UE 

300 cOIn lNUE 
RETt;PN 
EIID 
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Appendix G 

THE PARABOLIC ITY OF THE BOUNDARY LAYEIl EQUATIONS 

FOil PARALLEL FLOW OVEIl A CURVED SURFACE 

!hie section is included as a justification for using a parabolic 

marching scheme (STAN5) to solve the boundary layer ectuations over a 

curved wall. In the modeling done elsewhere in this theds, the effects 

of curvature appear implicitly in the turbulence model, and the standard 

linear momentum and continuity equations are then solved. For very 

strong curvature, however. it seems clear that the normal direction 

momentum equal!on will have to be solved too. As a first ~tep towards 

developing such a computation scheme, the parabolicity of a set of equa

tions in vhich the normal momentum equation vas taken to be 

• (G-l) 

WIiS investigated. In the proposed computation. this would be solved 

with the continuity and s component equation for momentum, 

au + (1 + E) ~!. + Y. _ 0 as R an R 

U au + au 
as v an 

1 ap 
p as 

(G-2) 

(G-3) 

Reynolds (47j found a method which finds the characteristics which 

reveal the nature of the equation set. The first step is to introduce a 

new variable W, which replaces the normal gradient of U and con-

verts 1-3 into a set of four first-order equations: 

W 
aU 

(G ··4) • an 

au v au 1 (lp a~ aw (G-5) U - -+ • ls - "7 -- + v !Ii 18 an p i).l 

u2 1 oP (G-6) R • - dn p 

au v + [(1 + 10 ~] (G-7) de - R 
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c __ ~. _. ._ ... _~~.~ ••• ~_~~_., 

It is now assumed that uv 1s modeled as an algebraic function 

of W ('UV. in2.}) and that the four remaining independent vari-

ables U, V, P and Ware themselves functions of two new variables 

t and n. The chain rule is then used extensively to make transforma

tions such as 

This • 

au 
dS • 

- LO the following set of equations. 

[
_all _a.§ + .?_~ ~ l . 
a~ an an ani 

u2 

R 

(G-8) 

(G-9) 

w (G-IO) 

(G-ll) 

(G-12) 

Now these four equations are combined into one by multiplying each 

by an arbitrary constt\nt 1~1 times Eq. (9 ), C2 times l::q. (10), C3 
times Eq. (11), and C4 times l::q. (12). The four equations are then 

added together to produce: 

au 1- a~ a~ a~ a~-l au [ an an C2 
an a1 c u - + C V -- + C 2 -- + C 4 --1+- C u as + C1V an + an F. 1 as 1 an an a SaT) 1 

+ c ~-l + ~; r c~ ~ - C3 ~} i·lr,a~ C3 ,ni 4 as ~ p as p n n p as p an 
- _. 

(G-13) 

o 
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Now the equations of the characteristic lines are obtained by set

ting one of the partiale with respect to a characteristic, say a/aT), 
to zero. This leads to an equation for a line of constant n. 

this gives four equations which can be used to find C1 through 

c U on + C v an + c ~ + C an 
1 as 1 an 2 an 4 as - o 

C1 an c3 an 
p as - p an '"' o 

C [1 + E -I ~~ .. 0 
4 RJ an 

.. o 

These equations can be rewritten in matrix form as. 

u an + v ~ an 
0 

an ell as dn an as 
1 an 

0 
1 a f) 

0 Pas - p an C2 
a 0 

0 0 0 11 + -~J .~~ C
J 

(2K
2

W - v} 
011 

0 (, 0 C4 
....... 

an 

The determinant of the coefficient matrix, which must equal zero, 

4 -
(2K 2W - v)-l .~.!:1 LL!"_.!.l/R • 0 an p J 

(G-14) 

(G-lS) 

(G-16) 

(G-l7) 

(G-18) 

is 

(G-19) 

Since in the above equation the term in the brackets is senerally 

different from zero, one concludes that 

o (G-20) 

It is interesting to note that if the viscous and turbulent stress terms 

were zero, the characteristic. line would not be defined. This is as it 

should be. since the potent ial flow equat ions are elliptic and ha',re 

imaginary chalacterietics. In the present case, however, we have that 
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.......... j 

- o (G-21) 

Now, the procedure of Reynolds for finding th~ characteristic lines 

is now to write an equation for a line segm~nt of a characteristic. 

dn - an dn + ~ ds 
an as 

(G-22) 

Since this is an equation for a characteristic line, which is a line of 

constant n, dn must be zero. But it has been shown that an/an is 

also zero. For the above equation to balance, then, it must be that 

ds is zero. That is, lines of constant n have the equation: s 

equals a constant. They are lines normal to the surface. 

To find the other characteristic, it is necessary to consider trav-

eling along constant ~ lines. This leads to four more equations. 

I U 

;)~ a~ a~ 
0 

a~ 
C

1 -- + 'V-;- a~ as as an 
1 a~ 0 

-1 a ~ 0 Cz p as --;:; a-; 
0 (G-23) 

[(2<2w a~ 
0 0 1 + ~~ a~ C

3 R an 
- v) 0 0 u c 

This yields, as before, an equation analogous to Eq. (21). 

u (G-24 ) 

And so we find that lineF of constant ~ are lines of constant s. The 

two sets of characteri sUc lines are coincident, which implies that the 

equations are parabolic. 

It should be pointed out that this result is not dependent on what 

sort of subst! tution is made for uv in the s component momentum 

equation. 
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Appendix H 

CALCULATION OF BOUNDARl LAYER MASS FLUX ON A CURVED WALL 

The rate of entrainment of freestream fluid into a boundary layer 

is defined as the rate growth of boundary layer mass flux. For a two

dimensional, incompressible boundary layer, the entrainment per unit 

width is: 

E(x) -
6 

~1 pUdy 
dx 0 

.. !x ./ Udy (H-l) 

On a flat wall the integral in the above expression can be recast in 

te~ms of standard integral parameters, as follows. First, multiply and 

divide by U ... : 

6 ;5 

I fa U dy u~i u 
dy (H-2) - U 

CI> 

Now add and subtract 1 from the integrand: 

6 

dY] U.~6 -( d Y] I U~ i [(1-1) +~ Idy 
, U - .. 

U U 
"" ~o ~ 

(H-3) 

which redures to 

'" I U..,[6 - ;5 ] (H-4) 

Over a curved wall, the situat ion is slightly more complicated. 

The definition of entrainment is. of course. the same. Now. however, 

there is no single scaling \·clocity. 1I~. The first step is to add and 

subtract the potential flow velocity, 

fa' 
r6 

I .. U d.l '" 10 

r 
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which is a func~ion of 

(U - U + U) 
p p 

(U - U) da 
p 

dn 

f"P) if' b - .. j 
dtrttt"'r' rtf Krni StdOtdfl'i'"..,.-rl ·$'#3-.at~-' 

n. 

(H-5) 

( H-6) 



The second integral on the RHS is (as has been pointed out by 

Honami) the mass flux deficit of the boundary layer. This can be used 

to define the displacement thickness as: 

1.6 

(Up - U) d •• 1.61 

(U - U) dn 
p 

Equation (1-6) can then be written as 

1 .J.' 
Over a curved wall, we have 

U 
P -

c5 

U dn -11 
p 0 

u pw 
Ro 

Ro + n 

where Ro is the wall radius of curvature. 

U dn 
p 

(H-7) 

Or-B) 

(H-9) 

Substituting in and performing the integration leads directly to a 

simple expression: 

E = - U P Ro tn ----d [ Ro+6] 
dx pw Ro + °1 

(H-IO) 

ThIs is the expression used to generate Figures 15 and 35. 
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Appendix 1 

TABULATED DATA 

Notes for Tabulated Data 

1. Mean Velocity Profiles -- Pitot Probes 

2. 

3. 

io1Iiall&ir ...... _____ ~ _ _ ...... 

a. ylDEL is y/o. 

b. UIU p is U divided by the local potential flow velocity. not 

U divided by Upw • 
c. DY PR is the mellsured dynamic pressure -- total pressure minus 

wall static pressure -- in centimeters of water. 

Hot-Wire Data J.~ 

~~RBI;~ the measured turbulence intensity. 1 u2 /U . 
3 pw 

b. DISP is the non-dimensi.onal dissipation c6/u. 
T 

Shear-Stress Profiles 

UTSQ is 
2 a. (u ) . 

T 

b. A 1s the structural coefficient -uv/q2. 

c. SHEAR CORR 1s 

-- "2 {-
-uv/ u 

d. ANISOTROPY is b2 , where bij is the second rank tensor cal-

a. 

culated trom the Reynolds ~tress tens0r 
2 6ij 

Rij--=--: 3-

2 
q 

where 0ij 1s the Kroneker Delta and 2 
q is 

ueAL is the value of V/U pw calculated by the system. 

b. PROD Is the pl;"oduct ion term in the TKE equation, non-

dimensionalized as 

'72 



'iJ(U/U ) pw 
a(y/~) 

c. LILa is the measured mixing length divided by the flat-wall 

mixing length. where LO 1s given by 0.41n (or 0.41y), when 

n (or. y) 1s less than O.085~. and to equals 0.0856 for n 

(or y) greater than 0.085. 

d. RIC 1s the Richardson number. 

e. ED RE Is the eddy Reynolds number. where eddy Reynolds number 

i8 

L ~ uv/v 

f. VELCRO is the velocity gradient non-dimellsi.onalized as 

o(U/U ) 
pw 
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Wall static pressure distribution -- FIRST EXPERI~NT 

TAP s, em r. 
n 

a - 15.54 o.nn 
1 - 9.53 • no,; : I 2 - 7.62 .014 
3 - 5.08 .f121 
4 - 2.54 .012 

I 5 n.o - .00'; 
fi 2.54 .rl22 
7 5.08 - .029 
8 7.(;'2 - • OIl; 
9 10.1fi .on3 

10 13.34 .004 
11 17.78 - .004 
12 22.8'; - • nr15 
11 27.QL. .002 
14 13 .02 .002 
15 18.10 .nnl 
If 43.10 - .001 
17 48.2" .orll 
18 53.34 .n(')1=. 
lQ ')9.I1Q .0(')0 
21) 1i3.5n , ()I) 1 
21 116,04 - • ()r, 7 
22 fiR.s8 - .!lO8 
23 71.1 ? - .004 
24 n,M nn') · . 2') 7".20 • on,) 
2ft 78.74 .00fi 
27 81. 28 • ·in4 
2~ 83.82 .Ofll 
2Q 8fi.3fi .000 
10 88.90 .nnn 
11 93,08 .000 
32 QF,. 52 ,004 
13 00.f)f, - ,n02 
14 1()4.J4 - .001 
35 If)0.22 - .002 
3fi 114.3f) - .Ml 
37 119.1H - .001 
38 124.411 .noo 

P - P
TAPo 

r. '"' p ') 

1~ P 1'-
s = n at start of curvature 

iW 
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EXPT. 1, FLOW SKEW ANGLE (REL. TO FREE S1'RM. ) AT STN. 4 
FLOW ANGLE IN DEG, Z IN C'M. 

N/DEL Z=-12.5 Z--6.2 Z-0.0 Z-6.2 Z-12.S 
0.98 0.00 0.00 0.00 0.00 0.00 
0.81 0.08 -0.16 -0.04 -9.1 "7 -8.1"7 
0.65 ".42 9.04 -0.08 -0.21 -0.08 
0.49 0.62 0.09 0.00 -9.12 -0.25 
0.~3 0."1 0.08 -0.04 -0.1"7 -0.42 
0.26 0.8"7 0.25 -0.01 -0.13 -0.18 
0.20 1.01 0.2" 0.2"7 -0.22 -0.60 
0.13 1.06 0.18 0.18 -0.12 -0.82 
0.0"7 1.22 0.22 0.34 -0.28 -1.08 

EXPT. 1, FLOW SKEW ANGLE (REL. TO FREE STR,M, . fl·"" STN. 5 
FLOW ANGLE Z IN eM. 

N/DEL Z=-12.5 Z= -6.2 Z "" 0.0 z = 6.2 Z=12.5 
0.91 0.025 -0.50 -0.80 -0.63 -1.54 
0."'5 0.33 -0.41 -0. 19 -0.6" -1.42 
0.60 0.42 -0.31 -0.8'3 -0.8'3 -1.46 
A.45 0.62 -0.3" -0. "75 -0.8P -1.63 
0.30 0.""'1 -e .16 -0.6"1 -0. 9~ -1.6"7 
0.24 0.8"7 -0.26 -0.6'3 -0.88 -1."76 
0.18 0.90 -0.22 -0.60 -1.10 -1. "3 
0.12 1.06 -0.0 1 -0.5"7 -1.19 -2.19 
0.06 1.""'2 -0.15 -~ .. 5 '3 -1.5'3 -2.66 

EXPT. 1, FLOW SKEW ANGLE (REL. TO FREE STR~. ) AT STN. 6 
FLOW ANGLE Z IN C'M. 

N/DEL Z=-12.S Z= -6.2 Z = 0.0 z = 6.2 2=12.5 
0.8"7 0.0~ 0.00 -0.12 -0. fi2 -1.00 
0.""'3 0.12 -0.12 -0.25 -0.8" -1.3"" 
0.58 0.25 0.00 -0.25 -1.00 -1. "75 
0.44 0.50 0.00 -0.25 -1.25 -2.0~ 
0.29 0.""5 0.12 -0.25 -1.50 -.:. 3-' 
0.2'3 0."75 0.00 -0.'38 -1.62 -2.62 o .,""' • .4- 1. 00 0.12 -0. '3""' -1. "'75 -'3.25 
~.12 1.50 0.50 -0.50 -1.8'" -'3.50 
0.06 2.18 0.8- -0. '38 -2.00 -4.50 

I 
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EXPT. 1 , FLOW SKEW ANGLE (REL. TO FREE STRM.) AT STN. .. 
FLOW ANGLE Z IN rM. 

N/DEL Z=-12.1) z .. -6. ~ Z • 0.0 Z .. 6.2 Z;:12.5 
0.85 -0.1l -1.1l -1.00 -1. ~5 -7.00 
0.~1 0.21 -1.1 ~ -0. "'9 -2.00 -2.25 
0.,6 0.42 -0.8l -0.8l -2.12 -2.62 
0.42 0."'5 -0.6l -0. '5 -2.25 -1.25 ., 

0.28 1.08 -0.29 -0 .. 6~ -2.62 -4.00 
0.21 1.l" -0.ll -0.51 -2. "'5 -4.14 
0.1~ 1.6"' -0.10 -0.60 -2.8"' -4.50 
0.11 2.A6 ". 11 -0. ,~ -~.00 -5.00 
0.06 2.4" 0.4" -0.66 -1.00 -5.25 

EXPT. 1, FLOW SKEW ANGLE (REL. '1'0 FREE STRM. ) AT S rrN. 8 
FLOW ANGLE Z TN rM. 

N/DEL Z;=-12.5 z::: -6.2 Z = 0.0 Z = 6.2 2=12., 
0.91 0.11 -0.61 -0.11 -0.25 -e. 50 
0."'6 0.46 -0.29 -(1.04 -0.04 -0.92 
0.61 0.92 -0. era 0.04 -0.21 -1.08 
0.46 1.18 0.25 0.25 -0.25 -1. -" 
0.10 2.08 0.81 0.08 -0.54 -2.29 
0.24 2.62 1.12 0.12 -0.61 -2.61 
0.l2 1.11 1.56 0.06 -(1.82 -2.82 
0.06 4.22 1.59 0.22 -1.01 -1.16 

EXPT. 1, FLm'! SKEW ANGLE (REL. '1'0 FREE STRM. ) AT S TN. 9 
FLOW ANGLE 2 IN rM. 

N/DEL 2=-12.5 2= -6.2 Z -. 0.0 z ,., 6.2 2=12.5 
0.81 0.18 -0. -5 0.00 0.25 0.60 
0.69 ~.58 -0.6- ~.08 0.08 -0.1'" 
~.55 0."9 -0.46 0.04 -0.04 -1.00 
0.41 1.25 --0.11 0 .. 1~ -0.11 -1 .lH~ 
0.28 1.31 0.21 0.,08 -0.29 -1.1"' 
0.22 2.12 0.49 0.12 -0.18 -1.26 
PI ... . ~ 2.40 0.65 0.15 -0.60 -1.21 
0.l1 2.81 ~.81 0.18 _~ c; .. 

'. J 

-] .12 
0.06 1.22 0.84 0. 14 -0.41 -1.51 
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1 

EXPT. 

N/DEL 
0."8 
0.65 
0.52 
0.19 
0.26 
0.21 
0.16 
0.10 
~.05 

1, FLOW SKEW ANGLE (REL. TO FREE STRM.) 
FLOW ANGLE Z IN rM. 

Z=-12.5 Za -6.2 z· 8.e 
-0 • 61 -0 • 5 e -e • 25 
-0.54 -0.54~.29 
-0.'n -0.11 -0.11 
o • 25 '-0 • 1 1 -0 • 25 
1.08 0.08 -0.29 
1.24 0.12 -0.26 
1.65 0.40 -0.15 
1.91 0.68 -0.44 
2.14 0.-2 -0.41 
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Z • 6.2 
-0.18 
-0.42 
-8.81 
-8.38 
-8.92 
-1.81 
-1.10 
-1.19 
-1.28 

AT STN. 10 

Z-12.5 
-0.58 
-0. "'9 
-1.11 
-1. "'5 
-1. "'9 
-1. "'6 
-1.85 
-1.94 
-2.01 



FIRST EX PT. , STH t , S = -71.'15 CM. , UPW = 16.00 M/SEC 

PT Y/OEL U/Up OY PR YPLUS UPLUS Cf/2 

1 0.016 0.433 0.292 19. 1 1 . 2 0.00130 

2 0.020 0.453 0.320 23. 11.7 0.00132 

3 0.024 0.493 0.378 28. 12.7 0.00143 

4 0.030 0.522 0.42:" 35. 13.5 0.00147 

5 0.036 0.545 0.462 43. 14.0 0.00150 

6 0.043 0.564 0.1495 51 . 14.5 0.00151 

7 0.052 0.581 0.526 61. 15.0 0.00151 

8 0.061 0.597 0.554 71 . 1 5 . i, 0.00151 

I 9 0.06Q 0.606 0.572 81 . 15.6 0.0(;150 

10 0.080 0.621 0.599 9 1L 16.0 0.00150 

1 1 o . 10 1 O. 64~. 0.640 118 . 16.6 0.OO~150 

12 O. 129 0.666 0.688 151 . 17.2 0.00\50 

13 0.1614 0.691 0.742 192. 17.8 a.OO1S1 

14 n . 2 1 1 0.720 0.8e5 247. 'i8.6 0.0(1153 

15 0.270 0.752 0.876 316. 19.4 0.00156 

16 0.345 0.787 0.960 404. 20.3 0.00160 

17 0.1443 0.831 1 .069 518. 21 .4 0.00167 

18 0.568 0.877 1. 191 665. 22.6 0.00174 

19 0.f93 0.919 1.308 8 1 1 . 73.7 0.00182 

20 0.822 0.956 1. 4 1 ~ 963. 24.7 0.00189 

2 1 0.935 0.980 1 . I: R6 le95. 25.3 0.00192 

22 1.003 0.990 1. 5 \ r, 1174. 25.S 0.00193 

23 1 .202 0.999 
, .542 1407. 25.8 0.00H~9 

24 1 .323 1 .000 1 .544 1549. 25.8 0.00186 

DISP. THICY.NESS :; 0.504 CM. MOMT. n:!CKESS =0.370 CM. 

SHAPE FACTOR = 1 . 362 DELTA 99 = 2. ::138 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 3802. CF/2 = 0.00150 

j 
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FIRST EXPT., STH 2, S • -~1.27 eM., UPW = 16.00 M/SEC 

PT 
1 
2 
3 
4 
5 
6 -. . 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Y/DEL 
0.013 
0.016 
0.020 
0.025 
0.029 
0.035 
0.042 
0.049 
0.056 
0.065 
0.082 
0.104 
O. 133 
O. 171 
0.219 
0.280 
0.359 
0.460 
0.561 
0.666 
0.759 
0.813 
0.97'4 
, . 972 
1.177 
1.282 

U/uP 
0.443 
0.'+81 
0.503 
0.514 
0.545 
0.562 
0.575 
0.589 
0.600 
0.613 
0.633 
0.655 
0.679 
0.791 
0.733 
0.764 
0.803 
0.8117 
0.885 
0.923 
0.952 
0.964 
0.989 
0.994 
0.993 
0.994 

DY PR 
0.302 
0.356 
0.389 
0.1.06 
0.1157 
0.1185 
0.508 
0.533 
0.554 
0.579 
0.617 
0.660 
0.711 
0.757 
0.828 
0.899 
0.993 
1.107 
1.209 
1. 313 
1.397 
1.1135 
1.509 
1 .524 
1.524 
1.527 

DISP. THICKNESS = 0.593 CM. 

YPLUS 
19. 
23. 
28. 
35. 
42. 
SO. 
60. 
70. 
80. 
93. 

117. 
149. 
190. 
244. 
311. 
398. 
511. 
656. 
800. 
949. 

1081 . 
1158. 
1388. 
1528. 
1677. 
1827. 

UPLUS 
11.6 
12.6 
13.1 
13.4 
14.3 
14.7 
15.0 
15.4 
15.7 
16.0 
16.6 
17. 1 
17.8 
18.3 
19.2 
20.0 
21.0 
22.2 
23.2 
24. 1 
24.9 
25.2 
25.9 
26.0 
26.0 
26.0 

CF/2 
0.00134 
0.0011&11 
0.00146 
0.00142 
0.00148 
0.0011&8 
0.OOl1t6 
0.0011&6 
0.00146 
0.00146 
0.00145 
0.001~5 

0.00145 
0.00145 
0.0011t8 
0.00151 
0.00156 
0.00163 
0.00170 
0.00176 
0.00182 
0.00184 
0.00186 
0.0018l1 
0.00181 
0.00178 

MOMT. THICKESS =0.1139 CM. 

SHAPE fACTOR = 1.350 DELTA 99 = 3.625 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = lI5t7. 
CF/2 = 0.00146 



FIRST EXPT •• STH 4. S :: 16.20 eM. , UPW : 16.09 "I'SEC 

PT YI'DEL UI'UP OY PR YPLUS UPLUS CF/2 
t 0.012 41.311 0.221 18. 10.5 0.00100 
2 0.014 0.410 0.269 21. 11.6 0.00'" .. 
3 0.017 0.438 0.307 26. 12. 3 O. 00 t Hi I 
4 0.021 0.lf111 0.361 33. 13.4 0.00123 

--!~ 

5 0.026 0.lf92 0.389 39. 13.9 O.001Z4 
6 0.031 0.501 0.414 lf7. 14.3 0.00124 
7 0.037 0.522 0.439 56. '4.7 0.0012.4 

, 
_ 1 

8 0.043 O.SIIO 0.470 65. 15.2 0.00125 
9 0.Oct9 0.554 0.1695 75. 15.6 0.00126 

10 0.058 0.569 0.5,) 88. 16.0 0.00127 
1 ~ 0.012 0.595 0.574 1 10. 16.7 0.00129 
12 0.091 0.622 0.627 139. 11 . 'I 0.00130 
13 O. 117 0.652 0.691 178. 18.2 0.00133 
14 0.11.9 0.684 0.762 228. t 9 • 1 O.!!O136 
15 O. t 90 0.713 0.831 290. t 9.8 i).OOD7 
16 0.244 0.743 0.9§4 372. 20.5 0.00138 
17 0.313 0.777 0.988 477. 21 . 3 0.00140 
18 0.'102 0.814 t .085 613. 22.2 0.00142 
19 0.'190 0.81+8 1 . 173 747. 22.9 0.00145 
20 0.5&2 0.882 1 .265 887. 23.7 0.00148 
21 0.662 0.909 t .336 1039. 24.2 0.00150 
22 0.710 0.925 t .379 1082. 24.5 0.00152 
23 0.851 0.964 1.'483 1296. 25.3 0.00155 
24 0.937 0.982 1.532 1427. 25.5 0.00155 
25 1 .029 0.994 1 .562 1567. 25.6 0.00153 
26 1 . 120 0.993 1 .550 1707. 25.4 0.00148 
:'7 1.224 t.oao 1 .580 1865. 25.4 0.00146 

DISP. THICKNESS :: 0.720 CM. MOMT. THICKESS =0.523 eM. 

SHAPE FACTOR :: 1 .377 DELTA 99 :: 4. 149 CM. 

MOMENTUM THiCKNESS REYNOLDS NO. :: 5424. CF/2 = 0.00125 



, 

FIRST EXPT .• STH S. S • 33.65 CM •• UPW • 16. 15 tVSEC 

, . PT YI'DEL U.'UP DY PR YPLUS UPi.US \:F1'2 
1 O. 0 11 0.336 0. 180 16. 10. 2 0.00085 
2 0.014 0.372 Q.221 20. 11.3 0.00094 
3 0.017 0."03 0.259 24. 12.2 0.00100 
4 0.021 0.427 0.29 c- 30. 13. 0 0.00103 
5 0.025 0.447 0.320 36. 13.6 ),00105 
6 0.030 0.466 0.3"8 43. 14. 1 0.00107 
7 0.036 0.480 0.371 52. 14.6 0.00107 
8 0.042 0.1t94 0.394 60. 15.0 0.00108 
9 0.048 0.507 0.1114 69. 15.4 0.00108 

10 0.057 0.523 0.4~2 81. 15.8 0.00109 
11 0.072 0.5"9 0.488 103. 16.6 0.D0111 
12 0.091 0.577 0.5111 129. 17.11 0.00114 
13 O. 11 5 0.609 0.605 165. 18.3 0.00118 
14 O. 148 0.6115 0.678 21t. 19.4 0.00122 
15 0.188 0.684 0.765 269. 20.5 0.00127 
16 0.241 G.721 0.851 344. 21 . 5 0.00131 
17 0.309 0.761 0.947 4142. 22.5 0.00135 
18 11.397 0.801 1.049 567. 23.5 0.00138 
19 (,."83 0.838 , . 143 691. 24.14 0.001142 
20 0.574 0.872 1.232 82l. 25.2 0.00145 
21 0.6..i3 0.898 1.303 934. 25.8 0.00147 
22 0.700 o .915 1 .346 1001 . 26. 1 0.001l19 
23 0.839 0.957 1.458 1200. 27.0 0.00152 
24 ().923 0.978 1 . 514 1321 . 27.4 0.00154 
25 1. 0 14 0.992 1.552 1450. 27.6 0.00153 
26 1 . 105 0.998 1.567 1580. 27.5 0.00150 
27 1.207 t .000 1 . 572 17 26. 27.4 0.00146 

DISP. THICKNESS = 0.789 CM. MOMT. THICKESS =0.552 CM. 

SHAPE FACTOR = 1 .429 OELTA 99 = 4.208 CM. 

MOMENTUM THICKNESS REYNOLDS NO. :: 5711 . CF/2 :: 0.00108 
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FIRS! EXPT. , STH 6. S :- 50.80 Crt •• UPW '" 16. 10 M.lSEC 

PT V.lDEL UI'UP DV FR vrLUS UPlUS Cfl'2 
1 0.011 0.301 O. 145 15. 9.7 0.00070 

2 0.013 0.336 O. 180 19. 10.9 0.00079 

3 0.016 0.365 0.213 23. 1 1 .8 0.00085 
If 0.020 0.394 0.249 29. 1~.8 0.00090 

5 0.024 0.414 0.274 34. 1 3 . it 0.00092 

6 0.029 0.432 0.300 41. 14. 0 0.00094 
7 O. l' 35 0.446 0.320 49. 14.4 0.00094 

8 0.041 0.461 0.343 I) 7 . 14.9 0.00095 

9 0.046 0.472 a . 36 1 65. 15.2 0.00096 
10 0.055 0.488 rt.J36 77. 15.7 0.00097 
1 1 0.Ob9 0.509 0.422 97. 16 .4 0.00097 

i 2 0.087 0.536 0.470 1 .... ~ .. ,. 17.2 0.00100 
1 3 o . 111 0.569 0.531 156 . 18.3 0.00104 

14 O. 142 0.607 0.605 200. 19.4 0.00109 
15 O. 181 0.650 0.693 254. ~O.7 0.00116 
16 0.232 0.693 0.790 3~6. 22.0 0.00122 

17 0.297 0.742 0.902 417. 23.4 0.00129 
18 0.381 0.786 1. 0 1 1 535. 24.6 0.00133 

19 0.464 0.82~ 1 . 1 0 ;:- 653. 25.5 0.00137 

20 0.551 0.857 I . 194 775. 26.4 0.00140 
21 0.628 0.885 1 .267 883. n.o 0.00143 
...... .... 0.673 a .90 ! 1.308 945 . 27.4 O. 0 'J 145 

23 0.80ti 0.945 1. 4;~ 5 1 1 33 . .-?8.4 0.00149 

24 0.887 O.Q6Q 1 .488 1247. 28.9 0.!lOI51 

25 0.974 0.9Po7 1 .537 1369. 29. 2 0.0 \)151 

26 1 . 06 1 0.99b 1 .560 149 1 . ~9.3 ll.,Fll~9 

27 1. 160 O.99Q 1 .5u7 It.i30. "(\ '" , .. I 0.OU14!) 

28 1 . 305 1.000 1 .570 1834. 28.8 0.OOl3 Q 

DISP. THICKNESS ::: 0.872 CM. MO!'iT. TH I CI< t:ss "'-0.592 CM. 

SHAPE fACTOR ::: 1 .474 OEL! A 99 =: 4.380 CM. 

ltol' ~:NTUM THICKNf:SS Rt:YNOLDS NO. =: 6156. Cf'/2 = 0."00Q5 
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l FIRST EXfT. , STH 7. S • 64. '3 cn .• UPW • 16.08 rVsEC 

f . 
l PT Y.lDEL U.lUP DY PR YPLUS UPLUS CF.l2 

1 o. 011 0.303 O. t 47 t 5. 9.9 0.00071 
2 0.013 0.338 O. 183 18. 11. 1 0.00080 
3 0.016 (\.367 0.216 23. 12.0 0.00086 
4 0.020 0.392 0.246 28. 12.8 0.00089 
S 0.024 0.41 , 0.272 34. 13.5 0.00092 
6 0.028 0.426 a.292 40. 13.9 0.00092 
7 0.034 0.440 0.312 48. 14.4 0.00092 
8 0.040 0.453 0.333 56. 14.8 0.00093 
9 0.045 0.'*65 0.351 64. 15.2 0.00093 

10 0.053 0.476 0.368 76. 15.5 0.00093 
1 1 0.(167 0.497 0.404 96. 16.2 0.00094 
12 0.085 0.524 0.450 121. 17. 1 0.00096 
t 3 O. 108 0.554 0.505 154. 18.0 o.ooao 
14 o. 138 0.591 0.577 197. .9. Z 0.00105 
lS 0.176 0.631 0.658 251. 20.4 0.00110 
16 0.226 0.679 0.7 S9 322. 21 .8 0.00117 
17 0.289 0.729 0.874 412. 23.3 0.00125 
18 0.371 0.777 0.991 528. 24.6 0:00131 
19 0.452 0.815 1.087 644. 25.6 0.00135 
20 0.537 0.850 1 . 17 () 765. 26.5 0.00138 
21 o .61 1 0.877 1.247 871. 27.2 0.00141 
22 0.655 0.895 1 .293 933. 27.6 0.00143 
23 0.'785 0.939 1. 4 10 11 18. 28.6 0.00147 
24 0.86Q 0.963 1 .471 1230. 29. 1 0.00149 
25 0.948 0.982 1 .521 1351 . 29.5 0.00150 
26 1.033 0.995 1.554 1471. 29.6 0.00149 
27 1 . 1 29 1.000 1.567 1608. 29.5 0.00145 

DISP. THICKNESS = o . 9 11 CM. MOMT. THICKESS =0.612 eM. 

SHAPE FACTOR .. 1.489 DELTA 99 '" 4.499 eM. 

MOMENTUM THICKHESS REYNOLDS NO. z 6363. CF.l2 .. 0.00093 
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FIRST EXPT .• STH 8. S • 81.91 CM .• UPW a 16.02 M/SEC 

PT YI'DEL UI'UP DY PR YPLUS UPLUS Cfl' 2 

1 0.012 0.336 O. 175 16. 10.6 0.00085 

2 0.014 0.360 0.20 1 '9 . 11.3 0.00089 

3 0.017 0.390 0.236 23. 12.3 0.00096 

II 0.021 0.415 0.267 29. 13.0 0.00099 

5 0.026 0.430 0.287 35. 13.5 0.00100 

6 0.030 0.4113 0.305 42. 13.9 0.00099 

7 0.037 0.458 0.325 50. \4.4 0.00100 

8 0.043 0.467 0.338 58. '''.7 0.00099 

9 0.049 0.477 0.353 €7. 15.0 0.00099 

10 0.057 o . 49 1 0.373 78. 15.4 0.00099 

1 1 0.072 0.510 0.404 98. 16.0 0.00100 

1~ 0.0«11 0.534 0.442 125. 16.8 0.00101 

13 O. 117 0.564 0.493 160. 17.7 0.00105 

14 O. 149 0.602 0.561 204. 18.9 0.00111 

1S O. 19 a 0.648 0.650 260. 20.3 0.00119 

16 0.243 0.698 0.754 333. 21 .9 0.00129 

17 0.312 0.755 0.884 427. 23.7 0.00140 

18 0.400 0.812 1 . 021 5'+ 7 . 25.5 0.00152 

19 0 487 0.852 1 . 123 666. 26.7 0.00158 

20 0.579 0.885 1. 212 791. 27.8 0.00164 

21 0.659 0.908 1.278 901. 28.5 0.00167 

22 0.707 0.923 1 .318 966. 29.0 0.00170 

23 0.846 0.961 1 .430 1 1 S6 . 30.2 0.00177 

24 0.931 0.980 1 .486 1273. 30.8 0.00179 

25 1.022 0.993 1 .527 1398. 31.2 0.00181 

26 1 . 1 14 0.999 1 . 51' 4 1522. 31 .4 0.00180 

27 1 . 217 1 . 000 1.547 161)4. 31 .4 0.01.1177 

DISP. THICKNESS :: 0.805 CM. MOMT. THICKESS =0.543 CM. 

SHAPE fACTOR = 1 ,481 DELTA 99 = 4. 173 CM. 

MOMENTUM THICKNESS REYNOLDS NO. :: 5586. CF/2 :: O.OOlel 

1 R4 
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l FIRST EXPT. , STH 9, S .. 97.16 CM. , up,", '" 16.00 M.lSEC 

I PT Y.lDEl. U.lUP DY PR YPLUS UPLUS CF.lZ 
1 o. 010 0.320 O. 160 16. '0 . , 0.00079 
2 0.013 o . 314 'J O. '88 19. '1.0 0.00085 
3 0.015 0.383 0.229 23. 12. , 0.00094 
14 0.019 0.1408 0.259 29. , Z. 9 0.00097 
5 0.023 0.427 0.284 35. 13.5 0.00099 
6 0.028 0.443 0.305 41. , '+.0 0.00100 
7 0.033 0.1459 0.328 49. 14.5 0.00'01 
8 0.039 0.470 0.343 58. 14.8 O.OOlOO 
9 0.044 0.478 0.356 66. '5. 1 0.00099 

10 0.05 , 0.490 0.373 77. 15.5 0.00'00 
1 1 0.064 0.505 0.396 96. 16.0 0.00099 
12 0.082 0.52li 0.427 '23. '6.6 0.00099 
13 O. 105 0.549 0.467 158. 17.4 0.00101 
14 O. 135 0.575 o . 51 3 202. 18.2 0.00103 
15 O. 172 o . 6 1 1 0.579 257. '9.3 0.00108 
16 0.220 0.653 0.660 330. 20.6 0.00115 
17 0.283 0.706 0.772 423. 22.3 0.00125 
18 0.362 0.762 0.899 542. 21L 1 0.00135 
19 o . 44 1 0.812 1. 021 661 . 25.7 0.00146 
20 0.524 0.851 1 . 123 784. 26.9 0.00153 
21 0.597 0.880 1 . 199 893. 27.8 0.00158 
22 0.640 0.895 1.240 957. 28.3 0.00161 
23 0.767 0.936 1.356 1147. 29.6 0.00169 
24 0.843 0.958 1.420 1262. 30.3 0.00172 
25 0.926 0.978 1.478 1385. 30.9 0.00176 
26 1 . 009 o . 991 1. 519 1509. 31 .4 0.00177 
27 1. 102 0.999 1.542 1649. 31.6 0.~0177 

28 1 . 240 1 .000 1.544 1855. 31.6 0.00173 

DISP. THICKNESS = 0.940 CM. MOMT. THICKESS =0.629 CM. 

SHAPE FACTOR = 1.495 DELTA 99 = 4.609 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 6456. CF/2 = 0.00100 
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FIRST EXPT. , 5TH 10, S = 112 ... eM. , UPW = 16. 10 M/SEC 

PT Y/DE:L U/UP DY PR YPLUS UPLUS CF/2 
1 o . 0 1 0 0.334 O. 175 t 6. 10.6 0.00084 
2 0.012 0.365 0.208 19. 11.6 0.00091 
3 0.015 0.390 0.239 23. 12.4 0.00096 
4 0.018 0.405 0.257 29. 12.9 0.00095 
5 0.022 0.430 0.290 35. 13.7 u.O(}1'J99 
6 0.026 0.443 0.307 41 . 14. 1 0.00099 
7 0.031 0.457 O. ) 28 50 . 

'" . 6 
0.00099 

8 0.036 0.466 0.340 58. 14.8 0.00098 
9 0.042 0.478 0.358 66. 1 5. 2 0.00099 

10 0.048 0.488 0.373 77. 15. 5 0.00098 
1 1 0.061 0.505 0.399 97. 16 . 1 0.00098 
12 0.0'/8 0.522 0.427 123. 16.6 0.00098 
13 0.101l 0.545 0.465 15&. 17.3 0.00099 
14 O. 127 0.570 0.508 201 . 18. 1 0.00101 
15 O. 163 0.600 0.564 258. '9 . , 0.00104 
16 0.208 0.636 0.632 330. 20.2 0.00109 
17 0.267 0.682 0.726 423. 21.7 0.00117 
18 0.342 0.734 0.843 542. 23.4 0.00126 
19 0.417 0.783 0.958 661 . 24.9 0.00136 
20 0.495 0.830 1.077 785. 26.4 0.00146 
2 1 0.564 0.864 1 . 168 894. 27.5 0.00153 
22 0.605 0.882 1 .217 958. 28. 1 0.00156 
23 0.725 O.9?7 1 . 344 1 148. 29.5 0.001fl5 
24 0.797 0.950 1. 4 1 0 1263. 30.2 0.00169 
25 0.875 0.970 1 .471 1387. 30.9 0.00173 
26 0.953 0.983 1. 51 1 ~ 5 11. 31.3 0.00174 
27 1.042 0.996 1 .549 If 51 . 31 .7 0.00175 
28 1 . 172 1 .000 1 .562 lb57. 31.8 0.00173 

DISP. THICKNESS = 1.008 CM. MOMT. THICKESS =0.672 CM. 

SHAPE FACTJR = 1 . 50 1 "ELlA 99 -:: 4.875 CM. 

MOMENTUM TliT CKH ESS REYNOLDS NO. = 6943. CF/2 = 0.00099 
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FIRST EXPT .• SIHGLE WIRE DATA AT STH. 1 • ! • -7 t. 75 f!r1 • 

\ 
PT Y/DEL U/UP YPLUS UPLUS TURB.IH. DISP 1 1 0.005 0.213 6 . 5.5 0.0670 : :: • 1 I 2 0.010 0.299 It. 7.7 0.0896 17.8 

3 0.015 0.407 18. 10.5 0.0962 15.6 t 
If 0.021 0.461 24. 11.9 0.0935 14. 5 

, 

5 0.025 0.497 29. 12.8 0.090 t t 3 . 4 
6 0.031 0.525 36. 13.6 0.0863 12.6 
7 0.037 0.547 41f. llf. 1 0.0835 12.0 
8 0.01f5 0.568 52. 14.7 0.0811 11.3 
9 0.053 0.585 62. 15. 1 0.0788 , 0.5 

10 0.062 0.600 73. 15.5 0.0777 9.9 
11 0.071 o .610 83. 15.8 0.0768 9.5 
12 U.084 0.623 98. 16. 1 0.0753 8.8 
13 O. 106 0.646 124. 16.7 0.0745 7.9 
14 0.134 0.673 156. 17 .If 0.0732 6.8 
15 0.170 0.695 199. 18.0 0.0718 6. 1 
16 0.218 0.728 255. 18.8 0.0705 5.2 
17 0.278 0.758 325. 19.6 0.0686 1f.7 
18 0.356 0.791f 416. 20.5 0.0657 If.O 
19 0.456 0.837 533. 21.6 0.0608 3.3 
20 0.586 0.885 684. 22.9 0.0551 2.6 
21 0.711f 0.928 834. 211.0 0.0461 1.9 
22 0.848 0.963 990. 24.9 0.0365 1.3 
23 0.964 0.987 1127. 25.5 0.0250 0.9 
24 1.034 0.993 1208, 25.7 0.0191 0.8 
25 1.239 1 .000 1447. 25.9 0.0049 0.6 
26 1.364 0.986 1593. 25.5 0.0023 0.5 

1 
: 1 
-1 

, 
- i 
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.1 

.1 
FIRST EXPT .• SIHGLE WIRE DATA AT STH. 2. S • -41.27 eM. J 

PT Y/DEL U/UP YPLUS UPLUS TU I! t: . I H . DISP J 
1 0.0(15 0.233 6. 6.0 0.07"4 20.6 
2 0.009 0.340 11. 8.8 0.0943 20. 1 

J 3 0.013 0.411 17. 10.8 0.0974 18.2 
4 0.018 0.466 23. 12. 1 0.09,+5 16.7 
5 0.022 0.499 28. 12.9 0.0919 15.2 
6 0.027 0.522 J5. 13.5 0.0876 llf.7 

.1 7 0.033 0.541 '+ 2. 14.0 0.0855 13.9 
8 0.039 0.563 50. 14.6 0.0821) 13" 2 
9 0.047 0.578 60. 15.0 0.0797 12 ... 

10 0.055 0.594 70. 15. '+ 0.0785 11 . 6 
1 1 0.062 0.605 81. 15.7 0.0777 11.2 
12 0.073 0.621 95. 16. 1 0.0781 10.3 
13 0.093 0.643 12 a . 16.7 0.0757 9.2 
14 0.117 0.666 151. 17.3 0.0748 8.0 
15 O. 149 0.691 192. 17.9 0.0740 7.2 
16 O. 191 0.716 247. 18.6 0.0726 6.3 
17 0.2'+4 0.745 31'+ . 19.3 0.0702 5.6 11 18 o . 3 11 0.778 402. 20.2 0.0685 4.9 
19 0",400 0.808 516. 21.0 0.0652 1f.3 

,1 20 0.513 0.863 662. 22.'+ 0.0591 3.4 
21 0.625 0.902 807. 23.4 0.0535 2.8 I 
22 0.7'+2 0.935 958. 24.3 0.0457 2. 1 
23 0.844 0.965 1090. 25.0 0.0378 1.6 
24 0.905 0.978 1168. 25.4 0.0306 1.3 
25 1.085 1 . 00 1 1'+00. 26.0 0.C159 0.9 
26 1 . 19" 1 . 0 0 1 1 54 1 . 26.0 0.0065 0.7 
27 1.311 1.000 1692. 25.9 0.0028 0.7 
28 1.428 0.996 1843. 25.8 0.0014 0.7 

! : 
· ; , · · ' 

11 
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I. 

I , . FIRST EXPT. , SINGLE WIRE DATA AT STN. 3, S • -0.96 CI'I • 

, L PT Y.lDEL U.lUP YPLUS UPLUS TURB.IN. DISP t 1 0.003 O. 170 5. 11.11 0.0525 8.0 

~ r 2 0.007 0.228 11. 5.9 0.0688 8.7 
] O. 01 1 0.165 17. 9.5 0.0910 22.1 

" 0.015 0.1112 211 . 11.2 0.0950 22.3 
5 0.Ci18 0.1180 29. 12.5 0.0913 19.2 r 6 0.022 O. 51 1 36. 13.3 0.0870 18. 1 

e" 7 0.026 0.538 43. III . 0 0.0833 16.5 
8 0.01~ 0.563 51. 111.6 0.0826 15. 1 ~- 9 ('.038 0.580 61. 15. 1 0.0788 llf.2 i 

1- 10 0.01111 O. S9 1 72. 15.11 0.0757 1].8 
1 1 0.050 0.601 82. 15.7 0.071f9 12.9 .- 12 0.059 0.618 96. 16. 1 0.071fl 11.7 1 13 0.075 0.61fl 122. 16.7 0.0721 10. 1 .. 
11. 0.095 0.673 153. 17.5 0.0692 8.4 
15 O. 120 0.691 195. 18.0 0.0678 7.2 
16 O. 155 0.720 ~51 . 18.7 0.0655 6. 1 1 

17 O. 197 0.738 319. 19.2 0.061f5 S.6 
a· 

18 0.252 0.7711 1108. 20. 1 0.0611 4.8 
19 0.323 0.80lt 521f. 20.9 0.0585 If.] 
20 0.411f 0.840 672. 21.9 0.0554 3.7 • 
21 0.505 0.85l& 820. 22.2 0.0537 3.5 .... 22 0.600 a . 9 to 973. 23.7 0.0437 2.5 I 23 0.682 0.948 1 1 07. 24.7 0.0390 2.0 .. 24 0.732 0.973 1 187. 25.3 0.0355 1.8 
25 0.877 0.976 l1f22. 25.4 0.0224 1.3 r 26 0.965 0.984 1565. 25.6 0.0153 1.0 
27 1. 060 1.000 17 19. 26.0 0.0085 0.8 
28 1 . 154 0.996 1872. 25.9 0.0038 0.8 

I 
) 

1 
I 
J 
.,. 
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FIRST EXPT., SINGLE WIRE DATA AT 5TN. ~, 5 • 16.09 eM. 

PT Y.lDEL U.lUP YPLUS UPLUS TURB.IN. DI5P 
1 O.OOlf 0.110 5. 2.8 0.0308 20.7 
2 0.019 0.~02 21. 10.2 0.0791 11.2 
1 0.01" 0.350 16. 8.8 0.0879 17.5 
~ 0.019 0.418 21. ~ 0 . 6 0.0892 17.5 
5 0.023 0.~67 26. 1 1 .8 0.0854 16.0 
6 0.029 O. SO 2 32. 12.7 0.0805 15.2 
7 0.035 0.535 39. 13.5 0.0773 14.6 
8 0.041 0.553 46. 14.0 0.0720 12.9 
9 0.050 0.581 55. 1~.7 0.0674 12. 1 

10 0.058 0.591 65. 15. 0 0.0656 11 .8 
1 1 0.066 0.610 74. 15 . ~ 0.0668 10.8 
12 0.078 0.634 87. 16.0 0.0641 10 . 1 
13 0.098 0.662 1 10 . 16.7 0.0627 9.0 
14 O. 124 0.686 139. 17.4 0.0610 7.8 
15 0.158 0.699 176. 17.7 0.0602 7.5 
16 0.202 0.760 226. 19.2 0.0555 ~.9 
17 0.258 0.784 2ea. 19.8 0.05:n 4.5 
18 0.329 0.825 369. 20.9 0.0518 1.6 
19 0.423 0.864 473. 21 .9 0.0508 3." 
20 0.5"2 0.886 607. 22." 0.0477 3.0 
21 o .661 0.935 740. 23.7 0.0459 2.6 
22 0.785 0.941 878. 23.8 0.0434 2.3 
23 0.893 0.955 999. ~4 . 1 0.0404 2. , 
24 0.958 0.978 107 1 . 24.7 0.0392 1 . 9 
25 1.1"7 1.032 1284. 26. 1 0.0291 1 . 3 
26 1.21j3 1.038 

'" 13 . 2&.2 0.0215 1.1 
27 1 . 387 1.045 1552. 26.4 0.0152 0.9 
28 1. 51 1 1.022 1690. 25.9 0.0110 0.9 
29 1 . 65 1 1 .027 1847. 26.0 0.0049 0.8 
30 1 .857 1.000 2078. 25.3 0.0030 0.8 
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FIRST EXPT, . SINGLE WIRE DATA AT STN. 5. 5 • 33.65 en. 

f. 
J PT Y.lDEL U.lUP YPLUS UPLUS TURB.IN. DISP 
I 1 0.001f O. 158 If • 1f.2 0.lllf85 19.7 

2 0.010 0.263 10. 6.9 0.0760 18.7 
3 0.015 0.359 15. 9.5 0.08lf9 16.6 
If 0.020 0.412 21. 10.9 0.0837 16. If 
5 0.024 0.4lf5 25. 11.7 0.0807 15. 1 
6 o . 031 0.lf90 31. 12.9 0.0773 13.5 
7 0.037 0.497 38. 13. 1 0.0726 14.0 
8 0.0"1f 0.531 1f5. llf.O 0.0695 11.8 
9 0.052 0.551 51f. 14. 5 0.0675 12.0 

10 0.061 0.566 63. 14.9 0.06lf8 10.9 
11 0.070 0.575 72. 15.2 0.06lf1 11. 1 
12 0.1)82 0.601 84. 15.8 0.0623 9.8 
13 O. 'i' 0 If 0.619 106. 16.3 0.0593 8.7 
11f U . 1 3 1 0.665 134. 17.5 0.0589 7.4 
15 O. 167 0.683 171. 18.0 0.0558 6.7 
16 0.214 0.7lf9 219. 19.7 0.0525 1f.9 
17 0.273 0.764 279. 20. 1 0.Olf71 If. 1 
18 0.3'48 0.816 357. 21.5 0.0438 3.2 
19 O.lf47 0.875 1f58. 23. 1 0.Olf04 2.5 
20 0.574 0.908 587. 23.9 0.0369 2.3 
21 0.700 0.934 716. 24.6 0.0356 2.2 
22 0.831 0.963 850. 25.4 0.0332 1.9 
23 0.9lfS 0.977 967. 25.7 0.0316 1.8 
21f 1. 0 13 0.993 1037. 26.2 0.0305 1.7 
25 1 . 214 1.025 1243. 27.0 0.0258 1.'4 
26 1.336 1.030 1368. 27. 1 O.020Q 1 .2 
27 1 .467 1.044 1502. 27.5 0.0134 1.0 
28 1 .7" 7 0.999 1788. 26.3 0.00'48 0.9 
29 1.965 1 . 0 J 0 2011. 26.1f 0.0031 0.9 

; i 
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-
FIRST EXPT .• SIHGLE WIRE DATA AT STH. 6. S = 50.80 eM. -

; ... 
PT Y/DEL U/UP YPLUS UPLUS TURB.IH. DISP 

1 0.004 O. 190 4. 5.3 0.0588 23.3 

2 0.009 0.209 9. 5.9 0.0646 22. 1 

3 o . 0 13 0.296 14 . 8.3 0.0797 20.8 

If 0.018 0.384 20. 10.8 0.0803 17.0 

5 0.022 0.401 24. 1 1 . 3 0.0783 17.9 

6 0.027 0.439 30. 1 2 . If 0.0738 16.6 

7 0.033 0.468 36. 13.2 0.0694 15.6 

8 0.039 0.484 43. 13.6 0.0665 15. 1 

9 0.047 0.494 51 . 13.9 0.0637 15.0 

10 0.054 0.523 60. 14.7 0.0614 13.8 

1 1 0.062 0.536 68. 1 5. ~ 0.0595 I 3 . Il 

12 0.073 0.559 80. 15 .. 0.0578 11.9 

13 0.092 0.585 1 0 1 . 16.5 0.0562 10.8 

14 o . 1 16 0.617 128. 17.4 0.0536 9. 1 

15 0.148 0.656 163. 18.5 0.0517 7.6 

16 O. 190 0.699 209. 19.7 0.0491 6.2 

17 0.242 0.742 2&6. 20.9 0.0432 4.~ 

18 o . 310 0.789 31f0. 22.2 0.01f15 3.8 

19 0.397 0.836 436. 23. 5 0.0368 2.9 

,0 o .510 0.877 560. 24.7 0.0322 2.5 

21 0.622 0.913 682. 25.7 0.0302 2.3 

22 0.738 0.937 810. 26.1f 0.0286 2.2 

21 0 kIt 0 0.964 922. 27. 1 0.0271 2. 1 

2 1• 0.900 0.973 988. 27.4 0.0261 2.0 

25 1.J79 1.003 1 184. 28.2 0.0226 1.7 

26 1.188 1. 010 1303. 28.4 0.01~1 1.6 

27 1.304 1.023 1431 . 28.8 0.0156 1 .4 

28 1. 421 1.023 1559. 28.8 0.0101 1.3 

29 1 .553 1. 0 13 1704. 28.5 0.0094 1 . 2 

30 1.747 1 .000 1917. 28.2 0.0067 1.2 
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1 FIRST EXPT .• SINGLE WIRE DATA AT 5TH. 1. S • 6".13 Crt • 

f. 
\ I 

PT YI'DEL UI'UP YPLUS UPLUS TURB.IN. DISP 
1 O.DOit O. 211 It • 5.8 0.06lttl 16.9 
2 0.009 0.287 9. 8.0 0.0783 17. 1 
3 0.011t 11.351 tit. 9.7 0.0812 l1t.S 

1 
It 0.019 O.ltOO 19. 1 1 . 1 0.0787 l1t.9 
5 0.023 0.lt2! 21t. 11.9 0.07lt8 13.9 
6 0.028 0.lt59 30. t2.7 0.0705 12.7 
7 0.034 0.lt80 36. 13.3 0.0671t 12.3 
8 O.OltO 0.500 It 2 . 13.8 0.0646 11.8 
9 O.OltS O.Sllt 51. t4.2 0.0617 11.11 

to 0.056 0.534 59. llt.S 0.0591 10.7 
11 0.064 a.Slt8 68. 15.2 0.0572 10.3 
12 0.076 0.560 SO. 15.5 0.0563 9.9 
13 0.096 0.5S3 10 1 . 16.2 0.0548 9.2 
lit o. 121 0.615 127. 17.0 0.0534 8.2 
15 O. 154 0.649 162. 18.0 0.0514 7.2 
16 O. 191 0.673 208. 18.6 0.0504 6.6 
17 0.251 0.739 264. 20.5 0.0470 4.9 
18 0.321 0.790 33S. 21.9 0.0423 3.8 
19 0.lt12 0.836 434. 2. 3. 1 0.0363 3.0 
20 0.529 0.883 557. 24.5 0.0319 2.3 
2. I 0.644 o . 9 19 679. 25.5 0.0289 2. 1 
'\'\ ...... 0.765 0.940 806. 26.0 0.0274 2.0 
~3 0.87 I 0.962 917 • 26.6 0.0266 1 . 9 
24 0.933 0.977 983. 27. 1 0.0260 1 .8 
2S 1 . 1 18 1. 013 I 178. 28.0 0.0232 I .6 
26 1 . 231 1 .037 1297. 28.7 0.0209 1.5 
27 1.352 I .03 I 1424. 28.5 0.0167 1 .4 
28 I . '" 7 2. 1.044 1 5 5 1 . 28.9 0.0125 1.3 
29 1.609 1 . 03 I 1695. 28.5 0.009) 1 .2 
30 1. 8 1 0 1. 012 1907. 28.0 0.0099 1.2 

.. 

,. 
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1 
FIRST EXPT .• SINGLE WIRE DATA AT STH. a. S • 81. 91 eM. "" .. , 

\ 

• 

PT Y.lD£L U.lUP YPLUS UPLUS TURB.IH. DISP 
1 0.003 O. 142 cL 1f.7 0.0"59 31.3 
2 0.007 0.212 9. 7.0 0.0649 30.0 
3 o. 010 0.281 1 " . 9.2 0.0741 26.8 
4 0.014 0.335 19. 11.0 0.0733 24.8 
5 0.017 0.366 23. 12. 0 0.0703 23.0 
6 0.021 0.390 29. 12.8 0.0650 22.0 
7 0.025 0.403 35. t 3.2 0.0628 21.2 
8 0.030 0.420 41 . 13.8 0.0599 19.9 , j 
9 0.036 0.433 49. 14. 2 0.0575 19.2 

10 0.041 0.lf44 58. 14.6 0.0564 19.2 
1 1 0.047 0.4S3 66. 14.9 0.0554 18.3 
12 0.056 0.lf71 77. 1 S. 4 0.0542 17.2 - . 

13 0.070 0.492 98. t 6 . 1 0.0533 15.8 
1't 0.089 0.516 123. 16.9 O.053't 1't.G 
15 O. 1 13 0.541 157. 17.8 0.0519 13.2 
16 O. 145 0.578 20 1. 19.0 0.0510 11 . 3 
17 0.185 0 622 256. 20.1f 0.0482 9.2 
18 0.236 0.671 328. 22.0 0.04't't 7. 1 
19 0.303 0.725 421. 23.8 0.0381 5. 1 
20 0.3S9 0.786 540. 25.8 0.0302 3.'t 
21 0.4'/'" 0-820 659. 26.9 0.0255 2.8 
22 0.563 0.860 782. 28.2 0.0230 2.5 
23 0.640 0.890 890. 29.2 0.0231 2.3 
24 0.687 0.907 954. 29.8 0.0228 2.2 
25 0.823 0.946 1143. 31.0 0.0213 2. 1 
26 0.906 0.968 1258. 31.8 0.0189 1 .9 
27 0.99lf 0.989 1381 . 32.5 0.0151 1.8 
28 1.083 1.000 1504. 32.8 0.0117 1.7 
29 1.184 0.999 1644. 32.8 0.0121 1 . 7 
30 1 .332 0.993 1850. 32.6 0.0138 1 .7 
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fIRST EXPT .• SIHGLE WIRE nATA AT STH. 9. S • 97.16 eM . 

[ 

r PT YI'DEL UI'UP YPLUS UPLUS TURB.IH. DISP 
1 0.003 0.12lf If • 3.9 0.0563 72.2 
2 0.006 0.255 9. 8.0 0.0766 38.1f 

, - 3 0.009 0.333 ttl. 10.4 0.0791f 34.4 ! 
19. 11.8 If 0.012 0.377 0.0751 31. 1 

5 0.011f 0.393 23. 12.3 0.0733 30.0 
6 0.018 0.41lf 29. 12.9 0.0693 28.7 
7 0.021 0.lf37 31f. 13.6 0.0671 25.9 
8 0.025 0.lf51 ttL 1 If . 1 0.0647 25.2 
9 0.030 0.lf64 lf9. 11f. 5 0.0622 24.0 

10 0.035 0.lf77 57. llf.9 0.0599 23.0 
1 1 0.040 0.lf85 66. 15. 1 0.0587 22.2 
12 0.047 0.lf95 77. 15.4 0.0584 21.6 
13 0.050 0,513 98. 16.0 0.0568 19.8 
11f 0.076 0.537 123. 16.8 0.0568 17.8 
15 0.096 0.555 157. 17.3 0.0564 17.0 
16 O. 124 0.586 201. 18.3 0.0566 15.3 
17 O. 158 o .618 256. 19.3 0.0556 14.0 
18 0.201 0.658 327. 20.5 0.0539 12. 1 
19 0.258 0.708 lf20. 22. 1 0.0504 9.5 
20 0.332 0.767 539. 23.9 0.0430 6.3 
21 0.40lf 0.810 657. 25.3 0.0358 4.3 
22 0.480 0.8lf2 780. 26.3 0.0312 3.5 
23 0.546 0.878 887. 27.4 0.0258 2.8 
24 0.586 0.897 951. 28.0 0.0258 2.7 
25 0.702 0.928 1140. 29.0 0.0228 2.4 
26 0.772 0.950 1254. 29.7 0.0208 2.3 
27 0.848 0.972 1377. 30.3 0.0175 2. 1 
28 0.924 0.981 1500. 30.6 0.0131 2.0 
29 1. a 10 0.991 1640. 30.9 0.0094 2.0 
30 1 . 136 1 . 000 1845. 31 .2 0.0110 2.0 

195 



196 

_____ ~_~,_, _s __________________ ____ 



~~-~~""~~--~~--'.-,,-,,-.. ." . ......------~;.~.,.".-~,.-, ---------~-----.--... -.-; 
~ 

Ii 

J 
r r !:, 

l 

'IRST EXPT •• REYNOlDS' STRESSES AT STN. " S • -7'.75 CH. 

OUTPUT NONDIMENSIOHALIZED ON 'RICTION VELOCITY 

I 
PT YlOrL W/UTSQ USQIUTSQ VSQIUTSQ WSQIUTSQ QSQIUTSQ A '"EAR CORR ANISOTROPY , 0.067 l.on5 1.8la 1.522 1.145 7.705 O. ,)1 0.~'8 O. )lit 

I 0.073 1.0187 1.787 , .509 2.256 1.552 0.115 0.4" 0.0]6 

] o.oa, , • ClltO:'! 1.674 Lit 11t I.Ul 7.369 0.11t1 0.447 0.040 

" 0.101 , .0421 1.618 , .411 1.116 7.215 O. ,,,,, 0.450 O.OU 

5 0.165 1.02U ].41" 1.520 1.010\ 7.02a 0.'45 0.444 0.041 

6 0.210 0.9!115 1.128 , .1t66 , .911 6.507 0.'''' 0.44a 0.041 

7 0.0\0\] 0.~067 2.0\67 , .121t , .659 5.0\50 0.14a 0.446 0.0"4 

a 0.568 0.6660 t. 9aa 1.0ttl t .3Z9 4.365 O. '51 0.0\61 O. 047 

9 0.692 0.4953 1.416 0.920 0.970 .. 306 O. '50 0.414 0.045 

to 0.8:2 0.Z800 0.812 0.527 0.581 1.982 O. '0\' 0.411 0.040 

" 0.915 0.1122 0.""4 0.393 0.115 1.152 0.115 0.lt6 0.OZ6 

DISPLACEMENT THICKNESS = 0.501 CH. MOMENTUM THICKNESS. 0.17' CH. OElT. 99 • 1.919 eM. 

MOMENTUM THICKNESS REYNOLDS NO. • 1769. UTAU = 0.622 HlSEC UPW • 16.00 HlSlC 

OUTPUT NONDINENSIONAlIZED ON MALL VELOCITY 

PT YIOEl W/UPWS USQ/uPMS VSQI\JPWS WSQIUPWS QSQIUPWS 
I 0.067 0.00l5~ 0.00579 O.OOBO 0.00154 0.01161 

2 0.071 0.00154 0.00512 o.oozza 0.00341 0.01140 

3 0.081 0.00157 0.00555 0.00221 0.00:B5 0.01113 

4 0.101 0.00157 0.00546 O.OOZN 0.003B 0.Ol09Z 

5 0.165 0.00154 0.00525 0.00ZZ9 0.00307 0.Ot061 

I> 0.270 0.001 .. 5 0.00412 O.OOZZI 0.00269 0.00983 

7 0.441 O.OOIZZ 0.00171 O.OOZOO 0.~OZ50 0.008Z1 

8 0.56e 0.00101 0.00100 0.0015e 0.00201 0.00659 

9 0.692 0.00075 0.00214 0.ClOl19 0.001"6 0.00499 

to o.ezz 0.0004Z 0.0011Z 0.00080 o.OQoee 0.00299 

" 0.935 O.OOOZO 0.00067 0.00059 0.00048 0.00174 

" 

I .. 1 

"f 
) 

j 

1 
J 
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fIRST (XPT,. RElHOLDS' STRnSES A1' STN, t. S = -'1.27 eN. 1 
OUTPUT NONDINENSIONALIlED ON fRICTION VELOCITY 

PT YIOEl UV/UTSQ USQ/UTSQ VSQ/1.'TSQ WSQIUTSQ QSQ/uTSQ A SHEAR CORR ANISOTROPY 
I 0.061 0.9765 '.tIO 1.695 t.71] 8.618 0." ] 0.]66 0.026 
t o.on 0.%50 ~.'H '.604 2.555 &.271 O. \17 0.l16 0.027 
] 0.098 0.9793 ".018 1.613 t.406 8.0n 0.122 0.185 0.030 

" 0.120 0.0808 3.935 1.570 ~.351 7.858 0.125 0.195 0.031 
J 0.148 0.9915 3.879 1.584 Z.Z62 7. ns 0.IZ8 0.'100 o.on 
6 0.181 0.9686 3. no 1.58] ~ ~~, 9 7.S1/) 0.128 0.198 0.033 
7 0.t~6 0.9843 3.519 1.592 ~.195 7.]06 0.1]5 0.416 0.016 
a 0.279 0.95::Z 3.110 1.551 Z .14S 7.009 0.136 O.,.~O 0.037 
9 0.144 0.9015 3.05~ 1.475 2.041 6.568 0.137 0.4~5 0.038 

10 0.4Z4 0.8::01 Z.707 1.360 1.866 5.933 O.IlS 0.427 0.038 
It 0.523 0.6959 2.266 1.181 1.613 5.0bO 0.138 0.4~S 0.038 
12 0.644 0.5067 1.667 0.929 1.2Z1 3.819 0.131 o .t.07 0.035 
13 0.7% 0.Z88Z 0.971 0.575 0.71Z Z.t58 0.128 0.386 0.C33 
14 0.981 0.0590 0.259 0.2Zl 0.~08 0.690 0.086 0.245 0.015 
IS 1.210 -0.0124 0.020 0.0]0 0.011 O.Obl -0.205 -0.506 0.084 

DISPLACEMENT THICKNESS = 0.572 CI'1. MOMENTUM THICKNESS: 0.419 CM. DElTA 99 :: 3.429 eM. 

IQ1EHTUM THICKNESS RnHOlt)S NO. = 411Z. U,AU ::: 0.6'4 M.'SEC UPW " '5.9' IVSEC 

OUTPUT NONDIMENSIONALIZED ON WALL VELOCITY 

PT fIDEl UVIUPWS USQ/UPWS VSQ/UPWS WSQ,'\JPWS QSQ/UPWS 
I 0.061 0.00145 0.00t.::7 0.0025:§ 0.00 .. 04 0.01 .. 8 .. 
2 0.079 0.00144 0.0061] O.O('l~'O 0.00l81 0.0'~3Z 
3 u.098 0.001 .. 6 0.00599 0.002<;0 0.00358 0.01198 

" 0.1"0 0.00146 0.00S8e> o.llon .. 0.003S1 0.0'17\ 
5 0.146 0.00'48 0.00578 0.OO:'J6 O. DOH7 0.0' '51 
6 a.lln 0.00144 0.00557 0.OO~3e> O.OOHI 0.01l~1 
7 0.2;:6 0.00147 0.005:4 0.00:37 0.00]::7 0.01069 
8 o .Z79 O.OOI".:! O.OO"'H 0.00;:3' o.o.n::-o 0.0'04 .. 
9 0.] .. 4 0.00134 0.00 .. 55 0.00::::-0 O.OOJO" 0.009'19 

10 0.4Z4 O.OOI~.:! 0.00403 0.00::0] 0.00~78 0.00864 
II 0.5B O.OOIO~ O.OOHS 0.00110 O.OO~ .. O 0.00754 
IZ 0.644 0.0007'> O.oc:"& 0.00138 0.OOl8~ 0.00569 
Il 0.796 0.00043 0.00'45 0.00066 0.00106 0.00136 
14 0.981 0.00009 (.00039 o.ooon 0.000]1 O.OOlOl 
15 1.210 -0.0000:: 0.0000] 0.0000 .. O.OOOOl 0.00009 
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fIRST EXPT •• REYNOLDS' STRESSES AT STN. S. S • -6.1' CM. 

OUTPUT NONOI"ENSIONALIZED ON fRICTION VELOCITY 

PT llOEL UVIUTSQ USQIUTSQ VSQIUTSQ WSQIUTSQ QSQIUTSQ A SHUR CORR ANISOTROPY 
I 0.050 1.0261 ".50~ 1.676 :.720 8.901 0.115 0.111 0.027 
2 0.055 1.0007 _._03 1.67_ t.659 1.737 O. "5 O.S69 0.026 
] 0.069 0.9795 _.306 1.581 2.512 a.399 0.117 0.375 0.027 

" 0.015 0.9661 It.I52 , .532 2.ltOI a.o811 0.120 0.381 0.029 
5 0.105 0.9392 3.999 1.516 2.:83 7.798 0.IZ0 0.3&1 0.029 
6 0.129 0.9590 1.921 1.501) Z .Z66 7.689 0.125 0.395 0.011 
7 0.159 0.9053 3.It&3 I .lt80 2.101 7.066 0.128 0.199 0.011 
8 O. I 97 0.9138 1.348 1.~75 Z.094 6.91 7 0.132 O.It" 0.035 
9 o. :ltl 0.I81l 1.184 I .4:;5 Z.OlO 6.649 0.111 0.~09 0.015 

10 0.299 0.&566 2.&67 t.413 1.959 6.Z39 0.137 0.426 0.031 

" 0.369 0.8:55 2.646 1.346 1.836 5.e::9 0.142 0.417 0.040 
12 0.455 0.7"8 Z.2n 1.:04 1.656 5. I:!:! 0.119 0._10 0.018 
Il 0.561 0.5706 1.814 1.001 1.359 It. I 75 0.137 O. It23 0.037 
14 0.693 0.1799 I. Z29 0.705 0.900 2.835 0.134 0.401 0.036 
15 0.aS5 0.1582 0.505 0.177 0.193 1.Z7b O.IZ_ 0.3bZ 0.011 
t6 1.054 0.0106 0.105 0.104 0.079 0.288 0.037 O. 101 0.003 

DISPLACEMENT THICKNESS = 0.61 0 tl1. I1OI1ENTUI1 THICKNESS = 0.It_2 c,... DELTA 99 = 1.917 C~. 

I1OI1ENTUH THICKNESS REYNOLDS NO. = 'tbZ! . UTAU = O.bla I1/SEC UPW = 16.05 IVSfC 

OUTPUT NONDIHEH51ONAlIZEO ON WALL VELOCITY 

PT YIOEL WI\JPWS U5QI\JPWS VSQIUPWS WSQIUPWS QSQ/VPWS 
I 0.050 0.00152 0.00667 0.00248 0.00.-.03 0.01318 
Z 0.055 0.00148 0.00652 0.00~48 o.oonlt 0.01294 
3 0.069 0.00145 0.0063& 0.00~34 0.00372 0.OtZ44 
4 0.065 0.00143 0.00615 O.OO~H 0.00355 0.01197 
5 O. lOS 0.00139 0.005"2 0.00~~5 0.0031a 0.01 ISS 
6 0.IZ9 0.0014~ 0.00561 o.oo~:~ O.0033b 0.01139 
7 0.159 0.00134 0.00516 0.00~19 0.003' , 0.010'-'6 
& O.I'n O.OOIlS 0.00"'''6 0.00::18 0.00310 0.010~4 

9 0.::43 0.00131 0.00471 0.00Z'5 0.00Z"8 0.00965 
10 0.::99 0.00':7 0.00 .. :5 0.00:09 0.00::90 O.OO"Z~ 

" 0.369 0.001:: 0.00392 0.00199 o.oo:n O. OOM 3 
12 0.455 0.00'05 0.00H6 0.0017& 0.00:45 0.00i60 
13 0.56' 0.00084 0.00:(>9 0.001"'8 0.00;:01 0.00618 
,~ 0.693 0.00056 0.0018Z 0.00104 O.OOIH 0.004Z0 
IS 0.855 O.OOOZl 0.000i5 0.00056 0.00058 0.00189 
16 1.0S .. 0.0000: 0.00016 0.00015 O.OOOIZ 0.00043 
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FIRST EXPT., REYNOLDS' STRESSES AT 5TN. lI. , : 16.tO el1. 120.6 DEG) I 
OUTPUT NONDIl1fNSIONALIZED ON FRICTION VELOCITY I 

PT Y/DEL UV/UTSQ US~/l'TSQ V5QI\JTSQ WSQ/UTSQ QSQI\JTSQ A SHEAR CORR ANISOTROPY , 0.034 0.654 .. ].004 •. 361 t.007 6.375 0.103 0.323 0.021 
Z 0.01t6 0.62]& 2.919 1.270 I.Be2 6.091 0.102 0.12] 0.021 
] 0.OS7 0.6009 2./\76 1.214 1.781 5.871 0.102 0.322 0.021 1 
It 0.070 0.552] 2.781 1.157 '.724 5.662 0.09& 0.30& 0.019 
5 0.087 0.4917 2. nit 1.079 1.647 S.1t60 0.090 0.286 0.016 
6 0.107 0.19Q3 2.591 LOll 1.586 ~. 191 0.077 0.246 0.012 
7 O.lll 0.108'. 2.501 0.95<+ 1.517 4.972 0.062 0.::00 0.008 
8 0.162 0.2091 2.363 0.91l 1.435 4.711 O.Oltet 0.142 0.004 

1 
9 0.201 0.1480 i:.~40 0.907 1.401 it.5"7 0.0]] 0.104 0.002 

10 0.247 0.01l?6 ::.171 0.6'H 1. :V.4 4.409 0.020 0.063 0.001 
t1 0.105 0.0494 2.086 0.903 ~. 312 4.301 0.011 0.036 0.000 
'2 0.376 O.OIlS 1.957 0.877 1.269 it .. 03 0.003 0.010 0.000 

t 
\ 

11 0.464 -0.0140 1.808 0.824 '.183 1.815 -0.004 -0. Oil 0.000 
14 0.572 -0.0371 1.5;9 0.746 1.041: 3.367 -0.01 I -0.035 0.000 
15 0.706 -0.0674 1.257 0.595 0.7 cn 2.645 -0.025 -0.078 0.001 

.... 
I 

16 0_871 -0.071l 0.943 0.485 0.533 2.011 -0.035 -0.105 0.003 
17 1.074 -0.0453 0.315 0.239 0.208 0.762 -0.OS9 -0.165 0.007 
18 1.325 -0.0086 0.Cl16 0.050 0.028 0.115 -0.075 -0.202 0.011 

DI~PLACEHEHT THICKNESS : 0.681 CM. MOMENTUM THICKNE5S : 0.493 CM. DELTA 99 : 1.863 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 50t-6. UTAU = 0.575 M/SEC UPW = 16.09 M/SEC 

OUTPUT NONOIMfN5IONAlIlEO ON WALL VELOCITY 

PT '(/OEL UV/uPIoIS USQ/UPwS VSQ;UPIoIS WSQ/UPIoIS GSQ/UPWS 
0.034 0.00084 0.003(,4 0.00174 0.00:57 0.00316 

z 0.04t- 0.00080 0.0017;' 0.00163 0.01.i~41 0.00719 
1 0.057 0.00077 0.00168 O.OOIS!; !,.00~~8 0.C0751 
4 O. 070 0.00071 0.00351> 0.00148 0.00~:1 0.007~4 
5 O.oe7 0.00061 0.00)50 0.00138 O.OO~1I 0.00699 
t- 0.107 0.00051 0.00330: O. 00 DO 0.00~03 0.00664 
7 0.131 0.00039 0.00320 O.OOI:~ 0.00194 0.00630 
8 o .16Z o.ooon 0.00302 0.00117 0.OOHI4 0.001>03 
9 ~_~Ot 0.00019 0.00~l\7 0.0011 I> 0.00119 0.005t12 

10 0.l47 0.00011 0.00:78 0.00114 0.OOI7~ 0.00564 
11 0.305 0.00000 0.00;'67 0.00115 o .001eS 0.00550 
1~ 0.370 O.O~OO~ 0.00:'50 O. 0011::: 0.0016: 0.005:5 
n 0.41>4 -O.OOOO~ O.OO~JI 0.00105 0.00151 0.00488 
14 0.57;:: -0.00005 O.OO:O~ 0.000·5 0.00133 0.00431 
15 0.70b -0.00009 0.00161 0.OO07e 0.0010: C.OOJ38 
16 0.871 -0.00009 O.OOlct O.OryOb~ 0.00075 0.00:'57 
17 1.074 -0.00006 o 000'.0 0.00031 o.ooon 0.000Q8 
18 1.3<:5 -0.00001 0.00005 O.O(lOO~ 0.0000 .. 0.00015 

• , 
• 
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FIRST EXPT.. REYNOLDS' STRESSES AT STN. I. S z 11.61 C". (<\2.1 OE61 

OUTPUT NONDI"EHSIONALIZEO ON FRICTION VELOCITY 

PT YIOU UVIUTSQ USQIUTSQ V$QIUTSQ WSQ/UTSQ QSQ/UTSQ A SHEAR t.oRR ANISOTROPY 
1 0.031 0.a6O_ 

1.0 __ 
1.624 t.on '.761 0.127 0.lI1 0.012 

t 0.0_1 0.8_12 :.%6 1.521 t.061 6.5_' o.ua 0.196> o.on 
J 0.051 o.ao,,~ 2.aZI 1.367 1.9n 6.UI 0.U2 0._" 0.035 

- 0.069 0.750a 2.125 1.275 I.an 5.an 0.129 0.4OJ 0.0]] 
5 0.oa7 0.6990 :.571 1. la9 1.765 5.525 0.127 0.40'.1 0.012 
6 0.110 0.'" I t.n_ 1.067 1.6Z6 5.027 O.IU 0.181 0.0]0 
7 o.lla 0.5159 2.075 O.~I 1.492: _.50a 0.11_ O. J64J 0.026 
a 0.173 0.~I52 1.825 0.848 1.]5~ _.027 0.10] 0.3l,. 0.021 
9 O.ZI6 0.3282 I.St.l 0.764 1.237 1.56_ 0.09Z 0.100 0.017 

10 0.269 0.2412 I. ]41 0.712 1.121 3.176 0.076 0.247 0.012 

" 0.11_ O.lall I.l9a O. iOJ 1.066 2.%6 0.061 o.l9a 0.007 
12 0 .• 15 0.1179 1.118 0.713 1.001 2.832 0.042 O. I lZ 0.003 
13 0.51. 0.059a I.ooa 1).700 0.913 2.621 0.0::3 0.071 0.001 
1- 0.617 0.0136 0.867 0.666 0.7f-a 2.301 0.006 0.018 0.000 
IS 0.789 -0.0l90 0.619 0.54~ 0.499 1.660 -0.023 -0. 067 0.001 
16 0.975 -0.0426 0.199 0.Z80 0.18a 0.667 -0.06_ -0.180 o.ooa 
17 I.Z17 -0.0109 o.ola 0.073 0.0 .. , C.13Z -o.oaz -0.:97 0.014 
18 1.490 -0.0036 0.017 0.OZ3 0.015 0.054 -0.067 -0.187 IL009 

DISPLACEMENT THICkNESS = 0.7a7 C". ~ENTU" THICKNESS = 0.551 C". DnTA .9 z 4.Z09 ~. 

MOMENTUM THICKNESS REYNOLDS NO. z 5709. UTAU = 0.5Z8 nlSEC UPW = 16.15 IVSEC 

OUTPUT NONOI"ENSIONALIZED ON WALL VELOCITY 

PT YIDEL UVIVPWS USQ/UPWS VSQ/UPWS WSQ/UPWS QSQIVPWS 
1 0.031 0.0009Z 0.00326 O.OOIN 0.00224 O.OOiZ] 
2 0.041 0.00090 0.00317 0.00161 O.OO~ZO 0.00700 
3 0.051 0.00086 O.OOlOZ 0.00146 0.00~07 0.00655 
4 0.069 0.00080 0.00291 0.00136 0.00\96 0.006~4 

S 0.087 0.00075 0.00Z75 O.OOI~7 0.0018' 0.00591 
6 L 110 0.00065 0.00::50 0.001 I" 0.00114 0.00538 
i 0.138 0.00055 O.OO:OU 0.00101 0.00160 0.0048Z 
8 0.171 0.00044 0.00195 0.00091 0.00145 0.004]1 
9 0.216 0.00:135 0.00167 0.0008Z 0.00132 0.00381 

10 0.:69 0.000;:6 0.0014 .. 0.00076 0.00120 0.00340 

" 0.n4 O.OCO" O.OOI~d 0.00075 0.00114 0.00317 
12 0.415 o.ooon 0.00120 0.00076 0.00107 0.0030) 
13 0.514 O.OOOOf) 0.00108 0.00075 0.00098 0.00:80 
I .. 0.617 0.00001 0.0009·} 0.0t'071 O.OOOl.lZ 0.00l46 
IS 0.789 -0.00004 0.000(1) 0.00058 O.OOOS] 0.00178 
16 0.'H5 -0.00005 O.OOOZI 0.00010 0.00020 0.00071 
17 I. 217 ~O.OOOOI O.OOOO;! 0.00008 0.00004 0.000!4 
18 1.490 -0.00000 O.OOOO;! o.oooo~ 0.00002 O.OOOOb 

('01 



fIRST EXPT •• REYNOLDS' STRESSES AT STH. 6. S : 50.80 tM. 16~. 7 DEG) 

OUTPUT NONDIMfNSIONAlIZED ON fRICTION VfLOCITT 

PT YIOEl UVI\JTSQ USQIUTSQ VSQIUTSQ W!QIUTSQ QS'1IUTSQ ,. SHEAR CO~R ANISOTROPY , 0.034 0.8464 3.296 , .8Z8 2.,.]9 7.564 0.'12 0.345 0.025 

2 0.0,., 0.80'" 3.166 , .649 2.181 7.196 0.112 0.153 0.025 

3 0.050 0.781 , 3.098 , .569 2.327 6.994 0.112 O.lSit 0.0:!5 

~ 0.06Z 0.7471 3.0Z5 I.50Z Z.230 6.757 0." I 0.351 0.024 

5 0.076 0.7115 2.988 I .it4 I 2.168 6.598 0.108 0.343 o.on 
6 0.094 0.6S88 Z.81S 1.331 2.079 6.~~6 0.106 0.340 0.02Z 

7 0.' 16 0.6156 2.649 I • ZlS 1.940 5.S:!7 0.106 0.3'10 0.022 

8 0.143 0.5017 :!.430 1.097 1.813 5.341 11.094 0.307 0.018 , O. I 77 0.4~37 2.211 0.964 1.609 it.76~ 0.089 0.::90 0.016 

10 0.218 0.3ZQ4 1.883 0.800 1.3M 4.069 0.079 O. 0!61 0.012 

" 0.Zb9 0.2298 1.547 0.6il 1.2~O 3.444 0.067 0.2:!S 0.009 

12 0.311 0.I79Z 1.210 0.591 1.0:'2 ~.9~1 0.061 0.~07 0.003 

t:s 0.,.09 0.1191 1.097 0.554 0.959 2.610 0.053 O. 17" 0.006 

lit 0.504 0." 38 0.976 0.544 0.886 2.406 0.047 11.156 0.004 

IS 0.6ZZ O. '033 0.861 0.539 0.813 2.Z13 0.0 .. 7 0.I5Z 0.004 

16 0.767 0.05::7 0.647 0.517 0.589 1.75 .. 0.030 0.091 0.002 

'1 0.'46 -0.0053 0.270 0.369 0.263 0.90Z -0.006 -0.017 0.000 

la 1.167 -0.0!79 0.057 0.058 0.046 0.161 -0. I II -0.310 0.025 

DISPLACEMENT THICKNESS s 0.874 CI"I. I'1OMENTUI"I THICKNESS = 0.44Z CM. DELTA " = ~.3al tM. 

I'1OM[NTUI"I THICKNESS REYNOLOS NO. = 61bl. UTAU = 0.482 I"I/SEC UPW = '6.,0 NSEt 

OUTPUT NONOIMENSIONALIZEO ON WAll VElOCITY 

PT YIDEl UV,UPWS USQ/\JPWS VS'l/UPWS WSQ/UPWS QSQ.'UPWS 
I O. 03-- 0.OO07e. 0.00::95 0.00164 O.OO~HI O.OOb77 

2 0.041 o.ooon 0.OO~83 O.ClOI .. a 0.00~13 0.OC644 

1 O.O~O 0.00070 0.00::77 0.00140 0.00::06 O.OOb:1> 
4 0.06:! 0.00067 0.00;:71 0.0013 .. O.OOZOO 0.001>,)5 

5 0.07b 0.00064 0.00;67 0.001::9 0.0019'. 0.00~90 

6 O. 09 .. 0.00059 O.O('=~Z 0.001 19 0.00H'6 0.00sr;7 

7 0.' 16 0.00055 0.00::37 0.00111 0.0017 .. O.OO ... ~I 
8 0.143 0.000 .. 5 O.OOZ17 0.000Q8 0.00l6~ 0.00478 
q O. I i7 0.00036 0.001'18 O.OOOt'b 0.0014'0 O.OC4::S 

10 O.Zlll O.ooo;:q 0.00168 0.OO07~ 0.001;:4 0.00>t>" 

" O.::b'1 O.OOO~I o.oonll 0.00061 0.0010Q 0.00306 
lZ D.·BI 0.00016 O. 00114 O.OOO~J 0.0009S 0.00::6:: 
13 0.409 O.OOOl~ O.OOOqS 0.00050 O.ooost. O.OO~H 

14 0.50'0 0.00010 0.00087 0.0004Q 0.00079 0.onl5 
15 O.b~~ 0.00009 0.00077 0.00046 0.00073 0.001qS 
lb C.7<:>7 O.OOOO~ 0.00058 0.0004t. O.OOO~J 0.00157 
17 0.9 .. /0 -0.00000 O.OO:)~ .. 0.00031 O.OOO~" 0.00081 
18 1.167 -O.OOOO~ 0.00005 0.00005 0.0000 .. 0.00014 

to. 

-• 

1 
I 
1 
1 
I 
I 
I 

-
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'1i,3T EXPT •• RUNalDS' STRESSES AT 5TH. 7. S • 6".11 a.. 181.6 DEGI 

OUTPUT NONDIMfNSIONAlIZEO ON fRICTION VElOCITY 

PT YlOfl UV/UTSQ I.:SQ/UTSQ VSQ/UTSQ WSQIUTSQ QSQIUTSQ A SHEAR CORR ANISOTROPY 
1 0.029 0.87Z) 3.07f. 1.625 2.11\9 6.851 0.127 0.390 o.on 
t 0.040 0.8625 ~.854 1.484 Z .071 6.40~ 0.135 0 .• 19 0.01' 
3 0.04' 0.8301 2.774 1.429 , .~I'IZ 6.'1'5 0.134 0 •• 17 0.0]6 
... 0.060 0.813' Z.70S 1.368 I..Ul 5.9'1 0.117 0.4:6 0.037 
5 0.075 0.7858 2.589 1.311 1.861 5.76] O. I 16 0.4Z6 0.017 
6 0.092 0.7404 2.497 1.219 1.808 5.5 .... o .1l4 0.te21 0.016 
7 0.113 0.672Z 2.174 1.170 I.71e S.Z61 0.1::8 0.40] 0.0]] 
8 O. 140 0.5884 2. I 76 1.051 1.607 4.837 0.122 0.389 0.0]0 
~ o.In 0.49::8 1.941 0.'!!24 1.458 ... 321 0.114 0.368 0.OZ6 

10 0.21l 0.373] 1.653 0.78:: I.2M 3.694 O.IO! 0.328 0.020 

11 0.262 0.::560 1.356 0.6~8 1.057 ].0 .. 1 0.084 0.277 0.014 

12 0.3::3 0.1643 1." ] 0.4'!!6 ('.884 2.4'n 0.066 0.2Z1 0.()0~ 

13 o.n, 0.0'!!6'!! o. '!!]I 0.424 0.765 2. Ul 0.046 0.15lt O.OOlt 
14 0.4112 0.Ob7b 0.858 0.40b 0.7'1 I. '!!7t; 0.014 O. liS 0.002 
15 0.b07 0.05 .. 9 0.77] 0.3'!!S 0.627 1.795 0.0]1 0.0'iI9 O.OOZ 

16 0.749 0.043, 0.6~0 0.38b 0.472 1.478 0.0::9 0.OS8 0.002 
17 0.924 0.n175 0.311 0.';:4 0.::51 O.es? 0.0::0 0.055 0.001 

18 1.140 -O.O:::b 0.060 0.108 0.059 O.z=& -0.0'!!9 -0.Z80 0.0::0 

" 1.406 -0.0~b8 0.054 0.111 0.07:: 0.::31 -0.111 -0. ]46 0.026 

DISPlACEMENT llHCKN[SS : 0.909 CN. MOMENTUM THICKNESS : 0.61<' CN. OHU '!!'!! : ..... ,] CM. 

MOMENTUH THICKNESS REYNOLDS NO. ,. 6352. UTAU = 0 .490 ~ ... ·SfC UPW : 16 . 08 I'VSEC 

OUTPUT NONOIMENSIONALIZEO ON WALL VELOCITY 

PT llOfl UV/l'~WS USQ/UPWS VSQ/UPWS WSQ/urws QSQ/UPWS 
1 0.0~9 0.(10081 0.00~86 0.00151 O.OOZOO O.OObH 
Z 0.040 0.000'0 0.00:b5 0.001l8 0.0019] 0.005'10 
] 0.04'1 0.00077 0.00'::5,,) 0.00111 O.OOHI .. 0.00575 

• 0.0£.0 0.0007/1 0.OO:5~ 0.001~7 0.001,8 (). 00551 
5 0.075 0.0;)07] 0.00.:: .. 1 0.001;::: O.OOlll 0.005]6 
6 0.09: 0.00069 0.00'::3':: O. COilS 0.001b8 O.OOSIt. 
1 0.11 ] 0.0006] O.OOZZI 0.0010~ O.OOlbO 0.00489 
8 0.140 0.00055 0.00:0: O.OOOQS 0.001 .. 9 0.00 .. 50 
9 (I.ln 0.000 .. 6 0.00181 o.oooel> 0.00136 0.0040: 

10 o .ZI3 0.00030; 0.00154 o.OGon 0.00111 0.001 .. 4 
11 0.~6? 0.000'::4 0.001:6 0.00058 o.oooqa 0.00:83 
IZ o .J'::] 0.00010; 0.00104 0.0(10 .. 1> O.OOOS~ 0,00:3: 
13 O. ]QQ 0.0(1009 0.0001'7 o.ooon 0.000:1 0.00197 
14 0.49: 0.00001> O.O(lOBO 0.00038 O.OOOt,b O.oalll" 
15 0.007 0.00C05 O.OOO:~ 0.00031 0.00(15/'\ 0.0011>7 
Ii> 0.7 .. 9 o.ecoo .. O.OOO~I'I O.OOJ'b 0.000 .... D.OOIH 
I Y 0.9: .. IJ.OOOO: 0.000'::9 0.U0030 O.OCO~l 0.0001J 
18 1.140 -0.0000:- 0.00006 a 00010 0.00005 0.000'::1 
i'!! 1.4eb -0.(1000.: 0.00005 0.00010 !)'00007 o.OOO~z 
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'IRST (XPT •• REYNOLDS- STRtSS!! AT STN. a. s • a .. 9. C". .... 
OUTPUT NONOIMfNSIONALIlEO ON FRICTION VELOCITY 

PT YIOU W/VTSQ USQ/UTSQ VSQ/uTSQ WSQ/uTSQ QSQ/uTSQ A SHEAR CORR ANISOTROPY • 0.04) '.0042 3.601 1.573 t.4i:& 7.603 0.132 O.ltU O.OlS ! 0.052 I.03S1 3.454 1.605 2.32S 7.384 0.141 0.441 O.OltO 
) ,., .'65 1.0470 l.368 1.613 2.297 7.27& 0.144 0.449 O.Oltl It ".Jeo , .0719 l.ltla 1.638 2.266 7.322 0.146 0.453 0.043 5 0.099 1.0699 3.332 1.667 2.265 7.284 0.147 0.454 0.043 6 O.IU 1.0809 3.llll 1 .68~ 2.245 7.110 0.148 0.45:1 0.044 7 0.151 1.0610 l.30l 1.653 2.246 7.i:OO 0.147 0.45'+ 0.043 
I) 0.186 1.0699 1.N4 1.<>05 ... nl 7.080 0.151 0.469 0.046 
, 0.n9 1.0162 l.OS .. 1.514 2 ~ 1 )~ 0.699 0.152 0.473 0.046 10 0.Z83 0.8977 Z.767 1.329 1.91) 6.009 0.149 0.468 0.045 " 0.149 0.7365 24~ltO 1.045 1.5b6 4.850 0.15<: 0.481 0.046 12 0.4~0 0.5315 I.5ql 0.746 1.185 3.5Z4 0.151 0.487 0.045 13 0.530 0.3901 1.1115 0.Sb9 0.942 2.697 0.145 0.475 0.042 llt 0.654 0.<:628 0.797 0.400:. 0.71 I '.913 0.137 0.46Z 0.038 15 0.807 0.Z030 0.6-.q o .17~ 0.561 1.581 0.128 O.'+tl 0.03] 16 0.996 0.0836 0.380 0.342 O.HZ 1.054 0.079 0.Z3Z 0.013 11 1.229 -0.0916 0.232 O. )41 o.nl 0.804 -0.114 -0.325 0.026 

DISPLACEMfNT THICKNE.SS : a .803 eM. MOMENTUM THICKNESS: 0.541 CM. DELTA 99 = 4.168 eM. 
I'1OMENTVN THICKNESS RHHOlDS NO. : 5574. UTAU = 0.504 MlSEC UPW : HI.OZ MlSEC 

•• 

OU'TPlIT NONOrMENS!ot~ALIlEO ON WAll VElOCITl' 

PT Y/OH UVI\JPwS USQ/\JPwS VSQ/UPWS WSQ/UPWS QSQ/UPWS I 0.041 0.00099 0.001';7 O.OOISe, 0.00':40 O.OOi·51 2 0.05Z 0.0010) 0.00H2 0.00159 I).oono 0.00731 1 0.065 0.0011)~ 0.00311 0.00160 0.00::=7 0.1107:0 4 O.OM 0.00106 0.00H8 0.0016':- 0.00;:;:4 0.007::5 5 0.0'19 0.00;06 O.OOHO 0.00lb5 0.00::;:6 0.007Z1 I> O.IZZ 0.00107 0.003J5 O.OOlbi' 0.00':;:;: 0.00n. ... 7 0.15\ 0.00105 O.003Z7 0.00164 0.00.:':, 0.0071] 8 O.ISb 0.0010b 0.003::1 0.00159 O.OC':::1 0.00701 q O.:>Zq 0.00101 0.0030: 0.00150 O.OO~II 0.00bb3 10 0.::83 0.OOOS9 o.oon .. 0.0011: O.OOIIlQ 0.00595 1\ 0.3 .. 9 0.00073 0.00::-2 0.00103 0.00155 0.00 .. 1)0 12 0 .... )0 0.~OO5) 0.00'"'' 0.000, .. 0.00117 0.00149 11 0.5JO 0.OOCl9 0.00117 0.0005" O.OOOQl 0.00.:'b7 14 0.b5 .. 0.000:'6 0.00079 0.000 .. 0 0.130070 0.0016'1 15 0.80;' 0.000.:'0 0.00(1t> .. O.O,1()H O.OOOSb 0.00157 II> 0.99b 0.0000."\ 0.vOO~5 O.OOO}" O.OOOH 0.00104 17 1.~2Y -0.0000'1 0.000=3 O.OOOH O.OOO~) O.OOOllO 

.(\" 

J 
(. \1 .. ., 

t· 

d d . • 
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FIRST [XPT •• R[YNOlDS' STR[5SES AT STN. '. S " 91.16 tr1. 

OUTPUT NONDIMENSIONAlIZED ON fRICTION VELOCITY 

PT Y/DEl UVIUTSQ USQ/UTSQ VSQIUTSQ WSQ/UTSQ QSQIUTSQ A SHEAR CORR ANISOTROPT , 0.03' , .0012 3.57' , .566 2.it15 7.561 O. ,n 0.423 0.035 . 0.048 , .03lt8 3.itll 1.598 2.312 7. 14 It o .lltl o . "It! O.OltO -3 0.059 1.0lt17 3.348 1.606 2.285 7.238 O.lttit 0.tt50 0.Olt2 
tt 0.073 1.068it 3.397 1.631 2.255 7.282 0.'lt7 0.45it 0.01t] 
5 0.090 , .0665 1.312 1.659 2.27] 7.21t1t 0.llt7 0.it55 0.0it] 
6 0." , 1.0773 ].362 1.611t 2.2n 7.270 0.1" 0.lt5it O.Oltit 
7 0.1]7 1.0576 3.281 1.6lt6 2.~!4 7.161 0.1lt8 0.455 0.041t 
8 0.169 1.0665 ].225 1.598 2.:!I' 7.042 0.151 0.470 0.046 
9 0.208 LOnl ].OJ6 1.507 2.121 6.66it 0.152 0.lt74 0.046 

10 0.256 0.8955 2.751 1 • 321t 1.901t 5.979 0.150 O.lt69 0.045 

" 0.316 0.7354 2.2Z8 I.Olt2 1.559 4.8~8 0.152 0.48] 0.Olt6 
12 0.390 0.5319 I.Sa«. 0.747 1.181 3.512 0.151 0.lt8' 0.046 
I] 0.itlt6 0.3916 1.181 0.570 0.940 2.690 0.146 0.477 0.042 
14 0.594 0.2651 0.7% 0.407 0.710 1.911 0.139 0.466 0.018 
15 0.132 0.2058 0.648 0.174 0.561 1.581 0.130 0.itl8 0.014 
16 0.90] 0.0872 0.382 0.141t o . llit 1.060 0.082 0.2ltl 0.0\4 
17 I • I Itt -0.0867 0.215 0.341 0.B4 0.8\1 -0.107 -0.105 0.0::1 

DISPLACEMENT THICKNESS = 0.915 CI1. MOMENTUM THICKNESS = 0.625 CM. DnTA 99 II tt.595 CI1. 

MOMENTUM THICKNESS REYNOLDS NO. =64200. UTAU = 0.506 I1/SEC UPW = 16.00 tvSEC 

OUTPUT NONDI~ENSIONAlIZ[D ON WALL VELOCITY 

PT y/OEL UVIUPWS USQIUPWS VSQ/UPWS WSQ/UPWS QSQ/UPWS 
I 0.019 0.00100 0.00358 0.00157 O.OOZ' .• 0.00756 
2 0.048 0.00101 '.00341 0.00160 O.OOZ ... 0.00734 
1 0.059 0.00104 0.00"3J5 0.0011>1 0.00ZZ8 0.007Z4 
4 0.073 0.00107 0.00340 0.00163 O.OOZ;::; 0.00728 
5 0.090 0.00107 o.oonl 0.00161> o.oozn 0.oon4 
6 0.111 0.00108 0.00B6 0.0011>7 0.00~21 0.00n7 
7 O.IH 0.00106 0.003;:8 0.00165 0.00;:23 0.00716 
8 0.169 0.00107 0.00122 0.1l0160 o.oo~:z 0.00704 
9 0.Z08 0.00101 0.00301 0.00151 0.00212 0.11066;, 

10 0.256 0.00090 0.00U5 0.COI3;: 0.00190 0.00598 
11 0.316 0.00074 0.00l;:1 o. CO 1('14 0.00156 0.00481 
12 O. J90 0.00053 0.00158 0.00075 0.00118 0.00351 
IJ 0.446 0.00039 0.00118 (/.0005"1 0.00014 0.00Z69 
lit 0.594 0.00027 0.00080 0.00041 0.00071 0.00191 
15 0.73: 0.000;:1 0.00065 O.OOOH 0.00056 0.001S8 
I~ O.qOl 0.00009 O.OOOJlI O.OOOV. O.OOOH 0.00106 
17 1. I 14 -0.00009 0.000;:3 0.00034 O.OOO~J 0.00061 
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FIRST EXPT •• REYNOLDS' STRESSES AT 5TN. 10. S = 112.4 CI1. 

OUTPUT HONDIMENSIONALIZED ON FRICTION VELOCITY 

PT YIDEl UV/UTSQ USQ/UTSQ VSQ/UTSQ WSQ/UTSQ QSQ/UTSQ A SHEAR CORR ANISOTROPY 
I 0.036 1.1050 4.016 1.640 2.468 8.124 0.136 0.431 0.037 

2 0.045 1.1060 3.848 1.621 2.403 7.872 0.141 0.443 0.039 

3 0.056 1.1070 3.772 1.641 2.336 7.749 0.143 0.445 0.041 ,. 0.069 1.1267 3.758 1.646 2.365 7.769 0.145 0.453 0.042 

5 0.01\4 1.1237 3.735 1.675 2.302 7.713 0.146 0.449 0.042 

6 0.104 1.1375 3.707 1.714 2.341 7.762 0.147 0.451 0.043 

7 0.129 1.1661 3.681 1.725 2.334 7.739 0.151 0.463 0.045 

8 0.159 1.1661 3.664 1.735 2.334 7.734 0.151 0.462 0.045 

9 0.196 1.1484 3.627 1.7\1 2.332 7.670 0.150 0.46\ 0.045 

10 0.242 1.1020 3.469 1.632 2.2S7 7.359 0.150 0.463 0.045 

11 0.298 1. 0 173 3.115 1.481 2.099 6.695 0.152 0.474 0.046 

12 0.368 0.8615 ::.698 1.249 1.799 5.747 0.150 0.469 0.045 

13 0.454 0.6575 2.025 0.922 1.401 4.348 0.151 0.481 0.046 

14 0.560 0.4564 1.325 0.607 1.029 2.961 0.154 0.509 0.048 

15 0.691 0.3233 0.9::'1 0.451 0.765 2.lb6 0.149 0.494 0.045 

16 0.852 0.1567 0.60' 0.449 0.501 1.551 0.101 0.302 0.020 

17 1.051 -0.1025 0.350 0.476 0.342 1.168 -0.088 -0.251 0.015 

'J [SPLACEMENT THICKNESS = 1.006 CN. MOMENTUM THICKNESS: 0.671 CM. DelTA 99 = 4.872 CM. 

110MENTUM THICKNESS REYNOLDS NO. = 6932. UTAU = 0.507 N/SEC UPW = 16.10 MVSEC 

OUTPUT NONOIMENSIONALIlEO ON WALL VELOCITY 

PT Y/DEl lJV/UFWS USQ/UPws VSQ/UPiolS WSQ/UPIoOS QSQ/UPWS 
1 0.031> 0.00109 0.00398 0.00162 0.00244 0.00805 

Z 0.045 O. OO! 10 0.00381 0.00161 0.00238 0.00780 

3 0.056 0.00 110 0.OJ37'+ 0.00163 0.00231 0.00768 

4 0.069 0.00112 0.00372 0.00163 0.00234 0.00769 

5 0.084 o .oot I I 0.003;"0 0.00166 0.00223 O. 00764 

6 O. t04 0.00113 0.00367 0.00170 0.00232 , .00769 

7 0.12° 0.00115 0.00365 O. co 171 0.00231 0.00767 

8 0.159 0.00115 0.00363 0.00172 0.00231 0.0076 .... 

9 0.196 o .oot 1'+ 0.00359 0.00169 0.00231 0.00760 

10 0.242 0.00109 0.003'+4 0.00162 0.00224 0,00729 

11 0.298 0.00 101 0.00308 0.001'+; 1).00208 0.00663 
12 0.368 0.00085 0).00267 o. Oil I ~~\ 0.00178 0.00569 

13 0.454 a 00065 0.00201 0.00091 0.00139 0.00431 

14 0.560 0.000:,5 0.00131 0.QOC60 0.00102 0.00293 

15 0.691 0.00032 O.OOC':),+ 0.00045 O.OOO·;~ 0.00215 

16 0.852 0.00016 0.oe060 0.000'+" 0.000'50 0.00154 

17 1.051 -0.00010 0.00035 0.00047 0.00034 0.00111S 

STATErlENTS EXECUTED:: 53t:b 

CORE USAGE OBJECT CODE:: 5992 BYTE5.ARRAY AREA:: 2032 BYTES.10TAL AREA AVAILABLE: 147456 BYTES 

DIAGNOSTICS NUMBER OF ERRORS~ 0, /lUI16m Of WARNINGS= I. NUMBER Of EXTENSION~~ o 

COMPILE TIME= 0.05 SEC.EXECUTION TIME= 0.29 SEC. 14.57.52 FRIDAY 30 MAY 80 ;IATFIV 
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l 

! 
( 

t 

"IR5T E)(PT •• STN. , . S • -7'.15 C". 

PT Y/OEl U/UPW UCAlC VElGUO 
I 0.000 0.000 0.070 to. ,o/!) 
2 0.017 0.435 0.38' 14.745 
3 O.O~O 0.455 0.4:3 ':.8'. 
4 O.O:~ 0.495 0.469 10.:59 
5 0.030 0.5t4 0.520 6."" 
6 0.037 0.547 o.sse 4.162 
7 0.043 0.5C.6 0.578 :.6!\CI 
& O.OSt 0.5S4 0.5% , .414 
9 0.061 0.!99 0.60«> 0.959 

'0 0.069 0.60S 0.(,13 0.883 
11 o.oel 1>.6B 0.624 0.9:' 
12 0.1 ~~ 0.6 .... 0.644 0.936 
13 0.1;'9 0.668 0.667 0.808 
14 0.105 0.6 9 3 O.~Ql 0.654 
l!i 0.21: O.i~~ o. 7Z~ 0.569 
16 O. ~71 ~, i'53 O. i'S3 0.40 4 
1:" 0.147 0.789 O. 78~ 0 ... 60 
18 o ... .:.s 0.8': 0.83<: 0.403 
19 0.571 O.Sit' 0.676 0.31;:: 
zo 0.c,<:1) 0.9::1 0.9~1 0.318 
::1 J.S~o 0.957 0.95 7 o.~ .. : 
:~ 0.°"0 O.°tll 0.°81 0.1i'5 
23 I.OOt' 0. 0 91 O.iNI 0.113 
~-+ ,. :!t'1 O. QIQ O.'No 0.0(16 
:5 I . 3~Q 1.ooe I. (l00 0.000 

F'T Y/DEl l'Cl\l IUP VElGIUO NIX IN'OEl PROD 
O.O~'7 Ci .611 0.N'5 O.O' ... S :3. n 

2 0.073 0.617 0.803 0.0446 2 ... 16 
3 0.061 0.(-.:4 0.0:1 0.0 .. 37 ~5.4 • .. 0.101 0.6 .. 5 0.033 0.0 .. :;: ~5.8~ 

5 0.165 0.~93 0.654 0.0610 17.13 
C) 0.::70 0.i'S3 0.495 0.0i'80 IZ.ol 
7 0 ..... 3 O.t'll 0.405 0.OS75 8.68 
8 \l.r·to8 0.877 O.~SI 0.0917 b.ZI 
9 O.c.°:: O.Q:O C.l~O 0.OM7 4.::1 

10 0.8:-:: o.oSe. O.l·.l 0.0858 1.81 
\I 0.en5 O.oM 0.179 0.01104 O.t.l 

?O? 

-_1'16= tn «.,itm*ItiE'r-'~ ~ OJ' w ee b tsMW's 

UlO RIC BETA ED.RE 
1.701 0.0000 0.0 I \1.;:4 
t .538 0.0000 0.0 111.2' 
1.345 0.0000 0.0 110.16 
1.030 0.0000 0.0 I08.9~ 

0.902 0.0000 0.0 IS:.31 
0.916 0.0000 0.0 188.73 
1.0:9 0.0000 ,'.0 19 ... 13 
I.Oi9 0.0000 11.0 18 ... 90 
1.0:0 0.0000 J.O Iso.n 
1.009 0.0000 '"0 11Z.1t. 
0.9 .. 5 0.0000 C.O n,'7 

£ 

\ 

sA 



FIRST EXPT., STN. :" S :I: -_I,!7 tH. 

PT lIOn U.'Urw UCllC IIflMAD 
I 0.000 0.000 0.064 :5.8:3 .. 0.0,", 0.'145 0.1&9 1&, O~: .. 
:5 0.017 O.'tal Ct."lo t .... 73-. 

"" 
0.0;:1 O.S!.',> o ... t\~ IO.HS 

5 0.00::6 0.51(. O.~ll (1.5"0 

• C .OSI 0.S"7 D.SS1 ",.011 
1 O.tl37 0."':- .. 0.5';'5 z.t'" a 0.0 .... 0.'.>77 O.!~1 1.113 
4 0.05:'! (1.5091 O.S'li/) 1 • O~':-

10 O.OS<') (l.~O~ l).bO .. I • !; 1 
H 0.06 4 O.ftlt> O.bIS ! . t e-G 
1: 0.01'''' (L e-:'-to o.e-Je- t • Ot> 9 
n O.t!(I 1),(>r;S O.e-S~ O.QOl 
1 .. 0. I .. , Il.<>t') (I ~:n 0.6 .... 
15 O.ltll \).')'0 .. O.70S C.!)i; 
16 (l.nl O. ':'Si O.'7~;- O. C·()l 
17 O. :Q6 lI.rt-:!- O. :f'$ 0 ..... 0 
18 O.l::'~ (I.tlO" (I , fltl)' C ... f.(I 
19 C.S'IIl O.I\QO V.S¥O O. ~o; 
:0 0./0 .. ". Q~"'~ 0.Q'::6 O.':c. 
~1 O.tlc: 0.9'.>, O. ~r;7 o .:!·S 
Zz o .('<;~ O."!O O.Q·O o :\J .. 
:3 I . ('30 0."<::" 0.9"0+ I) • \':11 
: .. LIn C.QQQ 0.<,1\)'1 o . (I I ; 
:5 , . .:: .... (I,'N" O.QQQ -(1,01)1 

::'t- 1.3!>r; 1.1)00 1.0"0 0.000 

PT Y/OH OC-'Ll.1P \'fU~RAO I'll" IN 'Nl 
I O.MI O.Me. 1.1 :.Ie o.ons 
:: O.ON e, Co'::":' , . , :. (. O.OH~ 

:s O.OQS (1.(' .. 1 O.Q~' o OJ:\'" 
~ 0.1::0 c .t<~;- o.ln .. o ot,!,~ 

5 0.1·,$ O. ('~ r o 0;.111 Q,oe-r-I 
6 0.11:'1 O. ;,'r> Q.~M O. Ot-·.~ 
1 O~::6 O. iH 0.1:'':8 O.~t·hl 
8 o. :7~ o 71' 1 O. ".,(1 0, Ct\·~" 
9 O. , .• ~ (l.N' O. 't 7 ,'" (I ~\~t>" 

to 0 .... ··' O. /).'7 \1. ... 11'1 \.L ('I\~" 
11 0, ~ • .' l (I. t'c-!i- O. Jl'q (\ . 1':1:1., 
1~ {I to·, .. (\, ~l':\ o .'''f~\c O.ll~"1' 
13 o ~Qt> (I.cr,S D,:,,' "',(1'7<;)' 
,0+ 0, '1M (I , "I:~O) (1.1, .. t'. l\g~"·+ 
IS I . ;~ t (I (\. "'l'J '(\,00(. 0.0000 

"ROO 
~8. Ie 
;: 1\. I I 
: .... ~~ 
:1 . ~o 
1 ..... , 

'''.it 
1(..00 
10.(\(' 
11." 
e.QI 
(Io ... r. ..... \ 
1 . Qo; 
0.17 
0.00 

,'n~~ 

"--~~--","""""",,"-''''''''''''- i& 

l/lO RIC SnA 
1. )~9 0.0000 0.0 
1.0<'5 0.0000 0.0 
O.Q;~ C.OCOO 0.0 
O.Q]l 0.0000 0.0 
'.0 0 0 0.0(100 0.0 
0.8('0 1),0000 0,0 
0.718 0.0000 0.0 
1.0iP 0.0000 0.0 
O.QOS i).OMO 0.0 
0.1'1111 O.OOCO 0.0 
1.0 .. 1 a.olloo 0.0 
O."~:' 0.0000 0.0 
o ,"I:n i).0000 0.0 
O. Q:O 0,000(1 (1.0 
0.000 0.0000 0.0 

[O.At: 
41 .71 
Ql.'0 

106.46 
1;:5.63 
,:\~,,~ .. 
, 1S. e: 
167.61 
:31.18 
:O~ .16 
:0$.9~ 

:0 ... 17 
1~6.QI 

"7.e3 
55 ..... 

0.00 

J 
" 

-
1 
J 
I 
I 
I 
I 
I 
I 
Ii 
.1 
,I 
I 
I 
I , 

, 
.. _--" .... _-,-, _!:r_"..... _. ..,,,, C' & ~ 



~ _= '4_.U .$ CUV!!!IiI!+C kJ 

FIRST EXPT •• 5TH. 3. 5 :: - 6.20 C". 

PT YIOEl UIUPW UCAtC VElGRAO 
1 0.000 0.000 0.07ft 24.619 
2 0.OC3 0.171 0.149 24.241 

i 3 0.007 0.Z~9 0.::43 22.755 
" 4 0.011 0.367 0.330 20.187 1 

1 5 0.015 0.43" 0.404 16.740 

" 0.018 0.481 0.4!'0 13.946 
7 0.0~3 0.513 0.509 9.713 
8 0.0:!7 0.540 0.542 6.980 
9 0.032 0.565 0.570 4.420 

10 0.039 0.582 0.592 2.264 
11 0.045 0.594 0.603 1.449 
12 0.052 0.605 0.612 1.174 
13 0.061 0.620 0.6Z3 1.2ftl 

'4 0.077 0.643 0.645 , .4(,2 
15 0.097 0.676 0.673 I .19~ 
16 0.123 0.6<N 0.6% 0.762 
17 0.158 O.7ZZ 0,721 0.595 
18 0.201 0.741 O.i4:! 0.520 
19 0.257 0.777 0.777 0.569 
::0 0.3l0 0.807 0.807 0.396 
21 0.424 0.843 0.B43 0.::1:! 

1 

.. ., 0.517 0.857 0.S57 0.356 
~ .. 
::3 0.614 0.914 ol.914 0.559 
::4 0.6 0 8 0.<;)5~ 0.Q5:! 0.4<;) .. 
::5 0.748 0.977 0.977 0.371 

::6 0.697 0.979 0.Q79 -0.(1::6 
~7 1).987 0.988 O.Q88 0.185 J 
::8 1.0S" 1.00,+ 1.00 .. C.070 1 
::9 1.ISI 1.000 1.000 0.000 1 

1 

PT Y/DEL UCAL/UP VELGRAD MIX IN/DEl PROD l/LO RIC BETA EO.IIE 

0.030 0.610 , . :02 0.030:4 32.04 1.652 0.0000 0.0 105.58 
~ 0.055 0.6'6 1.175 0.03::8 30.55 l.ft99 0.0000 0.0 105.34 .. 
3 0.0&9 0.633 1.370 0.0:78 34.87 0.995 o.oeoo 0.0 88.40 

4 0.085 0.656 1.463 0.0::58 36.74 0.745 0.0000 0.0 81.63 

5 0.105 0.681 O.QSI 0.0302 =:1. ~o 0.91:! 0.0000 0.0 122.16 

6 0.1::9 0.700 0.773 0.0 .. 88 19.~6 0.922 0.0000 0.0 IS'.ft7 

7 0.159 O.7:Z 0.582 0.06::9 13.70 0.964 0.0000 0.0 ,.~z .21 

8 0.1 "7 O. NO 0.488 0.075 ... 11.58 0.934 0.0000 0.0 231.75 

9 0.::43 0.768 0.6<0:> 0.0560 14.76 0.i>59 0.0000 0.0 169.00 

10 0.: 0 9 0.7<l& 0.377 0.0.:) .. 4 S.39 1.111 0.0000 0.0 :80.85 

II '.3t." 0.8~4 0.4:7 0.01.118 0.17 0.9&2 0.0000 0.0 ::38.78 

I:: 0.455 0.847 0.000 0.3/010 1.6/) 4.:47 0.0000 0.(1 978.66 

13 0.561 0.8M 0.t.33 0.0 ... 59 0.39 0.540 0.0000 0.0 It 1.44 

" 14 0.6 Q3 0.950 0 ... 7/) 0.0 ... 99 4./)9 0.587 0.0000 0.0 98.78 

IS 0.855 O.QSZ -0.104 -0.1471 -0.43 .. *~. 0.0000 0.0 -188.05 

1& 1.05 .. , . 000 O. 15~ 0.0<:60 0.04 0.30i> 0.0000 0.0 8.60 

.J 
I 
j 

l ~ J. 

I 
1 
J 

209 , , 
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.....,... ............ -.......... """"" 

, J 

FIRST EXPT •• 5TN. 4, S = 16.20 CM. 

PT YIOH U/uPW UCAlC VElGRAO 
I 0.000 0.000 o.on ~l.2:Z 
:! 0.011 0.375 0.339 1t;.9~1 
1 O.OIS 0.414 0.371 15.~26 ,. 0.018 0.442 0.413 1:?616 
5 0.023 0.478 0.40b 6.096 
6 0.028 0.4<16 0.501 5.680\ 
7 o.on 0.512 0.5:!4 3.i>SS 
8 0.039 0.5~7 0.5 .. 1 2.271 
9 0.046 0.545 0.554 1.571 

10 0.053 0.550 0.565 1.3$2 

" 0.062 0.574 o.~n 1.40:: 
12 0.078 0.601 O.e-OO I .4~1 
13 0.00 8 o .t"::~7 o.t-:n 1.~66 
14 0.125 o .t>!>!1 0.c-58 1.043 
I~ 0.160 0./:0 00 o .b0l) 0.7SQ 
16 0.~05 0.7:0 0.7:'0 0.582 
17 0.262 0.750 0.750 0.485 
IS O.Hi O. 7~\. .. o.,s .. 0.419 
19 0.<+32 O.S:1 O.S:! 0.374 
20 0.5:6 O.S.,,, (l.iI~6 0.372 
21 O.to:!!> 0.S"1 0, ~\'~1 0.31t> 
,~ 0.71 : 0.<117 0.<117 0.319 ~ .. 
:3 O./t>"! 0.034 0.0,., O,3:~ 
:.:. 0.914 0, QiJ 0.<1"3 0.:'1 .. 
2S 1 .OO~ (I ,,01 O.o<lj O. I 75 
26 1. lOS 1.003 1.003 0.038 
~, I. ;'(13 1. 00: 1 . OO~ 0.009 .. , 
28 1. :'15 , .\l10 1.010 0.000 

PT Y-'OEl UCAL'UP VElGRAO 1'11'< IN,'OEL PIlOO l/lO RIC BETA ED.FlE 1 0.034 Q.S:8 J.3,,0 O. ON,S toS.16 o.no 0.0000 1I.0 19.20 2 0.0,,/:0 0.5" .. 1 . ~ ~t I). o HI ... ~o. 3<1 I.OSZ o.acoo 0.0 39.34 3 0.O~7 0.570 1.3'15 l'.O:C/:o :::5,/:,: 0. 018 0.0000 0.0 43.~Q 4 0.070 O.~~~ , ."<+4 O.OHI:) ~4. 72 0.6oS 0.0000 0.0 37.87 5 0.C~7 O. t,,;, 1. )51> 0.0139 :'~.66 0.5H 0.0000 0.0 35.<;10 6 0.107 0.1:>3:3 1.1 ~o O.OIQ .. lot.7.S 0.4 .. 3 0.0000 0.0 33.26 7 0.131 o .t-t- ... 0.Q~7 0.0204 Q.53 0.379 0.0000 0.0 30.6+ S 0.16.:' o .c.'ll 0.7 Ii:> 0.0~15 5.0;' 0.3.:'4 0.01l00 0.0 .:'6.t>8 9 0 . .:'01 0.713 0.5'13 0.O~3! ' ~, 0.:88 0.0000 0.0 Z".76 ". It. 

10 0.::47 o. , ... 3- 0.50~ 0 0'::15 '.3c. 0 . .:'53 0.0000 0.0 17.27 11 0.305 0.7;0 ". (.'+t' 0.0lt-: o .t-Q O.~'" 0.0000 0.0 10.Q9 12 O.:'>'b o.eoc o. ~')l 0.01' 0 0.17 0.1,:'0 0.0000 O.G l.Sil 13 0.4(,4 O.ll ~3 0.373 0.011 C; -0. It. 0.136 0.\)000 0.0 3.67 I .. O.5i~ 0.873 O. ~~,o o.o·"~ -0.42 O. ~3~ O.ilOOO 0.0 10.39 ,5 0.706 (1."15 O. JI;' O. O~\O.\ -;). e-5 0.357 0.0000 0.0 21.30 16 0.811 O. <It-:; O.~B 0.0·.\7 -0.51 0 ... "0 0.0000 0.0 30.03 17 1.07 .. 1.001 O. CQ·' 0.O7ll'> -0. I .. 0.9:'3 0.0000 0.0 45.17 

(10 

... ~ .......... ~~ .... __ ~eMt .... ~ •• Mr ........... t .. ~ .. ________ .. ____ .................... ... 
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t 
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FIRST EXPT .• S~. 5. S = ]].65 C". 

L PT YIOH U/UPW UCALC VElGRAD 
I 0.000 0.000 0.074 20.995 

t: 
2 0.011 0.ll6 o.no 16.787 
3 0.014 0.372 0.ll7 ".]12 
4 0.017 C..40~ 0.376 , 1. 8t>~ 

5 O.O~I 0.41:6 0.417 8.791 
6 o.o~s 0.446 0.447 6.218 

~ . 7 0.030 0.4t-5 0.472 3.90] 

I 8 0.036 0.Co78 0.Co91 2.167 
9 0.0'+:: O.40~ 0.50] 1.6Z9 

10 0.048 0.505 0.511 1.190 

I- II 0.057 0.5::0 0.5::4 I. ]8' 

I 12 0.07: 0.!> .. 5 0.545 1.470 
t3 0.090 O.S7~ 0.571 1.176 

14 0.1 IS 0.601 O.I.-O~ 1. I l2 
15 0.I4e 0.1.-36 0.637 0.904 
16 O.H-,S O.b7~ 0.07: 0.770 
17 0.~41 0.705 0.105 0,549 
13 O.lOo 0.740 0.140 0.443 

'''' 0.300 O.i7~ O. 77~ 0,346 
::0 0.Co8l CI.80:: 0.80~ 0.317 
:1 0.574 0.&:8 0.8::8 0.::47 
~~ (I.toS1 0.84t- 0.M6 0.::S4 
~~ 

~3 0.700 o.e.:;Q 0.85'1 0.~56 

~4 0.S30 (I.SS7 O.t\!\7 0.1N 
::5 0.0;: .. O.Q()O O.QOO O. t 15 
::6 1.0'" 0,006 0.906 0.019 .. ~ 
~ , 1. 10', 0,005 0.905 -0.0-+3 
:s ,.:~':' O.&QQ O.I\OQ ·O.Obl\ 
~Q 1.500 0.':'.77 O.B77 0.(100 

PT Y/OH l'CAl.'l'P Vn.r.RAO MIX IN/OEl PROD lllO rae BETA fD.RE 

I O.OJI 0.470 '.(>'+6 O.OC88 ...... 0.8::6 0.0::43 7.2 :', .32 

Z 0.0 .. , 0.501 I. i115 0.Oltl5 "6.f)I t. ;:15 0.OS41 -4.0 lt4.58 

3 O.OS .. 0.5;::0 1.360 o.(\~:s 35.00 1.07t> 0.0700 -1.1 53.iS 

4 0.0t;.0 0.5 .. , 1 ... 6 .. 0.0;:0 .. 3 ... QO 0.734 0.0677 3.9 4b.Z9 

5 0.08, O. 5e. 7 1 ... 07 0.0:05 :s,.~z O.S71 0.0737 5.7 44.87 

0 O. \I 0 0.5-) i I.IN 0.(1::::9 ~~.5b 0.510 0.09;:4 5.3 47.0b 

7 0.1~$ O. ~= 7 0."<1 .. O.V~"" 15. 0" 0 ..... ' 0.11 )9 4.9 ~7.0b 

8 0.173 O.t-~O o .e.~7 O.O:!>~ II. 01 O. JilO .l.llo .. 4.7 41. '4 
<) O.~Ib O.toOI O.bOQ o.o~:: .. S.lI7 0.361 0.1996 3. t 48.53 

'0 O.::e." 0.;0;:0 o.r;IS O.03;:"i> 3.5t- 0.383 0.: .. 13 ~.6 ,.\ .83 

" O.3Jo+ 0.750 0.3 9 5 0.0371 1.Q't o ... :n 0.3:1' 1.8 'I' .(,3 

tZ 0''''5 ('.770 O.~ .. !; 0.03 .. ' 1.05 0 ... 0' 0.374<: I.f> 30.50 

13 0.5, .. 0.811 0.:'15 O.O:BI 0.": o.:nl 0.4 .. 50 1.5 17.71 

, .. O.bJ? O.t' ... Z 0.: .. 1 O.Olb:! 0.07 O. 191 0.5"6:! 1.5 4.82 

IS O. ;-e.'~ 0.878 0.1'11 0.(\~5J -0. I .. 0.4'0 O.t-{,Ib 0.9 18.~O 

It> 0.975 0.<105 0.056 O. , ~ If> 0.04 1 ... 31 , .5 .. 1.1 ... -0.3 t.S.55 

17 I. ::00 0.890 -0.Or-8 -0.0577 0.0t- ..... ~ .. ........... 0.0 -17.15 

18 1.'0<)0 0.878 -0.077 -(l.0:7~ 0.0: ...... .. It •••• 0.0 -4.33 

211 
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~------------------------------------------'--'~.~~ 

w, 

fIRST EXpr •• 5TN. 6. S :: 50.8\1 CM. 

PT Y/OEL V.·UP ... OCALC VElG~AD 
1 0.000 0.1i00 0.077 18. lISb 
Z 0.011 0.300 0.<:68 15.083 
1 0.013 0.~36 O.~97 , 3. 779 
4 0.016 0.3~ .. o.:ns 11.699 
5 0.1'~0 0.J93 0.377 Q,,022 
6 0.0~4 0.41: 0.408 6.698 
7 0.0;:9 0 ... 31 0.435 4.46:: 
8 0.OJ5 0 ..... 3 C ... 57 ~. 74'3 
9 0.04, 0.459 O. <>70 1.MS 

10 0.0 .. 6 'J.,+70 0.4i8 I.S1'2 
11 0.CS4 0 ... S5 0 ... (.\'1 1.:80 
IZ 0.069 o.SO~ 0.50S 1.~5Z 
13 0.O~7 O. ~31 0.~31 1.3:Z 
14 0." 1 O.Seol O. ~t,~ 1.~5 .. 
IS O. 14~ 0.5-}Q 0.59'1 1.10t> 
16 0.1$1 0.63'1 0.(>J9 0.'108 
17 O. ~}1 O.C> ;-8 0.c>78 0.70 .-
18 O. ;'17 O.7~O 0.7':0 0.5<'8 
19 0.3$0 0.7::'3 0.,51\ o .lc>S 
:0 0.'Ic. .. n.7t'!5 O.iClt> O.3=~ 
;:1 0.550 O.i'i] O.SD 0.:'9'1 
Z~ O.c<" O. t' 5 .. O.e. 3 .. 0.':"': 
:3 O.~O5 (l.~7t- 0 t'1(.\ 0.;' 1 ' 
: .. O.f'~" o. (.~Q': (). L\Q': (). 1 SQ ", . . " o. '.,. J 0.901 0.001 O.CI~9 

::6 , .(It-(\ O.QO~ 0.<)03 - O. o;:~, 
~ .. , .IS;) O . .;;.-=?t' t'.e.q~ -0.(\(>, • I 

':8 1.303 o , ~,s ~ 0.887 0.000 

P7 'Y. 'nE L Ltf A. L"Uf' VELGRA[l MI:<: IN OEl PRO~ lILO RIC SETA EO.RE 
1 0.03 .. o .... !)~ ~. °e.1 0.010 .. ...... if O.MO 0.0':'16 ... 0 ~1.~5 
.: 0.0 .. , 0." 7(1 , .lI .. 8 O.O'e-~ to(l.to; 1.0,9 0.0 .. 89 -1.6 35.45 
3 0.0<.0 0.4[\·' 1.3<;9 0.0: 1 '! '+~. 75 1.133 0.0(>$1 -1.9 "t..76 .. O.Oc>': o .,,<>·l , .':'(1 0.0::35 3eo .lIit O.Qc;t> 0.0;;' .. 0.6 49.43 
5 O.Oit> 0.51 ; 1 . ::~5 O.O:lt~ 36.9t> 0.710 0.0761 3.8 44.b9 
CI O.OQ .. O.S .. , 1. ~17 O.O:Ot· J· •. 77 C.S37 0.0782 5.9 "il.fo8 
1 0.110 O. ~t-'J , . ~:~ 0.0::1 .. 30.0~ 0.450 O.O{lSI 6.~ "O.tl3 
8 O. , .. 3 0.c>(.10 , . 10.: o. O~ I:. ~, • f\~ 0.3t-7 C. 1030 6.: 37.0: Q O. I ~7 O.to1,'" C.QH 0.(1::'" 15 ... 1 0.3:1 0.1':17 5.3 36. Q3 

10 0.:18 o .t>t-'~ O. 7'~ 0.0:., .• 8.9$ 0.30~ 0.1t-$3 4.1 ~5.38 
11 O. ::e-Q 0.703 O. {. ~, (1.0:<. .. 5 ... 0 O.:<lQ 0.=:0 .. 3 3.4 ~9.~9 
1: O.HI O.73J o ... r.Q o.('~o: :'.07 0.355 0.:61!> :.l 31.07 
13 0 ... ('1'1 O. c,~, O. ,'0 O.O~;? 1 ... t1 0 ..... •• 0 ... 007 \ ." 3".::5 
1 .. O. !>ll .. O.7'N 0.3'(1 0.03 .. , I. :0 O ... O~ 0.4148 1.4 ~8.0~ 
15 0.6.';: o .{\~, o. ~~,: o.o .. ;·t> 0.74 0.501 0.54: .. C.9 ~3.3C 
16 0.7"'7 c . .:',··\ (1. :.' ~ 0,03\3 O. ~I 0.3<J7 O.bl~to 1.0 IS.SCl ,,. (I. c .• t> o.~"" O. (lo.l' O.0..'to8 -0.00 0.31 !> I.: ]Q3 O.t> 't.7 ... 
It' , .1 t> 7 O. {\Q; -0.Ot·3 -O.OC>t-O 0.1;- ...... .......... 0.0 -~, .51 

.' 1 .' 

e' Ht M « -



FIRST E>CPT .• 5TH. 7, 5 • 64. I 3 CH. 

I. 
PT Y/OEL U/UPW UCALC VELGRAO 

1 0.000 0.000 0.077 18.728 
2 0.011 0.303 0.270 15. n4 
3 0.013 0.338 0.299 13.759 
4 0.01~ 0.366 0.337 11.578 
5 0.020 O.~.91 0.377 8.804 
~ 0.024 0.411 0.408 6.427 
7 0.0~8 0.4~5 0.429 4.55~ 
8 0.034 0.439 0.450 2.074 
9 0.040 0.4S2 0.461 1.685 

10 0.045 0.463 0.471 1. 311 
11 0.053 0.473 0.480 1.131 
1: 0.067 0.495 O. '+96 1.209 
13 0.085 0.520 0.519 1. 30~ 
14 0.10e 0.549 0.549 1.~50 

IS 0.138 0.584 0.584 , .063 
16 0.177 0.6::1 0.621 0.910 
17 0.226 0.b64 0.664 0.~04 
18 0.::90 0.708 0.706 0.597 
19 0.371 0.749 O.N9 0.431 
::0 0.453 0.781 0.781 0.34Z 
::1 0.537 0.807 0.807 0.284 
22 0.612 0.e:7 0.8:7 0.::81 
23 O.(,~b 0.8 .. 0 0.8 .. 0 0.::76 
::4 0.786 0.8iZ o.en O.~1~ 

::5 (I.8tlS O.Mb 0.8Gb 0.156 
::6 o. Q50 0.M7 o.Sln 0.094 
.. I 1.034 0.902 0.90: 0.011 
:6 1.130 0.899 0.899 0.000 

PT Y/DEL UCAL/UP VELGRAD MIX lIl/DEL PROD L/LO RIC BETA EO.RE 
0.029 0.43 .. 4.166 0.0070 ...... 0.n7 0.0:07 n.:.! 15.55 

~ 0.040 0.463 1.6e.5 0.0172 46.67 1.169 0.05 .. 0 -3.1 38.04 .. 
3 0.049 0.475 1.175 0.0243 32.35 1.285 0.0790 -3.6 52.52 
4 ".0" :) 0.488 1.153 0.0~46 31.;:9 1.032 0.08:~ -0.4 52.85 
5 0.u75 0.506 , .~74 0.0218 n.30 0.7\~ O.077b 3.b 45.95 
b 0.09:: 0.5:8 1.303 0.0:07 3:: .10 0.55: 0.0792 5.7 4:.39 
7 0.113 0.555 , . ~~~ 0.0: \I ~7. 2<.\ 0.455 0.0884 b.2 41.14 
8 0.1 .. 0 0.586 1.0 .. 9 0.0230 ::O.H 0.401 0.1081 5.5 42.09 
9 0.' 7~ 0.017 0.91tl 0.0;:4: 14.79 0.3 .. 3 0.1296 5.1 40.6b 

10 0.213 0.653 0.8<>7 O.O~~9 10.35 0.269 0.147b 4.9 n.b5 
11 0.::b2 0.b91 0.681 O.023B 5.68 0.280 0.1915 3.8 29.30 
12 0.323 o. 7~7 0,,~14 0.0~S7 Z.7Z 0.302 0.2613 2.7 ~5.78 
IJ 0.399 0.701 0.3<:0 O.O~t-S 1. :5 0.312 0.3 .. 59 :!.O ~1.' 7 
14 0.49:! 0.793 0.311 0.0:93 0.6S 0.344 0.4455 1.5 20.19 
15 0.607 O.a::b 0.Z7Q 0.0301 0 ... 9 0.354 0.5063 1.3 19.211 
16 0.7 .. 9 0.e63 o.~~q 0.OB7 0.30 0.3<;17 0.6211 1.0 19. n. 
17 O. q.::. 0.89 .. 0.111 0.0530 0.03 0.b::3 1.1071 0.3 :!3.5~ 
18 1.140 0.899 -0.001 -3.nJ:! 0.01 ••••• 3.5801 10.9 -4n.97 
19 1.40b 0.897 -0.009 -0.3078 0.03 .-.... 4.2884 1.1 -b3.6f) 
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FIRST EXPT .• 5TH. 8. 5 = 81.91 CM. 

PT Y/oEl U/UPW UCA!.C VElGRAO 
1 0.000 0.000 O.ON 19. Q l0 
e 0.012 0.:n7 0.~95 \5.1:.'6 
1 0.014 O.!-~C 0.1::4 11.74, 
4 0.017 O.~QO 0.361 11.296 
5 0.021 0.414 0.400 8.::12 
6 0.0::6 0.410 0.430+ 5.::61 
7 0.030 0.443 0 ... 51 3.516 
8 0.037 0.456 0.469 1.730 
9 0.043 0.4r.5 0.477 1.114 

10 O.04~ 0.476 0.481 0.9t.9 
11 0.OS7 0.488 0.491 1.0:!1 
12 o.on 0.508 0.~O8 1.15l 
n 0.091 0.531 0.530 1.145 
14 0.117 0.558 0.S;S8 1.098 
15 0.149 0.5'J't O. !,"'" 1 .085 
It. 0.191 o .to37 O.t.37 0.948 
17 O.~44 o .b83 o .t-81 0.819 
18 0.31:: 0.735 o. n5 o .to8? 
19 0.400 O. u,,', o. ~ .. ry. ... O. '.:38 
:::0 O.4S8 O.SIS 0.81S 0.303 
::1 0.51C) 0.1140 0.8'+0 O. :JZ 
~ .. 
H. O.t-toO 0.85 -; 0.~<;7 O.ZOO 
Z3 0.70] O.[<"b 1J.t!t;>b O.:O~ 

~4 o .S', 7 o./)o~ 0.1\9: 0.149 
;:5 0.9,:: 0.902 0. 00: 0.088 
:::6 1 . D~" 0.907 0. 007 0.017 
::7 1. 115 0.90S 0.005 -O.O·.b 
:::8 1.:: 19 O.ccQ o .S9C) -0.07b 
::9 1.550 0.87 .. D.e7 ... 0.000 

PT Y/DEL UCll/UP VELGRAD MIX LN/DEL PROD UlO RIC eETA ED.RE 
0.0 .. 3 O. 't77 1.114 0.0: 0 0 3tl.09 I.S:0 0.0774 -10.6 67.62 

Z 0.05: o .(t~6 0.97b O.OHI 11.,.1 1.t.50 0.0897 -7.Z 77.19 

"' O.OoS O. ~'vO 1.107 0.0:9b It..51 1.144 0.081S -1.8 69.96 
4 0.0 .. ,0 0,517 1 . 1 71 0.(\:51 39,33 0.869 0.0707 1.0 66.74 
5 O.OQ9 O.53·} 1. 11 ~ O.O:OS 3eo.Sl 0.730 0.0874 1.1 69.70 
b 0.1:: 0.5b4 1. 105 0.0;'91 35.18 O.SS} 0.0919 4.S 67.54 
7 0.1 ~1 (\.S'Ob 1.0t,\0 0.0:91 3::.61 0 ... 70 0.00~1 5.1 65.81 
8 O. 1:)0 O. to ,= 0.Ot·3 O.OJOQ ~b.==7 0.40eo 0.1 167 5.1 bto.b9 
9 O . .::~ O.r,-O 0.83:3 0.03:8 18.01 D.le-/> 0.1418 ... 3 b4.oS 

10 O. ::H O. ;1 .. 0.7101 0.0317 13.0b 0.373 0.lb4Q 1.8 55.07 

" 0.3 .. ~ D.7,tI 0.57/ 0.0'':>0 b.ol 0 ... 19 O.;:~~4 ~.6 5:!.bS 
I:: o. ,30 o. :- ~~, O. ~-, 0.0 .. 37 ::.53 0.514 0.35"2 1.4 51.10 
13 0.5:0 o .'" .,' .. f 0.:77 0.0 ... 3', 1. 1 b 0.570 0.4738 0.9 46.74 
14 O. b<'" 0,0,·5 O. I <:~ D.OC;<lb 0.5 ... 0.701 C.b'.I ... O.S 50.77 
IS 0./.107 O.8i.'t> 0.173 0.0!:>.'2 0.3 .. O. 7~~ 0.73 .. 1 0 ... 48.35 
11> O.Q<:'t) ",'lOb 0.(130 O. 1:3 ,to -0.0 .. I. b 19 1.8!>44 -0.1 53.00 
17 1. :08 0, DQ() -0,(1,(. - 0, 11 ~ .. 0.38 ••••• •• It ••• 0.0 -70.::b 
18 1.37:' (',un -0.071 "0. I S I: O.bO ... _- ...... - 0.0 -110 ... 5 
19 1 .• ., t. 0. tI'17 -0.071 -0. , ~!:" a.Qr, ...... •••••• 0.0 -In.41 
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FIRST EXPT •• 5TH. 9. 5 = 97.16 ~. 

PT YIOEl U/uPW UCALC VELGRAD 
I 0.000 0.000 0.077 20.270 
2 0.011 0.322 0.285 16.249 
3 0.013 0.349 0.316 14.718 
4 0.016 0.3&5 0.357 12.287 
5 0.019 0.410 0.390 9.908 
6 0.023 0.4Z9 0.424 7.124 
7 0.028 0.444 0.453 4 ... 91 
a 0.1133 0.461 0.470 2.754 
9 0.039 0.471 0.483 1.589 

10 0.044 0.1>80 0.490 1. 156 
11 0.051 0.492 0.497 0.932 
12 0.065 0.507 0.509 0.915 
13 0.082 0.526 0.526 1.020 
14 O. lOS 0.550 0.549 0.985 
IS 0.135 0.577 0.577 0.910 
16 0.1n 0.612 0.612 0.898 
17 0.::21 0.654 0.654 0.876 
18 0.::tl3 0.707 0.707 0.789 
19 0.363 0.763 0.7t-3 0.657 
20 0.4'+3 0.813 0.813 0.562 
::1 0.5~6 0.653 0.853 0.418 
::2 0.599 0.881 0.881 0.358 
:!3 0.642 0.396 0.8~6 0.3 .. 2 
~ .. C.769 0.937 0.937 0.301 
25 o .e·"b 0.959 0.9:;9 0.269 
:b 0.9:9 0.979 0.979 0.202 
':.7 1.01 Z 0.99~ 0.9n O. liS 
:8 1. lOb 0.99Q 0.999 0.038 
~9 1.24 .. 1.000 1.000 0.000 

PT Y/OH UCAlIlJP VELGRAD tUX lN/OEl 
1 0.039 0.483 1.589 0.0199 
~ 0.048 0.,+94 0.99 .. 0.03~4 ~ 

3 0.059 0.50 .. 0.864 0.0365 
4 0.073 0.517 0.979 0.OH4 
5 0.090 0.53,+ , .0::9 0.0317 
b O. ,,, 0.555 0.955 0.03 .... 
7 0.137 0.579 0.91:: 0.03!>7 
8 0.169 0.b08 0.90:: 0.0362 
q 0.':.08 0.643 0.873 0.0364 

10 '::.~5t> 0.685 0.855 0.0350 
11 0.31b 0.731 0.705 0.038" 
12 0.390 0.781 0.6 .... 0.0357 
13 O ... SI 0.8H 0.485 0.0,+07 
1 .. 0.59'+ 0.679 0.360 0.0 .. 50 
IS 0.73:: 0.9::6 0.315 0.0 .. 5: 
16 0.903 0.973 0.i30 0.0399 
17 1.114 0.999 0.033 O. ~8b9 

PROD lIl0 RIC BETA ED.RE 
50.48 1.373 0.0000 0.0 50.18 
32.63 1.739 0.0000 0.0 82.97 
~9.29 1.553 0.0000 0.0 94.04 
33.22 I. H8 0.0000 0.0 86.94 
3 ... 8 .. 0.863 0.0000 0.0 8~.57 

3~.6b 0.756 0.0000 0.0 89.90 
30.bO 0.635 0.0000 0.0 92.43 
30.55 0.5::2 0.0000 0.0 94.17 
28.07 0.4Z9 0.0000 0.0 92.42 
2'0.28 0.412 0.0000 0.0 83.44 
11.>.4;: 0.452 0.0000 0.0 83.0" 
10.83 0.420 0.0000 0.0 65.57 
5.99 0.478 0.0000 0.0 1.>3.94 
3.00 0.529 0.0000 0.0 58.07 
~.O~ 0.532 0.0000 0.0 51.29 
0.1.>1 0.4b9 0.0000 0.0 ;:9.09 

-0.10 3.375 0.0000 0.0 217.89 
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FIRST EXPT .• SUI. 10. S = 112.,.0 eM. 

PT Y!OH U/UPW OCAte VElGPAD 

0.000 0.000 o.on 21.441 

z 0.010 0.335 0.290 18.170 

3 O.Ol~ 0.365 0.3;:4 15.981 

4 0.015 O.l')! 0.3&7 12.653 

5 0.018 0.405 0.401 9.640 

6 0.02~ 0.431 0.432 6.,+02 , 0.0::& 0.444 0.453 4.0S5 

8 0.031 0.458 0.468 2.30:: 

9 0.037 0.4&7 0.479 1.333 

10 0.042 0.479 0.485 1.100 

1\ 0.048 0.489 0.491 I . O~:! 

I:: O.Obl 0.505 0.505 1.069 

11 0.07S 0.523 0.5~3 I.Ofl3 

14 O.ocH O.S'H, 0.545 0.9Bl 

15 0.127 0.S70 D.S;O 0.654 

16 0.163 0.1>01 O.bOI 0.819 

17 o. ~08 0.631:- 0.636 0.776 

16 0.~&7 0.6,·: 0.6~:: o. i52 

19 0.341 0.735 O. ;35 0.659 

;:0 0.418 0.7t1' O. lin 0.6~e 

;:1 0.496 0.830 0.830 0.55/> 
~~ 0.565 0.865 0,B6S 0 ... 68 
.~ 

2l 0.605 0.c.~3 o .6f. 3 0.4,0 

= .. 0.7::5 0.9:8 0, Q.~3 0.3~; 

2~ 0.798 0. 9 50 0.9~(l 0.;083 

::/> 0.676 0. 9 70 O. '170 O."'b 
~7 0.95" O.Q3 ... 0.9(14 0.15 9 

:s 1.0 .. 3 0.9<)6 0. 046 0.0 91 

;:9 ,., 73 , .000 1. (lOO 0.000 

PT y'OH UC-'LUP VElC;RAD MIX LN/Ofl PROD l/lO PIC BETA ED.PE 

0.036 0.4 i' 7 1 .4~3 0.0:'-' 49.76 I . , .. 4 0.0000 0.0 64.7& 

;: 0.044 0.487 1.071 0.0,('(\ 37.46 1.815 0.0000 0.0 lI6.0" 

3 0.056 0.5'.10 I • Ob '3 O. (1 "1 37.15 1.391 0.0000 0.0 1.\6.13 

4 0.01:>9 o.c.\ .. 1 .0';' o.no'! 3D.33 1.106 0.0000 0.0 87.14 

5 0.C84 o.S~O 1.07t- o.o~O) 38.31 O.QO: (1.0000 0.0 87.18 

6 O.! 0" 0, ' .• ~;o O.<)'b 0.0357 :B.~Z 0.839 0.0000 0.0 101.15 

; O. 1 ~'<I 0.!'7: 0.(·55 0.03"6 31.5" O. 7"~ 0.0000 0.0 113.6:! 

1.\ 0.' ,,'I 0.5".3 0.e.~'1 0.040'1 30.sa 0.b:7 O.O~OO 0.0 117.16 

9 0.1 'It> O. b~i 0.770 0.0 .. 36 U.91 o . SioJ 0.0000 0.0 1:!'3.'1Q 

1,) O.:i.t~ o .6t>3 O.7d~ 0.(' .. ':0 Z7.09 0.4'1 .. O.OllOO .;.0 116.79 

11 0.:'1/.1 O.7C' .. 0.703 o.o .. so ::2.58 0.5:'1 0.0000 0.0 120.30 

1 :: 0.3b.) 0.7SI o .t- .... 0.0 .. ·,11 17.:0 0.5:7 0.0000 0.0 109.:4 

13 c ... !)" a.tW' 0.610 0.0,.10 1:. Z' 0 ... 8:: 0.0000 0.0 86.57 

14 0.5,,0 O.P,b~ :>.473 O. (1"31 6.31 0.507 O.O~~" 0.0 74.44 

15 O. t'tQ~ O. Q! 7 0.3~;: O. c ... r·c J. ~4 D.5b7 0.0000 0.0 j,Q.lI 

16 O.~5~ (I. Qt··, o. ::"f~l 0.0,.2(:- 0.86 0.501 0.0000 0.0 37.63 

" 1.051 0.9C~ C.oe.o o. I ~ 1(, -0.38 1.783 0.0000 0.0 156.33 

STATEMENTS EXflUTfO: 551\19 

cmn lI~A('l Q[IJf\T conEo l/i~b ~llr5.APPAr APEA: 

0, N\Jt113UI Of WAQlltHGS~ 0, N~eu~ Of EXTENSIONS: o 
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Wall Itatic pra,lure diatributlon -- SECOND EXPERI~ 

c • p 

TAP 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

I, C1Il 

- 82.55 
- 59.69 
- 26.67 
- 8.89 

2.S4 
7.62 

12.10 
17.78 
22.86 
27.94 
33.02 
38.10 
43.18 
48.26 
53.34 
58.42 
63.50 
68.58 
76.96 
87.12 
98.55 

129.03 
159.51 
189.91 
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Cp 

0.00 
.006 
.002 
.025 
.014 

- .018 
- .006 

.OOf! 

.005 

.000 
- .003 

.001 

.000 

.0(;2 

.005 
- .002 
- .020 
- .021 

.019 

.QO" 

.000 
- .002 
- .002 
- .007 

s - 0 at start of curvature 
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SEC. EXPT .• STH 2. S=-74.29 CM .• UPW::1S.l1 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Y/DEL 
0.016 
0.030 
0.043 
0.056 
0.078 
0.095 
o . 1 16 
O. 14 1 
O. 174 
0.2114 
0.263 
- .324 
0.400 
0.492 
0.60'7 
0.7148 
0.923 
1 • 139 
1.404 
1 .733 
2. 138 

U/UP 
0.414' 
0.565 
0.607 
0.632 
0.665 
0.683 
0.7014 
0.724 
0.746 
0.770 
0.795 
0.820 
0.8149 
0.881 
o .915 
o .9 S 1 
0.985 
1 • 000 
1 • 00 1 
, .000 
, .000 

OY PR 
0.262 
0."29 
0.1495 
0.536 
0.5914 
0.6,7 
0.665 
0.704 
0.7147 
0.795 
0.848 
0.902 
0.968 
1 . 041 
1. 123 
1.214 
1.300 
1 • 34 1 
1.3144 
1 • 34 1 
1.314' 

YPLUS 
19. 
34. 
49. 
614. 
89. 

109. 
'33. 
162. 
199. 
245. 
301. 
371. 
458. 
504. 
695. 
857. 

1057. 
1304. 
1608. 
1984. 
2447. 

UPLUS 
10.6 
1 3 . ti 
14.6 
15.2 
16.0 
16.4 
16.9 
17 . 14 
17.9 
18.5 
19 . 1 
19.7 
20.4 
21 . 1 
2' .9 
22.8 
23.6 
24.0 
24.0 
24.0 
24.0 

CF/2 
0.00138 
0.00172 
0.00175 
0.00174 
0.001714 
0.00173 
0.001','3 
0.0017) 
0.00174 
0.00175 
0.00176 
o 00177 
0.00181 
0.00184 
0.00189 
0.00194 
0.00198 
0.00195 
0.00188 
0.00180 
0.00173 

DISP. THICKNESS = 0.422 CM. MOMT. THICKESS =0.322 CM. 

SHAPE rAtTOR ~ 1.312 DELTA 99 = 2.955 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 2989. CF/2 = 0.001714 
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SEC. E\PI.. STH 3, S=-52.70 eM .• UPW=lS.12 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
1 3 
14 
15 
16 
17 
18 
19 
20 
21 

¥/DEL 
0.015 
0.027 
0.039 
0.050 
0.070 
0.086 
O. 105 
O. '27 
O. 157 
O. 193 
0.238 
0.292 
0.36'1 
0.444 
0.548 
0.675 
0.833 
1.027 
1.267 
1.563 
1.928 

U/UP 
0.4:59 
0.560 
o . 59'3 
r \' 24 
l 5 ' \ o . 67'~ 
0.~Y4 

o .713 
0.735 
0.757 
0.783 
0.8(8 
0.835 
0.866 
0.899 
0.934 
0.969 
0.993 
1 .000 
1.000 
0.999 

D'i PR 
C.259 
0.422 
:;.480 
0.523 
0.574 
o .610 
0.648 
0.683 
0.726 
0.770 
0.823 
0.876 
0.937 
1.008 
1 .087 
1 . 17 1 
1 .262 
1 .326 
1 . 344 
1.344 
1 . 341 

1PLUS 
18. 
34. 
4,. 
63. 
88. 

t07. 
131 . 
159. 
196. 
241. 
297. 
366. 
451. 
556. 
685. 
844. 

1042. 
1285. 
1585. 
1955. 
2412. 

UPLUS 
10.7 
13.6 
14.5 
15.2 
15.9 
16.4 
16.9 
17.3 
17. Q 

18.4 
19. 0 
19.6 
20.3 
2 1 • 1 
21 . <) 

22.7 
23.b 
24.1 
24.3 
2if.) 
24.3 

CF/2 
0.00137 
0.00170 
0.00170 
0.00170 
0.00169 
0.00169 
0.00169 
0.00169 
0.00169 
0.00169 
0.00171 
0.00173 
0.00175 
0.00179 
0.00183 
0.00187 
0.00192 
0.00193 
0.00187 
0.00180 
0.00173 

OISP. TH!CKNESS = 0.470 CM. MOMT. THICKESS =0.359 eM. 

SHAPE FACTOR = 1.308 DELTA 99 = 3.277 CM. 

MOMENTUM THICKNESS REYNOLDS NO. : 3332. CF/2 '= 0.00169 
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t SEC. [XPT .• 5TH 4. 5=-41.28 eM •• UPW=IS.16 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
IS 
19 
20 
21 

'(/DEL 
0.014 
O.OlS 
0.037 
0.049 
0.068 
0.082 
O. 101 
O. 123 
O. 151 
O. 186 
0.229 
0.282 
0.347 
0.428 
0.5;'8 
0.650 
0.802 
0.990 
1.220 
1.506 
t .857 

U/UP 
0.436 
0.557 
0.595 
0.619 
0.649 
0.669 
0.687 
0.707 
0.729 
0.751 
0.775 
0.SG2 
0.829 
0.8~,9 

0.891 
0.925 
0.963 
0.990 
1. 000 
1 . 00 1 
1 .000 

D'f PR 
0.259 
0.422 
0.483 
0.521 
0.574 
0.610 
0.643 
0.681 
0.7~4 

0.767 
0.S18 
0.S74 
0.935 
1.003 
1.079 
1. 163 
1 . 260 
1 • 33 1 
1.359 
1 . 3 I) I 
1 • J 5 9 

,(PLUS 
19. 
3 l .. 

49. 
63. 
88. 

108. 
132. 
160. 
1~7. 

243. 
299. 
368. 
454. 
55 11 • 

689. 
849. 

1048. 
1293. 
1594. 
1967. 
2426. 

UPLUS 
10.7 
13.6 
14.6 
15 . 1 
15.9 
16.4 
16.8 
17.3 
17.9 
18.4 
19.0 
19. I) 
20.3 
21.0 
21 .8 
22.7 
23.6 
24.2 
24.5 
24.5 
24.5 

CF/2 
0.00135 
0.00167 
0.00169 
0.00167 
0.00166 
0.00166 
0.00166 
0.00166 
0.00166 
0.00167 
0.00168 
0.00170 
0.00173 
0.00176 
0.00179 
0.00184 
0.00189 
0.00191 
0.00187 
0.00180 
0.00173 

DI5P. THIC~NESS = 0.491 eM. MOMT. THICKESS =0.375 CM. 

SHAP~ fACTOR: 1.310 DELTA 99 = 3.401 CM. 

MOMENTUM THICKNESS REYNOLr,S NO. ~ 352S. Cf/2 = 0.00167 
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SEC. E:< PT .• 5TH 5, S=-29.84 CM. , UPW:-15.03 M/Sf:C 

PT Y/DEL U/UP DY PR YPLUS UPLUS CF/2 , 0.0 I 3 0.429 0.246 18. 10.7 0.00132 "~ 

2 0.024 0.540 0.391 33. 13.5 0.00160 
3 0.034 0.5"19 0.450 48. 14.4 0.00162 
4 0.044 0.603 0.483 62. 15. a 0.00 16 1 
5 0.062 0.634 0.538 86. 15.8 0.00160 
6 0.076 0.653 0.572 lOS. 16.3 0.00160 
7 0.092 0.676 o . 612 128. 16.9 0.00161 
8 o . 1 I 2 0.694 0.645 156. 17.3 0.00161 
9 O. 138 0.714 0.683 192. 17.8 0.00161 

10 O. 169 0.738 0.729 236. 18.4 0.00162 
I 1 0.209 0.762 0.777 29 I . 19. 0 0.00163 
12 0.257 0.7~8 0.831 358. 19.6 0.00165 
13 ll. 3 17 0.815 0.88Q 442. 20.3 0.OU168 
14 O. 390 o . 8'~ 6 0.958 544. 2 1 . 1 0.00171 
1 5 0.481 0.879 1.034 671. 21.9 0.00176 
16 0.593 O.QlI~ I . 1 18 82" . 22.8 0.00180 
17 0.732 0.952 1. 212 1 02 1 . 23. .., 

0.00186 
18 0.902 0.982 I .288 1259. 24.5 0.00189 
19 1. 1 13 1.000 1.336 1553. 24.9 0.00187 
20 1 . 373 1 . a 01 1.339 1915. ;,'5.0 0.00180 
21 1 .6 Q 4 1.000 1 3311 2363. 24.9 0.00173 

DISP. THICKNESS :: 0.535 eM. MOMT. THICKESS =0.405 CM. 

SHAPE fACTOR = I . 32 I DELTA 99 = 3.730 eM. 

MOMENTUM THICKNESS REYNOLDS HO. = 3778. Cf/2 :: 0.00161 
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I SEC. EXPT .• 5TH 7.5==10.39 CM. <13 DEG). UPW=-15.00 M/SEC 

PT Y/OEL U/UP Oy PR YPf.US UPLUS Cf'/2 
1 0.010 0.395 0.218 18. 10.3 0.00114 
2 0.018 0.506 0.358 32. 13.2 0.00142 
3 0.026 0.549 0.422 46. 11.1.3 0.0011.16 
1.1 0.034 0.576 0.1.165 60. 15.0 0.0011.17 
5 0.047 0.613 0.528 81.1. 15.9 0.00149 
6 0.058 0.635 0.566 103. 16 . 1.1 0.00150 
7 0.070 0.658 0.610 t 25 . 17 . a 0.00151 
8 0.085 0.678 0.61.18 152. 17.5 0.00151 
9 O. 105 0.697 0.686 187. 18. a () .00150 

10 O. 129 o . 719 0.732 230. 18.5 0.00150 , , O. 159 0.740 0.777 281.1. 19.0 0.00150 
12 O. 196 0.761.1 0.828 349. 19.5 0.00150 
13 0.242 0.790 0.886 431 . 20 . 1 0.00151 
14 0.298 0.818 0.950 531. 20.? 0.00152 
1 5 0.363 0.850 1.024 6 55. 2 t .3 0.00153 
16 0.453 0.884 1 . 1 as 807. 22.0 0.00155 
17 0.559 0.921 1. 191 996. 22.6 0.00157 
18 0.690 0.948 1 . 257 1228. 23.0 0.00155 
19 0.851 0.957 1 .280 1515. 2(.8 0.0011.17 
20 1.049 , . 00 , 1.379 1869. 71.4 0.00148 
2 1 1.295 1 . 00 1 1 . 379 2305. 22.9 0.0011.6 
22 1.598 1 .000 1 . 377 2844. 22. 2 0.00124 

DISP. THICKNESS = 0.676 CM. MOMT. THICKESS =0.514 CM. 

SHAPE FACTOR = 1. 314 DELTA 99 = 4.879 CM. 

MOMENTUM THICKNESS REYHOLOS NO. = 4889. CF/2 :: 0.00147 

I 
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SEC. EXpr., STN 8, s=25.19 eM. (31 DEG), UPW=IS.14 M/SEC 

PT 
1 
2. 
3 
4 
S 
6 
7 
8 
9 

10 
1 1 
1 2. 
, 3 
14 
1 5 
16 
17 
18 
19 
20 
2 1 
22 

Y/DEl. 
0.0 10 
0.019 
0.027 
0.036 
0.050 
O. 06 1 
0.075 
O. 09 1 
0.112 
O. 137 
O. 168 
0.207 
0.255 
0.314 
0.387 
0.477 
0.589 
0.727 
0.896 
1 . 105 
1 . 364 
1 .683 

U/UP 
0.316 
Q . 4 18 
0.455 
0.480 
0.512 
0.532 
0.554 
0.577 
o .610 
0.643 
0.677 
o .713 
0.746 
0.780 
0.816 
0.852 
O.8Q4 
0.938 
0.980 
1. 000 
1.000 
1.000 

DY PR 
O. 140 
0.244 
O. 290 
0.323 
0.368 
0.399 
0.434 
0.472 
0.528 
0.587 
0.650 
0.721 
0.790 
0.864 
0.942 
1 . 024 
1 . 1 20 
1.222 
, . 3 18 
1.361 
1 . 36 I 
1 . 36 1 

DISP. THICKNESS = 0.814 CM. 

YPLUS 
15. 
28. 
40. 
S2. 
72.. 
88. 

108. 
t 3 1 . 
16 1 . 
198. 
243. 
299. 
368. 
454. 
560. 
689. 
851 . 

1050. 
I 2 9 l~ • 

1597. 
1970. 
2431 . 

UPLUS 
9.6 

12.6 
13.7 
14. 5 
15.4 
16. 0 
16.7 
17.3 
18. 3 
1 9 . 2. 
20.1 
21 . I 
22.0 
22.9 
23.8 
24.6 
25.5 
26.4 
27.2 
27.2 
26.6 
25.8 

CF/2 
0.00080 
0.00103 
0.00106 
0.00108 
0.00109 
0.00110 
0.00112 
0.00"4 
0.00119 
0.00124 
0.00128 
0.00133 
0.00137 
0.00140 
0.00143 
0.00146 
0.00149 
0.00152 
0.00154 
0.00148 
0.00136 
0.00124 

MOMT. THICKESS =0.569 CM. 

SHAPE fACTOR = t. 430 Df.LTA 99 = 4.632 eM. 

MOMENTUM THICKNESS REYNOLDS NO. = 5376. Cf/2 = 0.00109 
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{ SEC. EXPT .• STH 9.5=41.48 CM. (52 DEG). UPW::15.13 M/SEC 

PT , 
2 
3 
4 
5 
6 
7 
8 
9 

1 0 
1 1 
1 2 
13 
14 
15 
16 
17 
18 
1 9 
20 
2 1 
22 

Y/DEL 
o . 0 10 
0.019 
0.027 
0.035 
0.049 
0.060 
0.073 
0.089 
o . 1 10 
O. 135 
0.166 
0.204 
0.251 
0.309 
0.382 
0.470 
0.580 
o .715 
0.882 
1 .088 
1 .343 
1 .657 

U/UP 
0.312 
0.418 
0.455 
0.480 
0.510 
0.532 
0.555 
0.578 
0.608 
0.641 
0.677 
0.709 
0.744 
0.777 
0.814 
0.850 
0.892 
0.935 
0.978 
0.999 
1.000 
1.000 

DY PR 
O. 135 
0.241 
0.287 
0.320 
0.363 
0.396 
0.432 
0.470 
0.521 
0.579 
0.645 
0.709 
0.780 
0.851 
0.932 
1. 013 
1 . 1 07 
1.206 
1.306 
1 .351 
1.354 
1.354 

YPLUS 
15. 
28. 
39. 
5 1 • 
72. 
88. 

107. 
130 . 
160. 
196 . 
241 . 
297. 
365. 
450. 
555. 
684. 
844. 

'04 1 . 
1284. 
1584. 
1954. 
241 1 . 

UPLUS 
9.4 

t 2 .6 
13.8 
14.5 
15.4 
16 . 0 
'6.7 
17.4 
18 . ~ 
19.2 
20. 2 
21 .0 
22.0 
22.8 
23.7 
24.6 
25.5 
26.4 
27.2 
27.2 
26.6 
25.8 

Cf/2 
0.00078 
0.00103 
0.00106 
0.00108 
0.00109 
0.00110 
0.00 1 12 
0.00114 
0.001 18 
0.00123 
0.00128 
0.00132 
0.00136 
0.00139 
0.00142 
0.00145 
0.00148 
0.00151 
0.00153 
0.00143 
0.00136 
0.00124 

DISP. THICKNESS: 0.825 CM. MOMT. THICKESS =0.577 CM. 

SHAPE fACTOR = 1.429 DELTA 99 = 4.705 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 5414. 
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SEC. r::<PT., STH 10. 5'"61.72 CM. (78 OEG). UFW;::15.25 M/SEC 

PT 
1 
2 
3 
~ 

5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Y/OEL 
0.010 
0.019 
0.027 
0.035 
0.048 
0.059 
0.072 
O.OBR 
O. 108 
O. 133 
O. 163 
0.201 
O. 24 '7 
O. 304 
0.376 
0.463 
0.571 
0.704 
0.868 
I . 07 1 
1 . 32 1 
1. 631 

U/UP 
0.309 
0.4 I 0 
0.449 
0.474 
1.1.504 
0.523 
0.542 
0.563 
0.590 
0.622 
0.658 
0.695 
0.733 
0.772 
0.808 
0,845 
0.886 
0.929 
0.974 
0.999 
1. 000 
0.999 

OY PR 
O. 135 
0.236 
0.284 
O. 317 
O. 36 1 
0.389 
0.419 
0.455 
O. 500 
O. 556 
0.622 
0.693 
0.772 
0.853 
0.935 
1. 019 
1. 113 
1. 212 
1. 316 
1.372 
1 . 374 
1.372 

OISP. THICKNESS = 0.861 CM. 

YPLUS 
1 5 . 
27. 
39. 
51 . 
7 1. 
87. 

106. 
129. 
15~. 

195. 
240. 
295. 
364. 
4 118. 
552. 
680. 
840. 

1036. 
1277. 
1576. 
1944. 
2399. 

UPLUS 
9 . 5 

12. 6 
13.8 
14. 5 
15.4 
15.9 
'6. 5 
17 . 1 
17.9 
18.8 
19.8 
20.9 
21.9 
22.9 
23.9 
24.7 
25.6 
26.5 
27.4 
27.5 
26.9 
26 . 1 

CF/2 
0.00077 
0.00099 
0.00104 
0.00105 
0.00106 
0.00107 
0.00108 
0.00109 
0.001 12. 
0.00117 
0.00722 
0.001 n 
0.00132 
0.00137 
0.00141 
0.00143 
0.00147 
0.00149 
0.00152 
0.00147 
0.00136 
0.00124 

MOMT. TH1CKESS =0.597 eM. 

SHAPE fACTOR = 1.442 DELTA 99 = 4.780 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 5637. Cf/2 = 0.00106 
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SEC. EXPT., 5TH 12. 5=88.47 CM., UPW=14.97 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0 
1 1 
1 2 
1 3 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Y/DEL 
0.010 
0.019 
0.027 
0.035 
0.048 
Q.059 
0.072 
0.088 
O. 108 
O. 133 
O. 164 
0.202 
0.248 
0.306 
0.377 
0.464 
0.573 
0.706 
.' .871 
1.074 
1 . 325 
1.636 

U/UP 
0.310 
0.409 
0.445 
0.468 
0.492 
0.508 
0.525 
0.546 
0.567 
0.597 
0.633 
0.668 
o .714 
0.761 
0.808 
0.851 
0.890 
0.932 
0.975 
0.999 
1 . 00 1 
1. 000 

DY PR 
O. 127 
O. 221 
0.262 
0.290 
0.320 
0.340 
0.363 
0.394 
0.424 
0.470 
0.528 
0.589 
0.673 
0.765 
0.861 
0.955 
1.044 
1 . 146 
1 . 252 
1.316 
1 . :\ 21 
1 .318 

YPLUS 
1 S . 
27. 
38. 
50. 
69. 
84. 

103. 
12\3 . 
155. 
190. 
234. 
288. 
355. 
437. 
539. 
663. 
819. 

10 10. 
1245. 
1536. 
1895. 
2338. 

UPLU5 
9.S 

12.6 
13.7 
14.4 
15. , 
15.6 
1 6 . 1 
16.8 
17.4 
18.4 
19.5 
20.6 
22.0 
23.4 
24.9 
26.2 
27.4 
28.7 
30.0 
30.7 
30.8 
30.8 

CF/2 
0.00078 
0.00100 
0.00103 
0.00104 
0.00104 
0.00103 
0.00104 
0.00106 
0.00107 
0.00112 
0.00118 
0.00124 
0.00133 
0.00142 
0.00151 
0.00159 
0.00165 
0.00172 
0.00179 
0.00180 
0.00174 
0.00167 

DIS? THICKNESS = 0.879 C~. MONT. THICKESS =0.597 CM. 

SHAPE fACTOR = 1.473 DELTA 99 = 4.766 CM. 

MOMENTUM THICKNESS REYNOLDS HO. = 5507. CF/2 = 0.aOl06 
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SEC. EX?T., STH 13, S=103.71 CM., UPW=14.97 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Y/DEL 
0.010 
0.018 
0.026 
0.034 
0.048 
0.058 
O. 07 1 
0.087 
O. 107 
O. 131 
a . 16 1 
O. 199 
0.245 
O. 3 a 1 
0.372 
0.458 
0.565 
0.697 
0.859 
1 . a 6 a 
1 . 307 
1. 613 
1 .839 

U/UP 
o .319 
0.420 
0.457 
0.477 
0.505 
0.520 
0.536 
0.554 
0.576 
0.600 
0.628 
a .661 
o .7 a 0 
0.747 
0.798 
0.844 
0.888 
0.930 
0.971 
0.998 
1 • 001 
1.000 
1 . 0 a 0 

DY PR 
O. 135 
0.234 
0.277 
O. 302 
0.338 
0.358 
O. 381 
0.406 
0.439 
0.478 
O. 523 
0.579 
0.650 
0.739 
0.843 
0.945 
1.046 
1 . 146 
1.250 
1 . 32 1 
, . 328 
1.326 
1.326 

YPLUS 
, 5 . 
27. 
39. 
51. 
71. 
86. 

105. 
128. 
158. 
194. 
239. 
294. 
362. 
446. 
550. 
677. 
835. 

1030. 
1270. 
1567. 
1933. 
2386. 
2721. 

UPLUS 
9.7 

12.7 
13.9 
14.5 
15.3 
15.8 
16. 3 
16.8 
17. 5 
18.2 
19 . 1 
20. a 
21 . 2 
22.6 
24.2 
25.6 
26.9 
28.2 

29. '. 
30.3 
30.4 
30.3 
30.3 

CF/2 
0.00081 
0.00104 
0.00108 
0.1)0108 
0.00108 
0.00107 
0.00108 
0.00108 
0.00110 
0.00112 
0.00116 
0.00121 
0.00128 
0.00137 
0.00147 
0.00156 
0.00164 
0.00171 
0.00178 
0.00179 
0.00173 
0.00167 
0.00163 

DISP. THICKHESS = 0.897 eM. MOMT. TH::CKESS =0.612 CM. 

SHAPE fACTOR = 1.466 DELTA 99 = 4.833 CM. 

MOMENTUM THICKNESS REYNOLDS ~O. = 5679. Cf/2 = 0.00109 
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SEC. EXPT., STN 1'4.5=1'8.95 CM .• UPW=15.01 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

, 0 
11 
12 
13 
14 
\5 
16 
17 
18 
19 
20 
21 
22 
23 

Y/OEL 
o • 0 t a 
0.018 
0.025 
0.033 
0.046 
0.056 
0.069 
0.084 
O. 103 
O. 127 
O. 156 
O. 192 
0.237 
0.291 
0.359 
0.443 
0,546 
0.673 
0.830 
1.024 
1.264 
, .559 
1.778 

U/UP 
0.333 
0.433 
0.469 
0.491 
0.516 
0.532 
0.548 
0.566 
0.584 
0.607 
0.633 
0.661 
0.695 
0.737 
0.782 
0.834 
0.882 
0.924 
0.963 
0.994 
1 . a 01 
1.000 
0.999 

DY PR 
0.147 
0.249 
0.292 
0.320 
0.353 
0.376 
0.399 
0.424 
0.452 
0.488 
o .531 
0.579 
0.640 
0.719 
0.810 
a • 9 19 
1 . 029 
1. 130 
1 . 227 
1.306 
1.323 
1.321 
1. 318 

YPLUS 
15. 
28. 
39. 
51. 
71. 
87. 

106. 
130. 
159. 
196. 
241 • 
29'7 • 
366. 
45' . 
556. 
685. 
845. 

1043. 
1286. 
1586. 
1957. 
24 14. 
2754. 

UPLUS 
9.9 

12.9 
13.9 
14.6 
'5. 1 
15.8 
16.3 
16.8 
17.4 
18.0 
18.8 
19 . 6 
20.'7 
21 .9 
23.2 
24.8 
26.2 
27.5 
28.6 
29.S 
29.7 
'29.7 
29.7 

CFI'2 
0.00088 
0.00110 
0.00113 
0.00114 
0.00113 
0.00113 
0.00113 
0.00113 
0.00113 
0.00115 
0.00lt8 
0.00122 
0.0012'7 
0.00134 
0.00\43 
0.OOtS3 
0.00163 
0.001'70 
0.00l/6 
0.00178 
0.00174 
0.00167 
0.00163 

DISP. TrlC~NESS = 0.923 CM. 
MOMT. THICKESS =0.638 CM. 

DELTA 99 = 4.999 CM. 
SHAPE FACT~R = 1.447 

Cf/2 = 0.00113 
MOMENTUM THICKNESS REYNOLDS NO. = 5867. 
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SEC. EXPT., 5TH 15. 5=124.79 CM .• UPIoI=14.97 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
1 2 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 

Y/Dt::L 
O. 010 
0.018 
0.025 
0.033 
0.046 
0.056 
0.068 
0.083 
O. 102 
O. 125 
O. 154 
O. 190 
0.234 
0.288 
0.355 
0.437 
0.540 
0.666 
0.821 
1. 013 
1.249 
1 .542 
1 .758 

U/UP 
0.335 
0.437 
0.473 
0.495 
0.520 
0.536 
0.552 
0.568 
0.588 
o . 6 1 1 
0.634 
0.661 
0.694 
0.729 
0.772 
0.823 
0.874 
0.920 
0.960 
0.992 
1.002 
1 . 00 1 
1.000 

DY PR 
O. 147 
0.251 
0.295 
0.323 
0.356 
0.378 
0.401 
0.424 
0.455 
0.490 
0.528 
0.574 
0.632 
0.698 
0.782 
0.889 
1.003 
1. 1 13 
1. 212 
1.293 
1 . 3 18 
1 • 316 
1. 313 

YPLUS 
15. 
28. 
39. 
51. 
71 . 
87. 

106. 
130. 
159. 
196. 
242. 
(:98. 
367. 
452. 
557. 
686. 
847. 

1044. 
1288. 
1588. 
1959. 
2418. 
2758. 

UPLUS 
9.9 

12.9 
14. 0 
14.6 
15.4 
15.9 
16. 3 
16.8 
17.4 
18.0 
18.7 
19.5 
20.5 
21.5 
22.8 
24.3 
25.8 
27.2 
23.4 
29.3 
29.6 
29.6 
29.5 

CF/2 
0.00088 
0.00112 
0.00115 
0.00115 
0.00114 
0.00114 
0.00114 
0.00114 
0.00115 
0.00116 
0.00118 
0.00121 
0.00126 
0.00132 
0.00139 
0.00150 
0.00160 
0.00168 
0.00175 
0.00178 
0.00174 
0.00167 
0.00163 

DISP. THICKHESS = 0.941 CM. MOMT. THICKESS =0.651 CM. 

SHAPE fACTOR = 1.445 DELTA 99 = 5.057 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 5968. CF/2 = 0.00115 

230 

· . 
... 

_ ....... ~. __ ~~ ..... ~_~ ____ ~ _______ ... __ C'_n_~ .. _ ... ~ __________ r _____________ _ 



, c , 

1 
L 

r 
l 

I 
I 

SEC. EXPT .• STN 16. S=".9.43 CM .• UPW=14.98 M/SEC 

PT Y/DEL U/UP DY PR YPLUS UPLUS CF/2 

1 0.009 0.333 O. 147 15. 9.8 0.00087 

2 0.017 0.438 0.254 28. '2.9 0.00112 

3 0.024 0.476 0.300 40. '''. 1 
0.O011? 

4 0.032 0.495 0.325 52. '4.6 0.00115 

5 0.044 0.522 0.361 72. 15.4 0.00115 

6 0.054 0.538 0.384 88. 15.9 0.00115 

7 0.066 0.554 0.406 107. 16.4 0.00114 

8 0.080 0.569 0.429 131. 16.8 0.00114 

9 0.099 0.588 0.457 16 1 . 17.4 0.00114 

10 o . 12 1 0.607 0.488 198. 17.9 0.00115 

l 1 O. 150 0.630 0.526 244. 18.6 0.OC117 

12 O. 184 0.657 0.572 300. 19. 4 0.00120 

1 3 0.227 0.689 0.627 370. 20.3 0.00125 

14 0.280 0.723 0.691 456. 21.4 0.00130 

15 0.345 0.764 0.772 562. 22.6 0.00137 

16 0.425 o .81 1 0.869 69 Z. 23.9 0.00146 

17 C.S25 0.861 0.980 854. 25.4 0.00156 

18 0.647 0.913 1. 102 1054. 27.0 0.00166 

1 9 0.798 0.956 1 .20 9 1299. 28.3 0.00173 

20 0.984 0.989 1 . 293 16 03. 29.2 0.00177 

2 1 1. 214 1.002 1.326 1977. 29.6 0.00'74 

22 1 .498 1. 0 01 1 .323 2440. 29.6 0.00167 

23 1.708 1 . 0 a 0 1 . 32 , 2782. 29.5 0.00163 

DISP. THICKNESS = 0.973 CM. MOMT. THICKESS =0.674 CM. 

SHAPE FACTOR = 1 .444 DELTA 99 = 5.204 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 6234. cr/2 :: 0.00115 

• • em r s' sm nat 
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SEC. EXPT .• STH 17, 5::164.67 CM. , UPW:14.96 M/SEC ,.. 

PT Y/DEL U/UP D,{ PR YPLUS UPLUS CF/2 1 0.009 0.343 O. 155 15. 1 O. 1 0.01)091 
~. 2 0.016 0.446 0.262 28. t 3. 1 0.00115 3 0.024 o .48 t 0.305 40. 14 . 1 0.00118 4 0.031 0.503 0.333 52. 14.7 0.00118 5 0.01f3 0.527 0.366 72. 1 5.5 0.00116 £, 0.052 0.543 0.389 88. 15.9 0.00116 7 0.063 0.557 0.409 108. 16.3 0.00115 8 0.077 0.~73 0.1f32 132. 16.8 0.00115 9 0.095 0.593 0.462 162. 17.4 0.00116 10 o . 1 17 o . 6 1 2 0.493 199. 17.9 1.00116 , , O. 144 0.633 0.528 245. 18.6 0 00: 18 12 0.177 0.657 0.569 302. 19.3 0.00120 1 3 0.219 0.686 0.620 372. 20. , 0.00123 14 0.269 0.719 0.681 459. 2 1 . 1 0.00128 15 0.332 0.758 0.757 566. 22.2 0.00135 16 0.409 0.801 0.846 697. 23.5 0.00142 17 0.505 0.853 0.958 860. 25.0 0.00153 18 0.623 0.904 , . 077 1060. 26.5 0.00163 19 0.76~ 0.950 1. 189 1307. 27.9 0.00171 20 0.947 0.987 1 . 283 1613. 28.9 0.00176 21 1 . 169 1 . 001 1 . 321 19R9. 29.4 0.00174 22 1.442 , . 00 1 , . 32 1 2455. 29.4 0.00167 23 1 .644 1 .000 1. 3 I 8 2800. 29.3 0.00163 

DISP. THICKNESS = 0.998 CM. MOMT. THICKESS =0.696 CM. 

SHAPE FACTOR = 1.434 DELTA 99 = 5.406 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 6431. CF/2 :: 0.00116 
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t SEC. EXPT .• SIHGLE WIRE DATA AT 5TH. 3. S • -52.70 CM . 

I [ PT Y/DEL UI'UP YPLUS UPLUS TURB. 1M, 

1 O.OOIf O. 12" 5 . 3. 1 0.0322 

r 
2 0.005 O. 169 7. 4.2 0.0561 

3 0.008 0.253 10. 6 . 3 0.0860 

• '3. • " 0.010 0.319 7.9 0.0985 

5 0.023 0.508 28. 12.5 0.1019 

r 6 0.034 0.~65 43. 1IJ. 0 0.0930 

., 7 0.Olf6 o .601 58. 14.8 0.0880 

8 0.066 0.640 83. 15.8 0.0856 

9 0.083 0.663 103. 16.4 0.0816 

10 O. 102 0.683 128. 16 .9 0.080lf 

1 1 0.126 0.70lf 157. 17.4 0.0785 

12 O. 155 0.730 194. 18.0 0.0768 

13 O. 192 0.753 240. 18.6 0.0742 

14 0.238 0.779 297. 19.2 0.0722 

15 0.293 0.8U5 366. 19.9 0.0682 

16 0.362 0.833 452. 20.6 0.0655 

17 0.4~6 0.864 557. 21 .3 0.0596 

18 O.Sq 0.898 688. 22.2 0.0539 

19 0.679 0.934 848. 23. 1 0.tJ466 

20 0.838 0.969 1047. 23.9 0.0:;49 

21 1.035 0.994 1292. 24.6 0.0169 

22 1.276 1 .000 1594. 24.7 0.0079 

23 1. 57 ~ 1 .000 1966. 24.7 0.0060 
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SEC. EXPT .• SINGLE WIRE DATA AT STH. 6. S = 0.0 en 

PT Y/DEL U/UP YPLUS UPLUS TURB.IH. 
1 0.003 O. 1 '6 5. 2.9 0.0200 
2 0.005 O. 129 8. 3.2 0.0354 
3 0.007 0.205 9. 5. 1 0.06",4 
4 0.009 0.289 12. 7.2 0.0906 
5 0.020 0.498 27. 12.4 0.0972 
6 0.030 3.558 42. 13.9 0.0881 
7 0.040 0.591 56. 14.7 0.0870 
8 0.058 o . 631 80. 15.7 0.0844 
9 0.072 0.651 100. 16.3 0.0832 

10 0.089 0.673 124. 16.8 0.0813 
1 1 O. 109 0.695 152. 17.3 0.0818 
12 O. 135 0.718 188. 17.9 0.0808 
13 O. 166 0.743 233. 18.5 0.0795 
14 0.206 0.767 288. 19. 1 0.0789 
15 0.254 0.792 355. 19.8 0.0751 

i 16 0.3' 3 0.820 438. 20.5 0.(1730 
17 0.386 0.849 540. 21.2 0.0684 I 
18 0.477 0.881 667. 22.0 0.0639 1 
19 0.588 0.915 822. 22.8 0.0563 1 
20 0.726 0.949 1 0 1 5 . 23.7 0.0487 1 

1 

21 0.896 0.980 1252. 24.5 0.0370 
22 1 . 105 1 . 000 1545. 25.0 Q.0199 
23 1 .363 1 . 0 C 0 1906. 25.0 0.0079 
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SEC. 

PT 
1 
2 
3 
4 
S 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2S 

EXPT .• SINGLE WIRE DATA AT STN. 7. S = 10.39 eM. (13.25 D£G) 

Y/DEL U/UP YPLUS UPLUS TURB.IH. 
0.003 O. 12"; 4 . 3.4 0.0421 
O.OOlf O. 165 6. If.4 0.0591 
0.006 0.211 9. 6.2 0.0800 
0.008 0.Z88 11. 7.7 0.0908 
0.018 0.lf48 25. 12.0 0.0908 
0.028 0.506 38. 13.5 0.0828 
0.036 0.541 50. 14.5 0.077'1 
0.052 0.584 72. 15.6 0.0732 
0.065 0.608 90. 16. 2 0.0716 
0.081 0.634 11 2 . 16.9 0.0690 
0.099 0.658 137. 17.5 0.0648 
O. 123 0.680 170. 18.0 0.06«43 
0.151 0.702 210. 18.6 0.0632 
O. 187 0.72f:. 259. 19 . 1 0.0620 
0.231 0.752 320. 19.7 0.0613 
0.285 0.779 395. 20.4 0.059'7 
0.352 o .811 487. 21 . 1 0.0577 
0.434 0.845 601. 21 .8 0.0540 
0.535 0.881 741 . 22.5 0.0471 
0.661 0.920 915. 23.3 0.0440 
0.815 0.958 1128. 23.9 0.0354 
1.005 o . 991 1393. 24.3 0.0202 
1 .241 1.003 1719. 24. 1 0.0083 
1 . 531 1.003 2121. 23.6 0.0048 
1 .890 1.000 2617. 22.8 0.0043 
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SEC. EXPT .• SIHGLE WIRE DATA AT STH. 8. S '" 25.20 CM. (32.08 DEG) 

PT YI'DEL UI'UP YPLUS UPLUS TURB.IH. 
1 0.003 O. 103 14 . 3.0 0.0281 
2 0.00" O. 129 6. 3.8 0.01402 
3 0.006 O. 185 8. S.Cf 0.0636 .. 0.007 0.236 11. 6.9 0.0759 
5 0.011 0.398 25. 11.7 0.0813 
6 0.025 0."58 37. 13.4 0.0725 
7 O.Ol" 0.492 SO. 1 ..... 0.0682 
8 0.0"9 0.532 7 2. 1 5.6 0.0631 
9 0.061 0.560 90. 16 ... 0.0608 

10 0.075 0.587 1 1 1. 17. 1 0.0586 
1 1 0.093 0.615 136. 17.9 0.0570 
12 o . 1 15 0.6"6 169. 18.8 0.0527 
13 0.1" 2 0.678 208. 19.7 0.0"95 , .. 0.175 0.709 257. 20.5 0.0"67 
15 O. 216 0.739 318. 21 . 3 0.0 .... 5 
16 0.267 0.770 392. 22. , 0.0"28 
17 0.329 0.801 484. 22.8 0.0417 
18 0.406 0.836 597. 23.6 0.0404 
19 0.500 0.872 736. 2l!.4 0.0378 
20 0.618 o . 9 11 909. 25.3 0.0351 
21 0.762 0.951 1 121. 26.0 0.0306 
22 0.940 0.986 1383. 26.5 0.0187 
23 , . 16 , '.000 1707. 26.4 0.0079 
24 1 . 43 1 1 .000 2106. 25.8 0.0049 
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SEC. EXPT .• SIHGLE WIRE DATA AT 5TH. 9. S = 41.48 eM. (52.82 DEG) 

PT Y/DEL U/UP YPLUS UPLUS TURB.IH. 
1 0.003 0.088 Il . 2.8 0.0196 
2 O.OOil O. 102 S. 3.2 0.0323 
3 0.005 O. 150 8. Il.7 0.0526 
Il 0.007 O. 198 10 . 6.3 0.0676 
5 0.016 0.355 23. 1 1 . 2 0.0777 
6 0.024 0.413 lil. 13.0 0.0699 
7 0.032 0.446 46. 14.0 0.0646 
8 0.046 0.484 66. 15.2 0.0594 
9 0.057 o . :; 1 0 82. 16.0 0.0570 

10 0.070 0.536 102. 16.8 0.0556 
11 0.086 0.565 125. 17.7 0.0541 
12 O. 107 0.597 155. 18.7 0.0516 
13 O. 133 0.632 192. 19.7 0.0491 
14 O. 163 0.668 236. 20.8 0.0"51 
15 0.201 0.705 291. 21.8 0.0410 
16 0.248 0.739 360. 22.8 0.0371 
17 0.306 0.776 443. 23.8 0.0343 
18 0.378 0.814 548. 24.7 0.0324 
19 0.466 0.851 675. 25.7 0.0303 
20 0.576 0.893 833. 26.6 0.0282 
21 o .710 0.939 1028. 27.6 0.0242 
22 0.876 0.978 1268. 28.3 0.0172 
23 1 . 130 1.003 1636. 28.3 Q.0065 
24 1 . 33" 1. 0 0 0 1931. 27.7 0.0049 
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SEC. [XPT. , SIHGLE WIRE DATA AT 5TH. 10 • S = 61. 72 eM. (78.57 DEG) .,.,.~ 

f, 

PT Y/DEL U/UP YPLUS UPLUS TURB.IH. ·n 

1 0.003 0.083 4. 2.6 0.0162 
2 0.004 O. 120 6. 3.8 0.0366 
3 0.006 O. 175 8. 5.6 0.0548 
4 0.008 0.222 10 . 7. 1 0.0661 

,.. 

5 0.016 0.359 22. 11.4 0.0685 
6 0.024 o . 4 13 33. 13. 1 0.0599 
7 0.032 0.443 45. 14. 1 0.0540 
8 0.047 0.479 64, 15. 2 0.0489 
9 0.058 0.501 79. 15.9 0.0470 

10 0.071 0.525 98. 16.6 0.0458 
1 1 0.088 0.550 120. 17.4 0.04 115 
12 O. '08 0.580 148. 18. 3 0.0432 
13 0.13l} o .614 183. 19. 3 0.0410 
14 O. 165 0.653 226. 20.4 0.0382 
1 5 0.204 0.692 279. 21.6 0.0338 
16 O. 251 0.732 344. 22.7 0.0298 
17 0.310 0.772 424. 23.8 0.0283 
18 0.382 0.810 524. 24.8 0.0272 
19 0.471 0.849 645. 25.8 0.0259 
20 O. 581 0.891 797. 26.7 0.0245 
2 1 0.717 0.935 983. 27.7 0.0223 
22 0.885 0.980 12 1 2 . 28.6 0.0155 
23 1 . 09 1 0.998 , 496. 28.5 0.0052 
24 1 . 346 1 . 000 1845. 27.9 0.0041 

1 
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SEC. EXPT .• SIHGLE WIRF. DATA AT STH. 12. S :: 88.'1' CM. 

f .. 

• PT Y/DEL U/UP YPLUS UPLUS TURB.IH. j 

1 0.003 0.096 " . 3.0 0.0260 .i 
2 0.001f O. 118 6. 3.' 0.039 , 3 0.005 O. 169 8. S.3 0.OS96 

, 
0.007 0.22S 10. 7.0 0.0745 

• " j .. 5 0.015 0.374 23. 11.6 0.0818 6 0.022 0.421 35. 13. 1 0.0741 

I 
,-

7 0.030 0.451 47. 14. 0 0.0689 .. 8 0.043 0.483 67. 1 S. 0 0.0642 9 0.053 0.503 84. 15.6 0.0628 10 0.066 0.521 103. 16.2 0.0620 , 1 1 0.081 0.542 127. 16.8 0.0615 " 1 2 O. 10 1 0.567 158. 17.6 0.0618 13 O. 124 0.598 194. 18.6 0.0612 14 O. 154 0.633 2LJ 1. 19.7 0.0597 15 O. 189 0.674 296. 20.9 0.0541 16 0.233 0.718 366. 22.3 0.0485 17 0.288 0.765 451. 23.8 0.0401 18 0.355 0.809 557. 25. 1 0.0324 19 0.438 0.851 686. 26.lf 0.0278 20 O. 541 0.890 848. 27.? 0.0256 2 1 0.667 o . 931 1046. 28.9 0.0243 22 0.823 0.972 1290. 30.2 0.0184 23 1 . 06 1 0.996 1663. 31 .0 0.0083 24 1.253 1 . 000 1964. 31.1 o . 0057 25 1 . 547 1.000 2424. 31.1 0.0056 
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SEC. EXPT., SIHGLE WIRE DATA AT STH. 13, S = 103.71 CM. .. . 
. , 

PT Y/DEL U/UP ¥PLUS UPLUS TURB.IH. 
1 0.003 O. 103 4. 3. 1 i).0311 
2 0.004 O. 131 6. 4.0 0.0454 
3 0.005 O. 191 8. 5.8 0.0681 
4 0.007 0.239 1 O. 7.2 0.0800 
5 0.015 0.386 23. 1 1 .7 0.0868 
6 0.023 0.439 35. 13.3 !l.O794 
7 0.031 0.467 47. 14.2 0.0744 
8 0.044 0.498 68. 15. 1 0.0691 
9 0.055 0.517 84. 15.7 0.0681 

10 U.068 0.536 104. 1 b . 3 0.0667 
1 1 0.033 0.555 128. 16.8 o . 0658 
t 2 O. 103 0.578 159. 17.5 0.0655 
13 O. 127 0.603 196 . 18.3 0.0648 
14 O. 157 0.632 242. 19.2 0.0638 
15 O. 194 0.665 299. 20.2 0.0600 
16 0.240 0.704 369. 21 .4 0.J578 
17 0.296 0.750 455. 22.8 0.0527 
18 0.365 0.799 562. 24.3 0.0447 
19 0.450 0.8116 692. 25.7 0.0347 
20 0.555 0.890 855. 27.0 0.0286 
21 0.685 0.930 1055. 28.2 0.0262 
22 0.845 0.968 130 1 . 29.4 0.0199 
23 1 . 043 0.996 1606. 30.3 0.0098 
24 1 . 287 1.000 1981 . 30.4 O. 0061 
25 1.589 1. 000 2444. 30.4 0.0062 
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i SEC. EXPT .• SINGLE WIRE DATA AT 5TH. tit. S = 118.95 Crt. 

i 
~ 

~ ... PT YI'DEL U/UP YPLUS UPLUS TURB.IN. I 1 0.003 O. 117 5. 3.6 0.0389 • 
2 O.OOIt O. 151 6. 4.6 0.0534 3 0.005 0.213 8. 6.5 0.0744 f - q 0.007 0.262 1 1 . 8.0 0.0841 1 

5 0.015 0.394 24. 12.0 0.0865 
. 

6 0.023 0.442 36. 13.4 0.0793 > 7 0.030 0.470 48. 14. 3 0.0746 8 0.Oll4 0.501 fiB. 15.2 0.07!)7 9 0.054 0.518 85. 15.7 0.0697 10 0.067 0.537 105. 16.3 0.0687 1 1 0.082 0.554 129. 16.8 0.0681 12 O. 10 1 0.576 159. 17.5 0.0673 13 O. 125 0.599 1 ~ 6. 18.2 0.0673 14 O. 155 0.627 242. 19 . 1 0.0662 1 S O. 19 1 0.659 299. 20.0 0.0635 16 0.235 0.692 369. 21 . 0 0.0616 17 0.?90 0.733 454. 22.3 0.0588 18 0.358 0.782 S61. 23.8 0.0532 19 0.441 0.833 691. 25.3 0.0460 20 0.544 0.882 853. 26.8 0.0351 21 0.671 0.925 1053. 28. 1 0.0293 22 0.828 0.962 1298. 29.2 0.0238 23 1.022 0.994 1602. 30.2 0.0122 24 1.260 1 . 000 1976. 30.4 0.0064 25 1.555 1 .000 2438. 30.4 0.0067 
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SEC. EX PT .• SIHGLE WIRE DATA AT STH. 15. S = 12'1.79 CM. "'. 

PT Y/DEL UI'UP YPLUS UPLUS TURB.IH. 
1 0.002 O. 113 4. 3.'1 0.0328 
2 0.003 O. 172 6. 5.2 0.0572 
3 0.005 0.22'1 8. 6.7 0.0735 
If 0.006 0.274 10. 8.2 iJ.0826 
5 0.01'1 0.'106 23. 12.2 0.0843 
6 0.022 0.440 35. 13.2 0.0789 
7 0.029 0.479 47. 14.3 0.0724 
8 0.042 .510 67. 15.3 0.0689 
9 0.052 0.525 84. 15.7 0.0675 

10 0.064 0.544 103. 16.3 0.0666 
1 1 0.079 0.562 127. 16.8 0.0658 
12 0.098 0.579 157. 17.3 0.0649 
13 o , 12 1 0.601 194. 18. 0 0.0644 
14 O. 149 0.627 240. 18.8 0.0636 
15 O. 184 0.655 296. 19.6 0.0610 
16 0.228 0.688 366. 20.6 0.0594 
17 0.281 0.723 451 . 21 .7 0.0578 
18 0.346 0.768 557. 23.0 0.0539 
19 0.427 0.816 686. 24.4 0.0491 
20 0.527 0.871 847. 26. 1 0.040') 
21 O. 651 0.917 '046. 27.5 0.0300 
22 0.803 0.957 '290. 28.7 0.0236 
23 0.991 0.990 1592. 29.6 0.0137 
24 1.222 1. 000 1964. 29.9 0.0065 
25 1 . 508 0,999 2423. 29.9 0.0065 
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SEC. 

PT , 
2 
J 
«4 
5 
6 , 
8 
9 

10 
11 
12 
1 3 
14 
15 
;6 
17 
18 
19 
20 
21 
22 
23 
24 
25 

EXPT. , SINGLE WIRE 

Y~DEL U~UP 
0.002 O. 101 
0.004 O. '''9 
0.005 0.207 
0.006 0.256 
0.014 0.397 
0.020 0.1f47 
o.nn 0.1f'" 
0.039 0.506 
0.048 0.S22 
0.060 0.540 
0.073 0.560 
0.090 0.579 
O. 112 0.603 
O. 138 0.625 
O. t 70 0.653 
0.210 0.683 
0.258 0.718 
0.319 0.'161 
0.393 0.807 
0.485 0.859 
0.598 O.91t 
0.738 0.953 
0.951 0.986 
1 . 123 1.000 
1.386 0.999 

DATA AT 5TH. 16, S • 149."3 

YPLUS UPLUS TURS.IN. 
If. 3.0 0.027«4 
6. 4.S 0'0"99 9. 6.2 0.0700 

11. 7.7 0.0792 
24. 12.0 0.0845 
36. 13.5 O. 077 t 
1#8. 

1 " . 3 0.0735 
69. 1 5.3 0.07011 
85. 15.7 0.0686 105. 16. J 0.0681 

129. t 6.9 0.0671 
159. ".5 0.0669 
'97. 18,2 0.0666 
243. 18.8 0.0661 
300. n.7 0.0642 
370. 20.6 0.Oti29 
456. 21.7 0.0610 
563. 22.9 0.0583 
694. 2".3 0.0544 
856. 25.9 0.0469 

1057. 27.5 0.0359 
1J03. 28.7 0.0271 
1679. 29.7 0.O~67 
1983. 30.2 0.0071 
2447. 30. 1 0.0069 
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SEC. EXPT. , SINGLE WIRE DATA AT STH. 17. S :: 164.67 CM. 1 
PT Y/DEL U/UP YPLUS UPLUS TURB.IH. I 

1 0.002 0.090 4. 2.7 0.0141 
2 0.004 O. 122 6. 3.7 0.0387 

I 3 0.005 O. 178 8. 5.4 0.0600 
4 0.006 0.222 10. 6.7 0.0736 
5 0.013 0.384 22. 11.6 0.0842 
6 0.020 0.433 34. 13.0 0.0787 
7 0.027 0.469 45. 14 . 1 0.0742 
8 0.038 0.503 64. 15. 1 0.0712 
9 0.048 0.518 80. 15.6 O. 070'1 

10 0.059 0.538 99. '6.2 0.0683 
1 1 0.072 0.555 121. 16.7 0.0680 
12 0.089 0.574 150. 17.3 0.0678 
13 O. 1 1 1 0.597 185. 18.0 0.0674 
14 O. 136 o . 621 228. 18.7 0.0673 
1 5 O. 168 0.645 282. 19.4 0.0666 
16 0.208 0.674 347. 20.3 0.0660 
17 0.25& o . 7 1 , 428. 21 .4 0.0635 
18 0.316 o . 7 r~ 9 529. 22.6 0.0609 
19 0.389 0.795 651. 23.9 0.0571 
20 0.481 0.844 804. 25.4 O. 0510 
21 0.593 0.898 992. 27.0 0.0411 
22 0.731 0.944 1223. 28.4 0.0297 
23 0.902 0.il81 1509. 29.6 0.0201 
24 1 . 1 13 1 . 000 ~862. 30. 1 0.0071 
25 1.373 1.000 2298. 30. j 0.0062 
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r SECOtIO EXPT.. REYNOLDS STRE'SES AT STH. 3. S s -52.70 t". 

OUTPUT tQIOI"EHSIDNALIZED ON FRICTION VElOCITY 

1. 

r • 

PT YlDfl W/UTSQ USQ/UTSQ VSQ/ul'SQ WS,,/UTSQ QSQ/UTSQ A SHEAR CORR ANISOTROPY 

I 0.062 0.9]29 3.562 1.520 2. tl7 7.219 o.In 0.401 0.0]] 

2 o.on o.nn ].441 1.351 2.078 6.870 0.139 0.442 0.039 

3 0.103 0.9228 3.]56 1.317 1.991 6.664 0.138 0.·U9 0.0]8 

4 0.126 0.928a 3.287 , .327 1.91 I 6.525 0.142 0.4itS 0.04' 

5 0.IS6 0.9126 3.IISS t. ]43 1.8]5 6.362 0.143 0.441 0.04' 

6 0.19] 0.9093 3.048 1.258 1.789 6.095 0.149 0.464 0.045 

7 0.2l8 0.860" 2.831 1.234 '.719 5.784 0.149 0.461 0.044 

a 0.293 0.7702 2.55", t. las 1.629 5.368 0.143 0.443 0.041 

9 0.362 0.7209 2.25" I. !S7 , .527 4.938 0.146 0.446 0.041 

to 0.446 0.6865 2.04'j 1.01 3 I. ]92 4.450 0.154 0.477 0.04a 

, I 0.551 0.5765 1.66.5 0.9SI 1.194 3.810 O. lSI 0.458 0.046 

12 0.679 0.4604 I.He 0.736 0.938 ].012 O. IS] 0.464 0.047 

13 0.1S38 O. I 721 O. 52~; 0.371 0.350 1.246 0.131S 0.390 0.038 

I" 1.034 0.0338 0.093 0.127 0.091 0.311 0.109 0.311 0.0<:4 

IS 1.275 0.01'''' 0.036 0.045 0.031 0.112 0.' 75 0.492 0.062 

DI5PLACfI'tENT THICKNE5S = 0.465 (:11. I1ONENTUI1 THICKNE5S = 0.]56 CI1. DElTA 99 = 3.256 C". 

MOMENTUI1 THICKNES5 REYNOLDS NO. = 3291. UTAlJ = 0.624 "/5EC UPW : 15.12 n/5EC 

OUTPUT NDtlOIHENSIOtlALIZEO ON WALL VELOCITY 

PT YIOEL lN/UPWS US'l/UPWS V5Q/UPWS WSQ/UPWS Q5Q/UFWS 

I 0.062 0.00159 0.00606 0.00256 0.0036] 0.01227 

2 O.O~] 0.00162 0.005,35 0.00230 0.00353 0.01le8 

] 0.10] 0.00157 0.00571 0.00U4 0.00338 0.011 ]] 

4 0.ll6 0.00158 0.00559 0.00;!26 0.00325 0.01109 

5 0.156 0,00155 0.00541 0.00228 0.00312 0.01082 

6 O. I 93 0.00155 0.00518 0.00Cl4 0.C0304 0.01036 

7 0.236 0.00146 0.00481 O.OO~IO 0.00292 0.00961 

8 0.291 0.001l1 0.00434 0.00202 0.00,77 0.00913 

9 0.362 0.001~3 0.00363 0.00197 0.00260 0.00840 

10 0.44e 0.00117 0.00346 0.00172 0.00n7 0.00757 

" 0.551 0.00096 0.00:63 0.00l6:! 0.00Z03 0.00648 

12 0.679 0.00076 o.oo~u 0.00125 0.00160 0.00512 

Il 0.838 0.00029 0.00089 0.000b] 0.00060 0.00;:12 

14 1.034 0.00006 0.00016 0.000:2 0.00015 0.00053 

15 1.275 0.00003 o 0000t> 0.00006 0.00005 0.00019 
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1 
SECOtlO EXPT., REYNOLDS STRESSES AT 5TH. 4, S = -4' .28 CM. I 

OUTPUT NONOII'1HI5IOHALIZEO ON flHCTIOtI YElOCIl\, 

PT YIOEL UV/UTSQ USQ/UTSQ VSQ/UTSQ WSQ/UTSQ Q5Q/UTSQ A SHUR CORR ANISOTROPY 1 0.059 0.9681 3.870 1.526 2.362 7.758 0.\25 0.398 O.Oll 2 0.080 0.9654 3.660 1.389 2.175 7.2~ .. 0.\34 0.4~8 0.036 ] 0.099 0.9647 3.550 1.363 2.071 6.954 0.\38 0.439 0.038 ~ 0.121 0.9407 3.534 1.335 1.943 6.813 0.138 0.433 0.038 5 0.149 0.9312 3.407 1.315 '.903 6.625 O. '41 0.440 0.040 6 0.184 0.9052 3.213 1.281 1.835 6.388 0.142 0.44:! 0.040 7 0.~Z8 0.8758 3.077 1.::73 1.762 6.11 :! 0.143 0.443 0.1)41 a 0.Z81 0.8'~2 Z.777 1 . ~ I a 1.685 5.672 0.1'03 0.44" 0.041 9 0.347 0.7623 Z.498 1.131 1.581 5.209 0.146 0.45 .. 0.0 .. 3 10 O.4H 0.6'no 2.134 ~. 03& 1.420 4.590 0.149 0.459 0.0 .. 4 11 0.527 0.5675 1.760 o.eaq 1.196 3.645 0.148 O. ,'j .. 0.044 12 0.650 0.4239 , .118 o . 70(+ 0.8'H 2.915 0.145 0.440 0.042 11 0.802 0.2516 0.795 0.463 0.5::3 1.780 0.141 0.415 0.040 14 0.990 0.0889 0.260 0.222 O. \8\ 0.~64 0.134 0.170 0.03'" 15 t .220 0.0082 0.035 0.052 0.030 0.117 0.070 0.' 92 0.( 10 16 , .506 0.0007 0.011 0.010 0.005 0.027 0.025 0.061 0.001 

I 
I 
1 , 
• 

DISPLACEMENT THICKNESS :: 0.490 CI'1. MOHWTUI1 THICKNESS:: 0.176 CI'1. DELTA 99 = 1.401 el'1. 
~I1ENTU~ THICKNESS REYNOLDS NO. ::: 3528. UTAU = 0.620 M/SEC UPW :: 1:-;.17 HISEC 

OUTPUT NOtlDIMPjSICNAL IlEO Ctl WAlL VElOCITY 

PT V/OEL IN/UPWS U5Q.'UPWS V~,)/UPws wS'J/Ur~ls QSf)/UPWS 
I 0.059 0.00162 0.001;."& 0.00::5, 0.00394 0.01295 2 0.080 0.00161 0.00611 0.0023;' J.00363 0.01~06 
3 0.099 0.00161 O. 005H 0.00::27 0.0034:' 0.01166 
it 0.121 0.00157 0.00590 0.00:':1 0.00~;:4 0.0"37 5 0.149 0.00155 0.005&9 0.00.'20 O.OOJIS 0.0110& 
tt 0.1134 0.00151 0.005'+6 0.00214 0.00306 0.01066 7 0.2::8 0.001"6 O. 0051·. 0.00:'1} 0.00;:9 .. 0.010:'0 8 o.zel 0.00136 0.004b4 0.00:'02 0.00:'81 0.00'1 .. 7 
9 0.347 0.001 Z7 0.00417 0.00189 0.00:'64 0.00870 10 0.427 0.00"" 0.0035& 0.00173 O.OOZH 0.0070t. t, 0.527 0.000Q5 0.00;:-9', O.OOI .. e O.OOcOO 0.00&42 

12 0.&50 0.000;-' 0.00220 0.00118 0.001 .. 9 O. 004~H 
13 o .eoz 0.00C·'2 0.001 H 0.00077 0.OOOA7 O.OO:'H 
14 O.qQO 0.00015 0.00043 0.00037 0.00030 0.00111 15 1.220 O.OGOOI 0.OJ006 0.00009 0.0000'; 0.00019 Itt 1. SOl) 0.00000 0.00002 0.00002 0.00001 0.00004 

I 
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SECOUO EXPT.. R£YNOLDS STRESSES AT 5TH. ~, , .. -Z9.84 eM. 

i 
1. 

OUTPUT NONDIMENSIQNALIZED ON fRICTION VELOCITY 

PT f/Ofl WIUTSQ USillUTSQ VSQIUTSQ WSQ/uTSQ QSQ/UfSQ A SHF.AR CORR ANISOTROPY 
1 -

I 0.091 0.9912 3.861 1.1t57 Z.~I6 7.531t 0.1l! O.lttl O.OlS 

! 2 0.112 0.9855 J.749 1.1007 2.115 7.271 0.136 0.1029 0.037 
3 o.ns 0.9847 3.617 t.J8J 2.025 7.024 0.140 0.1t .. 0 0.039 
It 0.170 0.95S8 3.475 1.359 1.932 6.766 0.142 0.441 0.040 
5 0.210 0.9285 3.236 1.319 1.889 6.444 0.144 0.10109 0.042 
6 0.259 0.8729 2.997 , .276 1.777 6.051 0.144 0.446 0.042 
7 0.320 0.8203 2.708 1.206 , .689 5.603 0.146 0.1054 O. Ott 3 
8 0.395 0.7330 2.341t 1.102 1.5Z5 4.971 0.147 0.456 0.Olt3 
9 0.487 0.6183 1.927 0.953 1.317 4.19~ 0.147 0.456 O.O:'J 

to 0.600 OJ.783 t .... 68 0.771 I. (II" 3.257 0.147 0.450 0.043 
11 0.7ltl 0.1189 0.959 0.5ll 0.6"'4 2.136 0.149 0.4"'6 0.Olt5 
12 0.914 0.1428 0.375 0.271 0.258 0.904 0.158 0 .... 48 0.050 
tJ '.128 0.0447 11.055 0.073 0.049 0.177 0.253 0.710 0.128 
14 1.3\'1 0.0000 0.013 0.014 0.(,07 0.034 0.000 0.000 0.000 

OISPLACEHEt-ii THICKNE'lS = 0.533 Ctl. tIOrtfNTUtI THICKNESS = 0.404 Ctl. DElTA 99 .. 3.680 Ctl. 

MOMENTUM THICKNESS REYNOLDS NO. = 3766. UTAU = 0.604 HlSfC I..'PW .. 15.04 rvSfC 

OUTPUT NOtIDIHENSIONALIZED ON WALL V£LOCITY 

PT fiDel UVIUPWS USQ/UPI/S VSQ/UPWS WSIl/UPW:l QSQ/UPWS 
1 0.091 0.00160 0.0062Z 0.0'lZ35 0.00357 0.01213 
2 O. I IZ 0.00159 0.00604 0.002Z7 0.00341 0.01171 
3 O.llII 0.00159 O.OOSS:: ".oozn 0.00326 0.011 11 
4 O. I 70 0.00154 0.005 .. 0 0.00219 0.00311 0.01090 
5 O.ZIO 0.00150 O.OOS~I 0.0021Z 0.00304 0.01018 
6 0.259 o oal41 0.00483 0.00':06 0.00286 0.00974 
7 0.3:'0 0.0013:! 0.00436 0.00194 0.00272 0.00902 
8 0.3Q5 0.001 'III 0.00377 0.00177 0.00246 0.00800 
9 0.4~7 0.00100 0.00310 0.00153 O.OOZI:: 0.00676 

III 0.600 0.00077 0.00236 0.00124 0.00164 0.00524 
II 0.741 0.000<;1 0.00154 0.00086 0.00104 0.00344 
12 O. qt4 o.ooon 00060 ,I. 00044 ~.0004Z 0.0014b 
t) 1.1 Z8 0.00007 o.oo"Oq O.O':OlZ o.ooooa 0.000Z8 
14 I. J9t :1.00000 0.00001 Q.OOOIlZ O.OOOOt 0.00006 
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SECOND EXPT., REYNOLDS 5TPESSES AT 5TN. 6, S = 0.0 CM. (O.ODEG' 
1 

OUTPUT NO/IOIMHlSIOtl4LIZED ON FRICTION VELOCITY I 
PT YIDEL UV/UTSq USQIUTS~ VSQ/UTSQ WSQ/UTSQ Q5Q/UTSQ A SHEAR CORR ANISOTROPY 

I 0.047 0.9693 3.852 1.3H 2.298 7.S43 0.12" 0.418 0.033 

2 0.060 0.9654 3.527 1.454 2.234 7.215 0.134 C.4~6 !).036 

3 o.on 0.9921> 3.S6? f .449 2.185 7.204 0.138 0.436 0.038 

4 0.089 0.9872 3.470 1.474 2.126 7.070 0.1'+0 0.436 0.039 

5 0.110 0.9926 3.444 1.495 2.093 7. ~j I 0.141 0.437 0.040 

6 0.135 0.9942 3.391 1.504 2.077 6.972 0.143 0.440 0.041 

7 0.167 0.9397 3.246 1.500 2.0~2 6.770 0.139 0.4::6 0.039 

8 0.206 0.9202 3.088 1.470 1.939 6.4H 0.142 0.432 0.040 

9 0.254 0.8681 2.887 1 .4~5 1.880 6.192 0.140 0.4<:8 0.039 

10 0.314 0.8136 2.700 1.370 1.800 5.869 0.139 0.423 0.038 

11 0.387 0.7170 2.3'i'3 1.268 1.670 5.331 0.134 0.412 0.036 

12 0.478 0.6205 2.060 1.13~ 1.495 4.686 0.132 0.406 0.035 

13 0.589 0.5099 1.6b5 0.945 1.242 3.852 0.132 0.407 0.035 

14 0.727 O. '3682 1.236 0.701 0.889 2.8~6 0.130 O.Hb 0.034 

15 0.896 0.1837 0.681 0.423 0.477 1.582 0.116 0.342 0.027 

16 I. lOb 0.0483 0.207 O.ln 0.140 0.539 0.090 0.242 0.016 

17 1.364 -0.0008 0.022 0.039 0.019 0.080 -0.010 -0.027 0.000 

1 
1 

DISPlACEMEN' THICK~lESS = 0.551 eM. MOMEt.HUM THICKNESS -= 0.404 eM. DELTA 99 = 3.754 eM. 

MOMENTUM THICKNESS REYt<OlDS fm. = 1763. UTAU ::: 0.1)81 M/SEe UPW = 15.00 M/SEC 

OUTPUT NONDIM£~J5ICNALlZEO ON WALL VELOCITY 

PT YIDEl uV/un.s USQ/UP\.IS VSQ/UPWS WSQ/UPWS QSQ/UPt-IS 

1 0.047 0.00145 0.00578 0.00209 0.00345 0.01132 

0.0'>0 0.00145 0.00529 0.00218 0.00335 0.01083 

3 0.072 0.001':'? 0.00536 0.00217 0.00328 0.010131 

4 0.089 0.001·,8 0.(10521 0.00.021 0.00319 0.01061 

5 0.: fO O. (l01 '+ '} 0.00517 0.00224 O.OO~IS 0.01056 

6 0.135 0.00149 0.00509 0.00226 0.00312 0.01046 

7 0.167 0.001':'1 0.00,,87 O.002~5 0.00304 0.01016 

8 0.20~ 0.00138 0.00463 0.00221 0.00291 0.00975 

9 0.254 0.00130 0.00433 0.00214 0.00282 O. 009Z9 

10 0.314 0.00122 0.00405 0.00201; 0.00270 0.00831 

II 0.367 C.C!JIC8 0.0030. 9 0.00190 0.00251 O. 00800 

12 0.478 0.OOCQ3 0.0030 Q 0.OC\70 0.OC224 0.C0703 

13 0.5131 0.00077 0.00250 0.00142 0.00186 0.00578 

1 ,+ O. i'27 :).00055 0.00186 0.00105 O.OOIH 0.00424 

15 0.896 0.00028 O.OOICZ 0.00064 0.00072 0.00237 

16 1.106 0.00007 0.00031 O.00Q~9 0.00021 0.00081 

17 1.364 -O.oacoo 0.00003 0.00006 0.00003 0.00012 

.. 
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SECOND EXPT., REYNO LOS STRESSES AT STN. 7. S = 10.39 C!'t. Ilt.eo OEGI 

OUTPUT HONDI!'t£NSIONAlIlEO ON fRICTION VELOCITY 

PT YIOU W/\JTSQ USQIUTSQ VSQ/\JTSQ WS~/\JTSQ QSQ/UTSQ A SHUR CeRR ANISOTROPY 

• 

, .. 

I a.03f> O.750f> 1.979 
2 0.043 0.70ql) 2.853 
J 0.056 0.6215 Z.755 
4 0.069 0.5 .. 42 :.664 
5 11.084 O.'H46 2.SM 
6 0.10 .. 0.4075 l.5H 
7 e.l ~9 0.4114 2.491 
8 0.I5Q 0.3J66 2.419 
9 O.lq6 0.3072 ~. ]7q 

.0 o.~q~ 0 ..... 0 Z. :60 
11 O.::'Q6 0.::'106 Z .oqo 

'Z O. ~66 O. tB7~ I.SQ6 
13 0.453 O. '456 1.5 i .. ... 0.559 0.094!' t .::~z 
15 0.6'10 0.03 .. 5 0.773 
16 0.651 0.005' 0.::8S 
17 1.049 0.0000 0.050 

DISPLACHIENT THICKNESS = 0.676 CM. 

HONEN;UM THICKNESS REYNOLDS NO. : 

1.309 I.Q44 6.ZJZ O.IZO 0.380 
l.t40 1.839 5.931 0.IZ0 0.377 
I. 11:: I.nf> 5.5'n 0.111 0.355 
1.028 1.642 5.334 0.102 0.329 
0.1;82 1.563 5.134 0.092 0.298 
0.961 1.507 5.005 0.081 0.::61 
0.q81 1.501 4.9;5 0.083 0.263 
0.Q96 1.472 4.906 0.069 0.216 
o.qn 1.463 4.6::9 0.064 O.~OO 
0.974 1.437 4.670 0.059 0.185 
o. q::7 1.3'>0 4.1f>7 0.053 O. '66 
0.e .. 7 , .~~9 3.97Z 0.047 0.148 
0.7l] 1.065 3.392 0.043 0.136 
0.570 0.8:1 2.613 0.036 0.1t 3 
0.397 0.4Q6 1.66f> 0.021 0.062 
0.199 0.'99 0.683 0.007 O.OZI 
0.004 0.049 0.163 0.000 0.000 

MONENTUM THICKNESS: 0.513 CM. DelTA 99 

4111'\9. UTAU ;: 0.51\4 tVSEC UPW = 

OUTPUT NCNOIMENSION4llZED ON WALL VElOCITY 

PT Y/DH uv/urws US'l.·UPWS VSQ:UPWS WSQ/Uf'WS QSQ/UF'WS 
0.0~6 0.00110 0.00.:.38 0.001 qz 0.00;:86 0.00916 

2 0.0 .. 1 0.(1010 .. 0.00 .. 19 O.OOIS;: 0.00::;0 0.00872 
1 0.CS6 O.OO('~I 0.00 .. 05 O.OOIf.) 0.00':5 .. O.OOS;:': .. O. o!>,~ O.OOOf\O 0.00191 0.00151 0.00.:: .. 1 0.0076 .. 
5 O.V'l" 0.0(1070 0.OO3t'0 0.001 .... O.OO;:JO 0.0075 .. 
6 O_tO ... 0.OC0t>Ll 0.00 L' \ 0.001'" 0.00;:'" 0.00,31> 
7 O. 1;:9 O.OCOoO O.OOJM. 0.00144 0.00:::1 0.00731 
II 0.15Q 0.0('0 .. 9 0.00J<'8 0.00146 O.OO:lb 0.007;: I 
9 O. t 96 0.\)00 .. 5 0.003..9 !)'00146 0.00::15 0.0071r: 

.0 O.:'t~ 0.000·.0 t!.oon: 0.00143 0.00:1 I O. O(l~,86 
II 0.2 Q8 0.000 H 0.00J07 O.CODb 0,00198 1'.00642 
I: O. 3t-1\ ().000.~8 0.00;:;9 0.1101;: .. 0.001~1 0.00584 
13 0 ... <;3 0.000.:'1 (1.00;'" o.coloe 0.00159 0.00499 
14 0.5c,0 0 0(10' .. 0.00180 0.0008 .. 0.00121 O.OOlIN 
IS O. t>~0 0.0('005 0.or)1I4 0.000<;8 O.OOOll 0.00: .. 5 
16 0.8<;1 0.00001 O.OOO .. ~ 0.000;:9 0.000.:'9 0.00100 
17 '.O .. q 0.0(11'00 0.00007 0.00009 0.00001 0.000.:'4 

" 

I 
] 
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0.029 
0.029 
0.OZ5 
O.OZI 
0.017 
0.013 
0.014 
0.009 
0.008 
0.007 
0.:106 
(!. 0\)4 
0.004 
0.003 
0.001 
0.000 
0.000 

:: 4.879 CN. 
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1 
SECONa EXPT .• REYNOLDS STRESSES Al" STN. e. S : 25.1':' CI'I. 131.7 DEGI 1 

OUTPUT NONDIMENSION.lIZEO ON FRICTION VELOCITY 

PT YIOEl UV/UTSQ USQ/uTSQ VSQ/UTSQ W'SQ/UTSQ QSQ/uTSQ A SHEAR CORP ANISOTROPY t 0.046 0.8868 Z.67l \.462 ~.048 6.181 0.143 0.44~ 0.041 
2 0.060 0.805? 2.446 I. 3~8 I. QJO 5.704 0.141 0.4':'7 0.040 
3 0.074 O. 73~5 2.312 1.241 1.811 5.364 0.137 0.432 0.037 
4 0.091 0.6579 <= .lbO 1.13~ L 71S 5.016 0.131 0.4<.'0 0.034 
5 O. tl2 0.559 .. 1.991 1.047 1.001 4.1>46 O.IZO 0.387 0.0~9 
6 0.138 !I.45~9 , . no 0.9b7 1.4')7 4.234 0.107 0.34E. 0.023 
7 0.171 0.l404 , .648 0.881 1.390 3.919 0.089 0.290 0.016 
8 O. Z' 1 0 .... 458 1.50 I o eo':-2 1.307 3.660 0.067 0.217 0.009 
9 0 .... 60 O. l't43 , .408 l!.845 ! .... S4 3.507 0.0':'1 0.132 0.003 \0 0.3<.'0 0.0716 ,. H2 OSH \ .18! 3.356 0.023 0.073 0.001 

\I 0.395 O.O~Z9 1.270 0.841 1.127 3.B8 0.007 0.022 0.000 12 0.487 -0.0408 1.14':' 0.7en 1.023 2.960 -0.01" -0.043 0.000 
13 0.601 -0.0916 0.979 9.691 0.8'::4 2.4~4 -0.037 -0." 1 0.003 14 0.742 -0. I 35i. 0.707 0.537 0.570 1.814 -0.0;5 -0.220 0.011 
IS 0.915 -0.0~75 0.281 0.2 9 3 O.2:J7 0.81Z -0.120 -0.340 0.i)29 
16 1.129 -0.009!J 0.046 0.OS7 0.029 0.162 -0.055 -0.141 0.006 
17 1.392 0.0010 0 '! 1 0.017 0.012 0.040 0.025 0.072 0.001 

I 
I 

DlSPLACEME"lT THICKNESS = 0.744 CM. MOHEtHUN THICKNESS: u.53c. CM. DElTA 99 = tI.536 CM. 

MONENTUl1 THICKNESS REYNOLDS NO. :: 4983. UTAU = 0.521 M/SfC UPW : 15.01 MlSEC 

OUTPUT NONOINENSICNAlEEO ON WALL VELOCITY 

PT Y/DEl UV,'UF'I4S USCt/UPI45 VSQ. u.I<S WSQ,"urws QSQ/UPIoiS 
1 0.04t> 0.00101. 0.003 .... ' 0.00175 O.OI)~"'b 0.007 .. 2 
2 0.060 0.00097 0.OO2Q.\ 1).00159 0.00:?3.? 0.006.9 .. 
3 0.074 0.00ce·8 0.00U7 0.001':'9 0 00~'7 0.006':'4 .. 0.091 0.000i9 0.01)~59 0.00 n 1 0.0;)206 0.0060;:' 
5 0.112 O. OO~,,;" 0.00 ...... 0 0.0012& 0.001".? , .... 00557 
6 0.138 O.OCOS .. 0.OO~12 O. O:ll 16 0.00180 0.00508 
? 0.17\ O.oco ... :: 0.001<;18 0.00106 0.00167 0.00470 
6 0.211 0.00O~9 0.00180 0.0010 .... 0.00157 0.00':'~9 
9 O. Zt,o 0.00017 0.0016<;1 O.!)OIOI 0.00150 0.00,.21 

10 0.320 O.GOOv~ O.COlbO 0.00101 0.COI4;' 0.00 .. 01 
11 0.3 1 5 O.OtJOJ; (l.OOI5;' 0.00101 o.oons 0.00388 
IZ 0.487 -O.OOOJ:- 0.001)1 0.000"" O.OOIZ\ O.()U~"5 
1J 0.601 -0. OOOf I O. OU 1 I t"- O.OJ0.33 0.00099 0.00,' ''l 
14 O. 74~ -0.onO!6 O.ODeSS 0 OOCIl·. (1. 0006~ 0.00:18 
15 0.915 -0 .oe" t:: O.OOOh O.QOC~') 0.000:8 (L 000<'>' 
16 1.1;:9 -O.OOCOI O.OOOG'> O. Q,)O I 0 O.OOCO; 0.O~Ol9 
17 1.3<l;! 0.00000 O.OO()OI O.O:J~O~ 0.00001 0.0000'5 

" , . 

# 
. . 
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SECOND EXPT .• REYNOLDS STRESSES AT 5TH. 9. S " flI.4& tH. (52.&2 OEG) 

OUTPUT HONDIHEHSIOHALIZED ON FRICTION VElOCITY 

PT Y/OH lNlUTSQ USQIUTSQ VSQ/UTSQ WSQ/UTSQ QSQ/UTSQ A- SHUR CORR ANISOTROPY 
I 0.044 0.9Z87 2.749 1.530 2.035 6.114 0.147 0.451 0.041 

2 0.056 0.8486 2.558 I.HZ 1.92l 5.853 0.145 0.453 0.042 

3 0.071 0.7949 2.438 1.105 1.838 !i.581 0.142 0.446 0.041 

it 0.067 0.7248 2.306 1.164 1.749 5.241 0.138 0.439 0.038 
5 0.108 0.6364 2.180 1.078 1.626 4.H8;' 0.130 0.415 0.034 
6 o.tn 0.5425 1.95Z 0.943 1.498 4.393 O.'Zl 0.400 0.030 
7 0.165 0.4508 1.670 0.821 1.343 J.SH 0.118 G.385 0.028 

8 0.203 0.3559 1.415 0.707 1.207 3.329 O. 107 0.356 0.0~1 

9 0.251 0.2140 , '" ~o~ O.b37 1.093 2.9l1 0.093 0.313 0.017 

10 0.309 0.:136 1.031 0.603 0.994 2.631 0.081 O.Vl o.on 

" 0.381 0.1MI 0.912 0.5Q5 0.914 2.4Z0 0.069 0.226 0.009 
lZ 0.470 O.! 143 0.e02 0.b09 0.838 Z.~ ... 9 0.051 0.1b':' 0.005 

13 0.580 0.0421 0.688 o.sqa 0.729 Z.Of5 0.021 0.066 0.001 
14 0.715 -0.0108 0.551 0.597 0.541 1.689 -O.OOb ~O .01 9 0.000 
15 O.MZ -0.0399 0.263 0.401 0.275 0.938 -0.043 -0.121 0.004 

16 1.089 -0.0108 0.042 0.111 0.068 Oa~Zt -I), 049 -0.158 0.005 
17 1.143 0.0000 0.01 .. 0.025 0.016 0.055 0.000 O.OOC 0.000 

DISPLACEMENT TlHCKNESS ; 0.825 eH. MOMENTUM THICKNESS" 0.577 CH. DELTA 99 = 4.704 eH. 

MO~ENTUM THIC~NES5 RE~NOL05 ~ro. ~ 5414. UTAU " 0.500 H/5EC UPW = 15.14 tVSEC 

OUTPUT ~lOtlOIMEN5IONALIlEO ON WALL VElOClf'f 

PT "/OEL tN/UPWS USQ/UPWS V5Q/UPWS WSQ/UPIoi5 QSQ/UPWS 

1 0.044 0.00101 0.00300 0.00167 o.oo;:z~ 0.00b88 

:: 0.Cl58 O.OO·)Q) 0.00::79 0.00150 O.OOZ,O 0.00638 

:5 O.tHI 0.000S7 O.00~61:> 0.001 .. 2 0.00:00 0.00608 .. o .0137 0.000;'1 0.00:5': O.OOl':~ 0.00191 0.00571 
5 0.108 O.OOO/)Q 0.()O;:3~3 0.00118 ~.OOI 'i7 O.OOSH 
6 O.!.H 0.OO05~ O.OO~13 0.0(1103 0.00163 0.00 .. 79 
7 0.165 0.000':'<:1 0.0018:' 0.000<:10 0.001 .. 6 0.00"'8 
l\ 0.:'03 0.00039 0.00154 O.Ov;;~1 0.0013~ 0.00363 
9 O. ;:<;1 0.000'0 O.oonl O.OOO~'1 0.00119 0.003':0 

10 0.30<) O.C()O~J 0.00113 0.00066 0.0010~ 0.00:87 
II O. )81 O.OOOIS 0 000'19 0.00C1-5 0.0010') 0.00:&4 
1': 0.470 0.0001;' O.OOOS7 0.00001:> 0.00091 O.oo~.:.s 

IJ O. ~.~o 0.00005 0.00075 0.OOCo5 O.OOOiq (1.00;:;:0 
I .. 0.715 -0.00001 0.00000 0.000~5 0.00059 0.00184 
IS O.B8~ -o.oeoo .. 0.000;: ') 0.000 .... 0.00030 0.00102 
II:> 1.089 -0.00001 ~.OOOO', O.OO(,I;! 0.00007 0.000':4 
17 1.3-<3 0.00000 o.ooco.' 0.00001 O.oooo~ 0.00006 
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I 
SECONO EXPT .• rnnlOlOS STRESSES AT 5TH. to. S = 61.12 CM. 173.570EGI 1 

OU1PUT tlOtIDIHEtlSIOtIALIlEO ON FRICTION VELOCITY I 
PT Y/OH UV/UTSQ USQ/UTSQ VSQ/UTSQ WSQ/UTS~ QSQ/UTSQ A SHEAR CORR ANISOTROPY 

1 0.044 0.8349 Z.377 1.386 1.876 5.639 0.148 0.460 0.044 
Z 0.057 0.76~6 2.160 1.256 1.767 5.Z03 0.147 0.461 0.043 
1 0.070 O. 7J4~ 2.0iY4 1. ;:00 1.6.'39 4.962 0.148 0.1.66 0.044 
4 0.086 0.6713 I. -171 ,.'U. 1.623 4.719 0.144 0.455 0.041 

T 
1 

5 0.'06 0.6215 1.860 1.059 1.53' 4.450 0.140 0.443 0.039 
6 0.13' 0.550 .. , .678 0.<;1'+5 1.4t4 4.0J? 0.'36 0.437 0.037 
7 O. '62 0.4497 '.472 0.81 '. , . Z5' 3.537 0.' ;'7 0.4' I 0.03:! 
8 O.lOO 0.3370 , .24Z O. 65 ~ 1.063 2. <;)65 0.',4 0.172 0.0~6 1 
9 0.N7 O.2~43 0."30 0.525 0.874 2.378 0.094 0.313 0.018 

10 0.304 0.1 '}68 0.80'1 0.4'7 0.728 1.°54 0.070 o.ns 0.010 
II O. :ns 0.09'9 0.703 0.370 0.651 1.70:4 0.053 0.180 0.006 
'2 O.46~ 0.0689 0.63'- 0.356 0.602 1.592 0.043 0.145 0.004 
13 0.57' 0.0 .. ::7 0.5·.8 0.3<;9 0.535 , .442 0.03Ci 0.096 0.002 
14 :1.70,+ 0.0416 0.450 0.377 0.-<37 , .~6S O.OB 0.101 0.002 
15 0.868 0.0' .. ;: 0.2~':' 0.312 O.2Zb 0.762 0.019 0.054 0.001 
16 1.071 -0.0060 0.042 0.110 0.065 0.218 -0. 030 -0.096 0.002 
17 , .321 0.0219 0.0'7 0.028 0.0('0 0.066 0.3:'03 0.990 0.22: 

OISPL4CfM~NT THICKNESS = 0.861 CM. HONENTUtl H'ICKNESS = 0.5<;17 (H. OHTA 99 = 4.780 CM. 

I1CMHHU~1 THICKNESS RtlNOlOS ~;O. = 563/' . UTAU = 0.49, M/SEC UPW = 15.26 M/SEC 

OUTPUT NCNOIMfNSIGNALIlEO ON WALL VELOCITY 

PT y/OEL IN/UP\.IS US'l/up,",s V<;,VU~'''5 WSQiU"\.IS QSC<-UPIoJS 
1 0.044 0.00'),33 O.CC:fj2 0.(>0147 0.C'OIQ9 0.00597 
Z O. OC; 7 0.0003' 0 Cil::q (1.001:; I 0.00187 0.00551 
3 0.070 0.000;8 0.00~::0 o. co 1:: l 0.0017'l O.OO5~6 

4 0.08~ C.OOO;Z O.OO:'J9 0.00 I 19 O. (lOf ;~ 0.00500 
5 O. 100 0.OCO~6 0.00197 n.iJotlz 0.OOI6~ O. OC" ,'1 
6 0.13' O.COO58 0.0017$ IL00100 0.00150 0.00 .. ,,9 
7 O. ,,,,: 'J.000· ... 5 O.OOISt> 0.0001)6 0.00112 0.00375 
.:. O.~OO O.oe03.., O.OOlJ~ 0.00070 0.00113 0.00314 
~ o. ~':t7' 0_ CC02·. a.OOt04 0.0005t. o.ooo'n 0.00252 

'0 0.304 O.OOJ! .. O.,108.~b o. 000· • .:. o.ooon 0_OO~07 

It O. F~ O.CC'OlO 0 C ,j 0 ~'''' 0.000 q 0.on069 0.00183 
1 ~ 0."";: o_o~(:o~ J.:JJJb7 O.oeBS 0.00C64 O. C:) 16'J 

n 0.5 i'l 0_ OOC.'S ~.CCiJ55 O.OOu33 0.00057 0.00153 
14 0.704 o.oac<,. J. :lOO·.3 O.OOO .. C 0.000 .. 6 0.00134 
15 O. ,q".,\ O.OJO\.";:, O. 0')0:':_ 0.OC0J' O.OUO:' .. J.OO,M' 
16 1.071 0.00001 0 .C~0r.~ 0 00012 0.00007 0.00023 
17 I _ 32' 0.0(100.' 0 ,'1(; vo: ().O~OJJ O.OOOO~ 0.00007 

. . . 

. - . _. 
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S£CONO EXPT., R£YNOLDS STRESSES AT 5TH. 12, S = a8.~7 CH. 

1 
ruTPUT Hotm IMENS IDNlLlZED ON fRICTION V£LOCITY 

PT YIOEl lNlUTSQ USQIUTSQ VSQIUTSQ WSQ/UTSQ QSQIUTSQ A SHEAR CORll ANISOTROPY 

1 - , 0.037 1.0901 3.651 1.81 I 2.703 8.165 0.n4 0.~:!4 0.036 

f Z O.O~~ 1.0704 1.~68 1.747 2.543 7.758 O. I 38 0.435 0.038 

.. 3 0.OS7 I.0~"4 3.:lll 1.7Z3 2.436 7.4,0 O.I~S 0.454 0.042 

4 0.070 1.1147 3.ZS0 1.750 2.380 7.380 O. lSI 0.467 0.046 

, . 5 0.086 1.1237 3.IQ4 1.7SZ Z.335 7.Z81 O. IS,. 0.475 o .04~ 
, 6 O. 107 1.1499 3.163 1.744 Z.JZO 7 .2~7 0.IS9 0.4 0 0 0.051 

I 7 0.132 1.1455 3.103 1.60 2 z.ve 7.01l 0.16Z 0.5-'0 0.052 

• & 0.163 I. 0778 Z.Q48 I.S8e, Z.141 6.674 0.161 0.499 a.05:! 

9 O.ZOO O.OSOS Z.S8~ 1.3n , .915 5.S69 0.16Z 0.505 0.052 

.- 10 O.~47 0.753:' Z.Obl; 1.060 : .5bO 4.654 0.161 0.509 0.052 . 
11 0.305 0.5~~9 1.442 0.771 1.15 .. 3.367 0.155 0.496 0.046 

• I:! 0.3;b O. :B9 \ 0.Q~3 o.~n 0.830 Z.~Q? 0.148 0.485 0.04 .. 

13 0.4600 O.~35:' 0.695 0.387 0.654 1. Bb /J. I 35 0.454 0.017 

14 O.57~ O. , 8·.« o .Ml 0.B7 0.5bO 1.4C18 0.1 <:3 0.410 0.030 

i 15 0.70b 0.1615 O.S01\ 0.3;:5 0.40:' 1.295 O.IZS 0.397 O.inl 

.. 16 o.en o. 1057 0.3;:0 0.273 0.::6:! 0.855 O.IZ4 0.357 0.0:51 

17 1.075 0.0000 O.OS/> 0.1 Ii! 0.Ob3 0.231 0.000 0.000 0.000 

18 I. J;:b -0.C006 0.0::0 0.041 0.030 0.098 -0.008 -0.Oo?5 0.000 

r DISPLACEMENT THICKNESS : 0.8,9 eM. MO(1ENTUM TH IC"N~ SS = 0.597 CI1. OHTA 99 = 4.765 CH. 

MOMEHTUM TtHCKtlf:SS RElNOLOS NO. = 58.:'9. UTAU = 0.487 /1/SI'C UPW : 14.97 MiSEC 

j OUTPUT NONOIMfNSIONALIlEO ON WAll VElOCITY 

1 PT Y/OH UV/upws USQ/UPws VSQ/UPWS WSQ/lIPWS QS~/UPWS 

1 O.CH 0.00116 0.00387 0.00192 0.00.:'37 O.OOtl66 

Z 0.0 .... O.OOlll 0.OO~"3 O.OOlS') 0.00~70 o.ooa~~ 

3 0.057 0.00115 0.00551 0.OOl8l 0.00.:'58 0.007.:)~ 

I 
.. O.OiO 0.00118 0.003 .. 5 0.0018t. 0.00:5.:' 0.0078~ 

5 0.08~ 0.0011 9 0.00339 0.001M 0.00;::'8 O.OO7il 

6 O. to 7 O.OOI~:' O.OOBS O.OOlllS O.OO~ .. b 0.00766 

7 0.1 JZ 0.001;:1 0.003Z9 0.00179 0.00.:'41 0.00750 

8 0.101 0.00114 0.00312 0.00168 0.00::: 7 0.0070S 

I 
q 0.:00 0.00 10 I 0.00:7':' 0.00145 O.OO:Ol O.OO~.:'~ 

10 o. ~"t: 0.00030 0,OC~l9 0.00112 0.0011.5 O.00 .. Q7 

11 0.305 O.OOQS'> 0.00151 0.0008~ O.OOl:~ 0.00V;7 

IZ O. ~;6 O.OCO~t> 0.00101 0.0005 .. O.OJO":I 0.00: .. 3 

I 
n O."/-:' O.OOO~5 0.000i' .. 0.000 .. , O. COO09 0.0018 .. 

I .. 0.57~ (I.OOO.~O o,oC'c~ .. 0.00036 0.00059 0.00159 

15 0.70" 0.00017 0.000'> .. O.OOG~ .. 0.000 .. 9 0.00137 

16 I). tI" a.ooclI 0.0003'+ 0.00(':9 0.000;'8 O.OOOQI 

17 1 .07'> 0.(10000 O.OOoC" 0.01'01:' O.OOOO~ 0.000:" 

1 
18 1.3:6 -o.oecoo 0.0000\ 0.0000 .. 0.00003 0.00010 

1 
1 
.' 
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SECOND EXPT.. RE nlOlO~ STRESSES AT STN. Il. S ,. 103.71 eM. 

OUTPUT :lOtIDINENSIONALIlED ON FRICTION VElGCITY 

PT Y/OEl UV/U,SQ USQIlJTSQ VSQ/UT5Q WSQIlJTSQ QSQ/UTSQ A SHEAR CORR ANISOTROPY 

I 0.OJ7 1.07QI 4.IIZ 1.793 2.801 8.106 0.124 0.397 0.031 

2 0.043 1.0766 3.944 1.764 2.658 8.366 0.129 0.408 0.031 

3 0.056 1.06 Q 4 3.759 1.730 Z.516 8.005 0.1l" 0.419 0.036 ,. 0.069 1.07H 3.690 1. 71 2 2.441 7.843 0.1l7 0.429 0.018 

5 0.085 1.08QQ 3.589 1.716 2.40') 7.709 0.141 0.439 0.040 

6 0.105 1.0996 3.530 1.729 Z.371 7.635 0.144 0.445 0.041 

7 O. 110 1. 1032 3.430 1.725 2.351 7.506 0.147 0.454 0.043 

8 0.160 1.1201 3.3-+2 1.6'n 2.334 7.174 0.152 0.470 0.046 

9 0.198 1.0166 3.268 1.67.0 2.222 7.109 0.151 0.468 0.046 

10 0.244 0.98'13 Z.967 1.449 2.057 6.473 0.153 0.476 0.047 

11 0.301 O.8~:O Z.482 1.194 1.716 5.392 0.152 0.477 0.046 

12 0.371 0.57::1 1.751 0.8B 1.261 3.8,.5 0.149 0.474 0.044 

Il 0.457 0.3693 l.113 0.528 0.866 2.507 0.147 0.482 0.043 

14 0.564 O. ~655 O. ;50 o.:ns 0.647 1.772 0.150 0.501 0.0,+5 

15 0.6'<6 0.Z136 0.614 0.3~0 0.501 1.435 0.149 0.482 0.0{.4 

16 0.859 0.1376 0.388 0.252 0.Z85 0.925 0.149 0.440 O. 04', 

17 1.059 0.0169 O.O'N O. I 29 0.088 0.31 I 0.054 0.154 0.006 

18 1.307 -0.0024 O. 031 0.051 0.034 0.116 -0.021 -0.061 0.001 

PISPLACENENT THICKNESS = C.e'l7 eM. MOMENTUM THICKNESS = 0.612 eM. DELTA 99 = 4.834 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 5679. UTAU ~ 0.492 KlSEC UPW = 14.97 M/SEC 

OUTPUT NOND IMENSIOtlALIlED ON wAll VELOCITY 

PT Y /OEl. UV/UPWS USQ'UPIolS VSI]/UF .. ..lS WSIJ/UPWS QSQ/UPWS 

I 0.037 0.001 I 7 0.00'+'+4 0.C01 Q4 0.00303 O.OOQ':'O 

2 0.0'+1 0.00116 0.00':'26 O.OOIQl 0.00287 0.0090':' 

3 0.056 0.00115 0.00,,06 O.OCH" 0.00272 0.00865 

4 0.069 0.00116 0.OO3~l Q.O'Jl€5 0.OO2t-'+ 0.ooe«7 

s 0.085 O. co 118 0.00388 0.0011'·5 0.00;:60 0.00833 

6 O. 105 0.0:) 11 'I ,1.00381 0.00187 0.00<'57 0.00825 

7 O. I 30 0.00 11 '1 0.00:; 71 0.001S6 0.00~54 O. 00811 

8 0.160 O. 00 1: 1 0 00 »)1 'l.COI8\ 0.00252 0.00796 

9 0.198 0.00116 0.00:;51 0.COI'5 0.00;:40 0.00708 

10 0.24':' 0.00107 0.OO3~O 0.0:;156 O.OO~2: 0.006 Q9 

\I 0.501 o OOJ"·' 0.00:' '>"'- 0.0012C! O.~O~85 0.00582 

12 0.17 I 0.0001,2 O.CCI8'1 O.OOO?O 0.C0136 0.00'+15 

13 0.457 0.000,.0 0.00120 a.OOO:'7 0.00093 0.00271 

14 0.56-+ o.oo('~~ G.G0031 0.000 .. 1 0.00070 0.00191 

15 0.696 0 C~J23 0.OOOe6 0.00035 0.0005'+ 0.00155 

16 0.1\50;1 O.OOC~S o.ooo .... ~ 0.J0027 0.00031 0.00100 
, 7 1.05': 0.00002 0.00010 0.0001 ... 0.00009 0.0003'+ 

18 1.301 -0.00000 o.OO()O~ O.COOOI> 0.0000'+ 0.00013 

2'14 

1 
1 
1 
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SECOND EXPT.. REYNOLDS STRESSES AT STH. 14. S .. 118.95 CH. 

OUTPUT HONDIHENSIONALIZED ON FRICTION VELOCITY 

PT YlDEL lNlUTSq USQIUTSQ VSQ/UTSQ WSQIUTSQ QSQ/UTSQ A SHEAR CORR ANISOTROPY 

, 0.036 , .0180 4.069 , .706 2.702 8.478 0.120 0.386 0.029 

2 0.042 1.0065 4.051 1.654 2.601 8.308 0.121 0.389 0.029 

1 0.054 1.0168 1.717 1.608 2.449 7.834 0.130 0.413 0.014 

4 0.067 , .0363 3.696 1.628 2.389 7.714 O. I 14 0.42Z 0.036 

5 0.082 1.0443 1.660 1.657 2.341 7.660 0.136 0.424 0.037 

6 0.102 1.0696 3.578 1.650 2.321 7.549 0.142 0.4~0 0.040 

7 0.126 1.0742 1.536 1.679 2.300 7.516 0.143 0.441 0.041 

8 O. ISS 1.0856 3.412 1.679 2.294 7.445 0.146 1).450 0.043 

9 0.191 1.0707 1.31l 1.657 2.258 7.228 0.148 0.457 0.044 

10 0.236 1.02 I of 3.182 1.580 2.163 6.925 0.147 0.456 0.044 

" 0.2'11 0.9435 Z.?86 1.402 1.97Z 6.160 0.148 0.461 0.044 

IZ 0.359 0.7715 2.459 1.141 1.650 5.252 0.147 0.460 0.041 

13 0.442 0.5468 1.7H 0.794 1.206 3.734 0.146 0.4b6 0.043 

14 0.5"1) 0.3531 1.0S7 0.497 O. ,',9 2.182 0.148 0.481 0.044 

15 0.673 O.Z52~ 0.745 O.HO 0.563 , .648 0.153 0.501 0.047 

16 0.810 0.1697 0.481 0.257 0.340 1.079 0.157 0.48:! 0.049 

17 1.070 0.0344 O. I 20 0.1 ZZ 0.101 0.342 0.101 0.2S5 0.020 

:8 1.264 -0.0138 0.010 0.050 0.010 0.109 -0.126 -0.159 0.012 

r • 
:r 
.i 

• 

T 

J 

OISPLACEMENT THICKNESS = 0.922 CH. MOMENTUM THtCKNESS : 0.638 CH. DEl TA 99 = 4.C;99 CI1. 

HOMENTUM "HICK~lESS REYNOLDS NO. = 5S67. UTAU = 0.505 M/SEC UPW = 15.01 MlSEC I 
1 OUTPUT NOtro!MENSIONALIZEO ON WALL VELOCITY 

PT l/DEl UV/UPWS USQ/UPWS VSQ/UPWS WSQ/UPWS QSQ/\JPWS 

I 0.0 ~6 0.00115 0.00 .. 60 0.00193 0.00306 0.00958 

Z 0.04~ 0,00114 0.00458 0.00187 0.00~94 O.OOen? 

3 0.054 0.00115 0.OO4c7 0.00182 0.00277 O.OOSSb 

4 0.067 0.00117 0.0041S 0.001S" 0.00270 O.OOS72 

5 0.082 O.OOIIS 0.00 .. 1 .. 0.001S7 0.00:65 O.OOS66 

6 O. I 02 0.00121 0.00,+0,+ 0.00187 0.OOZ6c 0.00854 

7 O. 1:1, 0.00121 0.00 .. 00 0.00190 0.00;:60 0.00850 

S O. 155 0.001:3 O.OO~Ql 0.001<;)0 0.00~5'~ D.OOS .. ;: 

q O. 191 O.OO'~I 0.00F5 0.00lS7 0.OO~5S 0.00517 

1:1 O.:~" 0.00\15 0.003'>0 0.00179 0.00c"5 0.00783 

II O. :91 0.00107 0.00 Hg 0.00159 0.00~21 0.00719 

1l 0.359 0.('0087 0.01':;8 0.001ZQ 0.00lS7 0.00S,/4 

\3 (J.4 ... ~ 0.00062 0.001<;)6 O.oooqo o .00n6 0.00 .. 22 

1 .. 0.5 .. 6 0.000 .. 0 o.ooln 0.00056 0.000'10 0.00~6<;) 

,5 0.673 0.000;''1 o.oooe .. O.OOO~8 0.0006 .. 0.00186 

16 o. 8 ~o 0.00019 0.000"" o.ooo~q O.000~8 0.00l2~ 

,7 1.0;0 0.0000 .. 0.0001'+ 0.00014 0.000: I o.ooo~<;) 

16 I. ':6 .. -O.OOOO:! O.O"OO~ 0.00006 O.OOOOJ 0.00012 

1 
1 
I 
I 
I 
I 
I 
1 

255 

. . . 

.. 



J 
I 

SECONO fXPT •• REYNOLDS STRESSES AT 5TN. 15. S : 124.79 Ctl. 
) 

OUTPUT NO~lDIMEN~IONALllED ON FRICTION "FlOCJTY J 
PT liOEL UV/UlSQ USQ/UlSQ VSQ/UTSQ WSIl/UTSIl QSQ/UTSQ A SHEAR CORR ANISOTROPV 

I O.OlS 1.0409 4.51H 1.817 3.124 9.5Z8 0.109 0.3()1 0.024 

Z 0.041 1.011S 4.43~ I. ill 2.860 9.065 0.114 0.370 O.OZ() 

3 0.054 1.0307 4. f 78 f .61>6 Z .632 8.476 0.122 0.391 0.030 

4 0.066 1.0 .. 43 ".OQO 1.65, ;:.534 a.V() 0.126 0.402 0.03Z 

5 0.081 1.0443 4.010 1.682 2.431 8.1Z3 0.IZ9 0.402 O.OH 
b 0.100 1.0'ic>8 3.835 1.690 Z.400 7.9;:5 O.lll 0.415 0.036 

7 O. H4 1.07 .. Q 3.81~ 1.70 .. 2.390 7.914 0.136 C."Zl 0.037 I 
8 0.153 1 .0' '1~ 3.718 1.710 Z.3bZ 7.790 0.137 0.4~4 0.038 

9 0.189 1.0817 3.66:! 1.731 2.319 7.713 0.140 0.430 0.039 

10 0.233 1.0i·38 3.513 I 665 ~.~qq 7.471} 0.1 .. 4 0.444 0.041 

11 0.;:87 f .0149 !I. 106 1.577 2.21& 7.099 0.1'-3 0.4',5 0.1l41 

12 0.355 O. 8Q5'~ 2.Q36 I.38Q I. <;"il 6.2'n O.I"Z 0.444 0.041 1 
13 0.4\7 0.nC6 ~.4~2 1. I 10 l.nO':' 5.ll7 0.142 0.445 0.040 

14 0.539 0.501d 1.6'·Q 0.751 1.129 3.5'::9 0.142 0.451 0.040 

15 O.MS 0.3069 0.9Q8 0.44" 0.709 Z.152 0,143 0.461 0.041 

16 O.S:!I O.I'N:5 0.5'18 O. ~/.I5 0 ... ,7 1.300 O.IS} 0.483 0.047 

17 1.013 0.0;-02 1l.::H O.lbl 0.158 0.S5Z O. I 27 0.363 0.032 

]' 
18 I. :!'o9 -0.01i"0 0 038 O. Ob 3 o.o~q O. I 30 -0.1l1 -0.:550 0.034 

DISPLACEMENT THICKNESS = 0.940 CM. MOHfNrutl THICKtlESS :: 0.650 CM. eElU 99 :: 5.057 CM. 

MOtlENTUM THIC!\NE5! RE'NOlOS NO. = 5"68. UTAU = 0.5013 I'1.-·SEC UPW :: 14.97 M/SEC 

OUTPUT N(,HOINEt,S IONoI,LI lEO ON WAll VElOCIn 

PT Y/OEl uv,'uf'1o:$ US:l, ~IPWS \lS~··UFI.$ I.!SQ.UPIOS QSQ/UPWS 
I 0.035 0.001;:0 O. on,,: 7 O.CQ~O~ O.OO~t;~ 0.010°" 

Z 0.041 0.00 I 19 O.CO!'lO 0.OO~0'o i).oo,:o 0.010 .. :-

J a.OS'o O. CO 11" O.oo .. t'lO 0 001".' O.OO30~ 0.00";5 

4 O.O~6 O.C()I:O 0,00'070 0.001 "0 O.OC2'll O.OO'lSZ 

5 O.OSI O.OOI~O 0.00 .. 61 0.001"3 0.00.:'10 0.00Q3'o 

6 0.100 O.OOI~: 0,00 .. ':' I 0.(1\l1"4 o.oeuo 0.00'11 , I 
7 O. '~" O.OOI~'+ O.OC-.H 0.00191> O.OO~75 0.00Q10 

6 O.lq O. ,,(1 I ~:; O.OO·.~8 0.OC197 O.OO~/~ O. 008'~6 

9 0.18'1 0.001.:'0 0.0.' .. :: 1 0.0019,/ O.O~:·67 0.00837 

10 0.:'" O. (10 I ~, 0,00·.0-, 0.001''1 0.00;'''4 0.00860 

11 0,:0,; 0.O,111~ 0.00'1'10 O.OOldl 0,00:5<; 0.00816 

I ~ o. ,<;r; O.JJ1G1 o . 00.; \" O.OO:eO 0.00c:6 0.007'::4 

n 0 ... 31 o.oae,-"" 0.00."7"# O. 03 I 2,~ 0.00184 (\ .00591 

I .. 0.539 O,aOJ~3 O. Oll 1 ~() O.OOc"I" 0 00130 O.00'f06 

IS Q,H'> 0.000,,> 0,00 11" 0 00 ('I!. 1 ".OO0i\ .. '! O.Oo~ .. 7 

II> 0.1'\:1 I).00e:5 O.OOJ(-~ 0, (lOll \ \ 0,000,,8 O. OOl'o~ 

f7 , .01 J ~ OOO(la 0.00-1;', O. COO 1 1.\ 0.00013 O.OOO!>.\ 

18 ,. ;-d ·0.00,102 O.uJOO .. 0.000,1: a.cooo, 0.00015 

1 

• I • ' 

. . 
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I 

I a, SECOND EXPT •• REYNOLDS STRESSES AT 5TH. 16. S ~ 149.43 ~. 

r OUTPUT HONDII1I:HSIONALIZ£D ON FRICTION VELOCITY 

PT YIDEL UV/UTSQ USQIUTSQ VSQ/UTSQ WSQ/uTSQ QSQ/UTSQ A SHEAR CORR ANISOTROPY 
I 0.034 f .0715 4.813 1.838 S.I58 9.809 0.109 0.360 0.024 
2 0.040 1.0556 4.533 t. 741 3.006 9.2&1 0.114 0.376 0.026 
3 0.052 I. as If 4.497 1.704 2.709 8.910 O. 118 0.380 0.028 
It 0.064 1.0579 4.252 1.664 2.625 8.541 0.124 0.398 0.031 

r 
• 

5 0.079 ~ 0726 4.170 1.686 2.542 8.398 0.128 0.405 O.OJ] 

6 0.098 1.1009 4.147 1.741 2.463 8.350 0.132 0.410 0.035 
7 0.121 1.1281 4.081 1.737 2.480 8.298 0.136 0.424 0.037 

8 0.149 1.1236 4.113 1.778 2.472 8.364 0.134 0.415 0,036 

9 0.164 1.1530 1.985 1.833 2.455 8.273 0.139 0.427 0.039 

10 0.226 1.1395 3.901 1.816 2.452 8.169 0.139 0.428 0.039 
11 0.279 1.1168 1.707 1.769 2.432 7.909 0.141 0.436 0.040 

• 12 0.345 1.0239 3.473 , .621 2.2n 7.118 0.140 0.432 0.039 

13 0.425 0.8959 2.946 1.351 1.915 b. ;;13 0.144 0.449 0.042 

14 0.524 1'.66;:6 2.249 1.006 1.438 4.093 0.141 0.440 0.040 

IS a .t-47 0.434Q 1.387 0.621 0.939 ;:.947 0.148 0.469 0.044 

t6 0.797 O.BS/} 0.1 ... 7 0.348 0.507 I.60Z 0.147 0.462 0.01)3 

17 0.984 0.1)917 O. )03 O. I 74 0.1'5 0.673 0.136 0.399 0.037 

18 1.214 -0.01;:5 0.048 0.072 0.043 0.163 -0.076 -0.211 0.012 

DISPLACEMENT THtCKNESS : 0.973 CI1. MOI1ENTUM THICKNESS = 0.673 CM. DH TA 99 = 5.204 CI1. 

MOMENTUM THICKNESS REYNOLDS NO. = 6234. UTAU = 0.508 tt-'SEC UPW:; 14.98 M/SEC 

OUTPUT NONOIHENSIONALIZED ON WALL VELOCITY 

PT YIOEL W/UPWS USQ/UPWS VSQ/UPWS WSQ/UPWS QSQ/UPWS 
1 0.034 0.00123 0.0055'· 0.00211 0.00363 O.OllH 

2 0,040 0.001;:1 0.005Z, O.OOZOO 0.00) .. 6 0.01067 

3 0.052 O.OOlZI 0.00511 0.00196 0.0031 I 0.010,4 
4 0.06 .. 0.00122 0.00489 0.00191 0.00302 0.00982 

5 0.079 0.00123 0.00479 0.00194 0.OO:!92 0.00965 

6 0.098 0.00127 0.004:7 O.OO~OO 0.00;:83 0.00960 
7 0.121 0.00130 0.00,,/,9 O.OOZOO 0.00285 0.00954 

8 0.149 0.001;:9 0.00 .. '3 0.00204 0.00Z84 0.009t.! 

9 0.184 0.001 H 0.004~8 0.00;:11 0.00:82 0.00951 

10 O.Z~6 0.001l1 0.00 .... 8 0.00:09 0.00:8~ 0.009)9 

" O.Z7Q 0.001;:8 0.004::t. 0.00:03 0.00:80 0.~Oq09 

12 0.345 0.00118 0.003Q9 0.00186 0.00~56 0.00841 

J 
D 0.4:5 o .COI C3 o .Oo:nq 0,00155 0.00:;:0 0.00714 
14 0.5Z4 0.0007t- O.00:5~ 0.00116 0.00165 0.00539 

15 0.647 0.00050 0.00159 0.00071 0.00108 0.00H9 

It. 0.797 0.00027 O.OOO~o 0.000 .. 0 0.00058 0.00184 

17 0."18 .. 0.00011 0.00035 O.OOO~O 0.000;:;: 0.00077 

I 18 1.214 -0.00001 0.00006 0.00008 0.00005 0.00019 

1 
T 
J 

257 
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1 
SECOND EXPT •• REnfOLOS STRESSES AT sm. 17. 5 = 164.67 CI1. 1 

OUTPUT UOIIOIHENSIOIJALIlfD ON fRICTION V[lOCITY 

PT l'/on UVIUTSQ USQ/UTSQ VSQ,UTS~ WSQ/UTS~ QSQ/UTSQ A SHEAA CORA ANISOTROPY 1 O.OH 1. Olo 7 4. 66~ 1.721 2.9'9 9.329 0." 0 0.361 0.024 Z 0.0)9 1.03 .. 6 4.531 1.1>56 2.770 8.Q63 O. I I 5 0.377 0.027 3 0.0,0 1.0357 '+.479 l.b36 " .687 8.80) 0.118 0.383 G.OZ& it 0.062 1.0'+3(- 4.2q~ l.b60 z.sn 8.526 0.122 O. ]9' 0.03e. 5 0.076 1.05H ... 33~ 1.674 2.51" 8.5 .. 0 0.123 0.391 0.030 6 0.094 1.0;'8,+ 4. ~51 I .6q~ 2.50b 8.458 0.128 0.401 c.on 7 0.116 1.08'17 4.:' i ... 1.7:'Q 2,"'<t> &.498 0.1 ZS 0.401 O."J) & 0.143 1.'144 4.15-; I.7S5 :! .471 8.409 0.1 JJ 0.409 0.035 9 0.177 1. I 313 4.0'1'1 1.7'11 Z. '+ 72 8.362 0.135 0.418 0.037 10 0.218 1.1":57 ... OJ] 1.7.'31 2.4(.0 6. :64 0.138 0.4::6 0.018 It 0.269 1.13:;S 3.9 .. ,+ 1.776 2.417 8. I 37 0.139 0.4:& 0.039 12 O.HZ , .0706 3.6:2 1.669 2. H7 7 .6~ 7 0.140 0.435 0.039 , 1 0.409 0.9/-h 3.~:H 1.487 Z.OQI 6.e61 0.141 0.419 0.0 .. 0 14 0.505 0.77')7 2.1>1'1 I . ~05 , .697 S.Scl 0.140 0.436 0.039 IS 0.6B 0.S218 1.777 0.780 I.1M 3.7' 7 0.140 0.443 0.039 16 0.768 0 . .:' 7 .... 0.9 .. 4 0.4.:'8 0.60? 1.980 0.139 0.432 0.038 17 0.947 0.0978 O. J 74 0.195 o.~~: 0.7'10 0.1~4 O.lbl 0.031 18 1.169 -0.0180 O.ObO 0.08" 0.0 .... 0.10;> -0.O<l5 -0. Z51 0.018 

I 
I 
I 
l 

OISPlACEMENT THICI\tlE5'3 = 0.q 0 8 eM. HOMEN1~H THIC~N[5S = (1.696 CM. DEl TA 99 = 5.405 CI1. 
110MENTutl THICKIJESS RE WOLDS NO. " 6 .. 3 I. UTAU = O.SIO I'\,'S(C UPW = 14.96 I1/SEC 

OUTi'UT NetlO Hllt/SICNAl IlED ON WALL VElOCITY 

PT Y/DEL UViUP .. S U~Q·U''';5 'iSO 1l1'"S .. srI 1 Uf'IoIS QS~/urws 1 o.on O. 001 I q 0.00<. .... 0.00200 O.OHl9 0.0105Z 2 O.0}9 0.00::0 O.OOS:b 0.0010;: 0,003'" 0.010,+0 l 0.050 O.(1IlI~O O.00 ty:O 0.001"0 0.0031~ O.OlOZI 4 O.O~:? O. on I;: I O. 00~ 'tl O.COt·,! 0.002 Q 8 0.00089 !' 0.0;'6 O.OOt.:~ 0.OO~O3 J.OOI 'H 0.00~9" 0.00'l11 6 0.04'0 0.0012<, 0.00'.')'; 0.0019, O.OO;:>ql 0.00'>81 7 O. I 16 O.COt:to O.OO .. 9~ 0.00:01 O.IlO~QO a.CO'l86 6 O.I·d O. OC 1':·J O. Ot..i~t8.:' O.OOc·O' 0.00':87 o 00'1/5 q 0.' 71 O. aD I} 1 0.0"":0 O.OO:~'\ 0.00:87 0.00"70 10 0.218 0.001 q o .00·,,,,,,- 0.CC:07 O.OO~:H 0.00·~5q 11 0.~6'1 0.00131 0 . OC·, ~.- o. , ... .::~ .. c,., a 0,1280 13.00<;, .. 12 O. 33~ O. oJ 01 ... "'"t 0 oc'..::o O. L." ~ .. O.OO~71 O.OoeSS 11 O ... o~ oJ. Oil II ;: 0 en!'.) 0.001 -j 0.002 .. .\ 0.0079b 14 0.505 O.OO'J;O C. OJ Jl' .. 0.00 \ ·.0 0 00 \ '17 O.C~t. .. o IS O.b~) O. 00 ,~(. 1 O.CO;"C" 0,0(·(\')1: 0 00 I ~'> :).00 .. 31 I~ 0.76(\ O.C')0~: 0.0010> 0.00 0 "'0 0 .OOCII ",08:30 17 O. Q" 7 0.00011 (' .000 • "10 O.OQ·::\ 0 000't> 0.0001: 16 1.lbq - 0 . 0 0 ~1 J :~ o.ouo; 0 OJ010 O. c:"'o 0 r} O.OCO;:~ • .. ·ERRCR - •• [tm Of fllf ft,(-. 'l·I"1 C'[ n 011 '.;I'IT 5 I l'.~ CO[1l HIC:'1 ,', 

STAltNtN1S l\[CU1EO- 76:r 

CORt lJS~Cf ol).I£cr (('[Jr'; 
:01~ BrTES.TOTAl AREA AVAILABLE: 14745& BlTES 



SECOtIO EXPT •• 5TH. 5. S II -29.04 Crt. 

1 PT Y/CH UIUPW UCAlC YElGQAD 
1 0.01] 0.429 0.434 9.91Z 
2 0.0~4 \).540 0.53~ 6.646 
l 0.03e; 0.579 0.561 2.889 .. 0.045 0.b03 0.b04 1.90& 
5 0.063 0.634 0.634 1.451 
6 0.077 0.653 0.654 1.417 
7 0.093 o .fli6 0.676 1.::00 e O. I 13 0.694 0.691+ 0.1S6 
9 0.139 0.714 0.714 0.751 

10 0.17Z 0.738 0.738 0.679 
II 0.21\ 0.762 0.762 0.571 • Z 0.21!>0 0.788 0.7815 0.484 , 3 0.30:1 0.815 0.815 0.4~6 
14 0.395 0.846 0.8'<6 0.3"5 
15 0.488 0.8H 0.679 0.l=7 
16 0.601 0.914 0.914 0.~95 
17 O.i4~ 0.952 0.952 0.~33 
18 0.915 0.983 0.983 0.130 
19 1.1';8 1.000 I. 000 0.035 :0 1.391 1.001 1.001 -0.008 
::1 1.716 1.000 1.000 0.000 

PT Y/OEL UCAL/UP VELGPAD MI:.< LN/DEl FROD l/LO RIC eETA EO.RE O. 091 0.673 t.27~ 0.0314 31.41 0.846 0.0000 0.0 89.74 2 O.IIZ 0.6 tH 0.76'l 0.0505 19.39 1. 101 0.0000 0.0 143.73 3 0.138 0.713 0.751 0.0530 18.44 0.937 0.0000 0.0 150.89 .. O. I 70 0.737 0.6t'7 0.0572 16.42 o. ;·:0 0.0000 0.0 160.60 5 0.210 0.761 0.5i2 0.0676 13.24 0.795 0.0000 0.0 186.82 6 0.::'>9 0.788 0.466 o.onz 10.57 0.908 0.0000 0.0 ~06.80 7 0.3:CU 0.815 0.4::6 0.0853 
8. " 1.004 0.0000 0.0 2::1.73 ~ 0.395 0.8'<6 0.395 0.0871 7.=1 1 .0~4 0.0000 0.0 ~1l.8S q 0.48 7 0.879 0.3::7 0.0~b4 5.04 1.135 0.0000 0.0 ~17.55 10 0.600 0.<114 0.::95 0.0<139 3.S~ 1.105 0.0000 0.0 186.40 ' I 0.7-.1 0.952 0.:3-. 0.0970 1.86 1.141 0.0000 0.0 157.18 12 0.<114 0.933 0.130 0.1162 0.-.6 1.368 O.OCOO 0.0 1::6"QZ 13 1 .1::6 1.000 0.0:l5 0.::446 0.04 2.678 0.0000 0.0 1-.8.39 14 1.391 I. 001 -0.008 0.0000 0.00 0.000 0.0000 0.0 0.00 
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~t 

I 
SECOND EXPT .• 5TH. 6, s= 0.00 CM. 1 

PT Y:O£L U/UI'14 UCAlC V[lG~AO J 0.003 0.116 0.' 11 8.144 
0.005 0.' 29 0.137 ~:! .638 

3 0.007 0.205 0.2Coi :'0.447 
4 0.009 o.~e? O.~(>~ 38.722 I 5 0.020 0.4',8 0.4':)8 8.143 
I> 0.030 0.S58 0.5~8 4. ~46 
7 0.0 .. 0 o .5~1 0.5'11 ~. -:-C4 
8 0.053 0.631 0.631 ,.704 

1 9 o.on 0.651 O. t·51 1.307 
10 0.oe9 0.6"3 0.(.73 1 . :29 
It 0.109 O.6 e 5 O. t.'l5 0.979 
12 0.135 0.71e 0.718 0.(\43 
13 0.1!-6 O. ,,+3 O.7~~ 0.7.'0 
14 O.~C6 0.767 O. 7/J 7 0.535 
15 O.~5 .. O .. O.7Q2 0.504 
~6 0.313 0.8:0 O.0~O 0.,038 
17 O.31'b C.~,9 0.e .. 9 0.370 
18 0.477 0.8')1 O. (.011 0.33~ 
19 0.5:8 (;.9\5 O .. ~\ 5 C.~79 

20 O. 7~6 o.",Q n.Q",Q o. :'17 
~ 1 0.8~b 0.01\0 O.O{\O 0.1,+5 
, ~ 1.10:; 1 . o~o , . aoo 0.04" -~ 

~3 1.3t.6 1. COO 1 .000 0.000 

PT Yir.El UCAl/Ui' v [LC'.pAD MIl( UliOEL PPCD LllO RIC BETl EO.RE 
O. 0 .. 7 O. t CQ :'.~ ... O O.O'~t> 75 ... 'l 0.705 0.0000 0.0 ::6.17 

c 0.0 .. ,0 C.":!.'" 1.<;')1 0.01:''; 51.14 0.780 0.0000 0.0 38. 3~ 
3 0.072 (J.bSI 1.307 O. o~.:o 43.1 Q O.i5Q 0.0000 0.0 ,+:'.97 .. O. O~·~ 0 . .,,3 1.: 29 o ~ ", • . '" ~ . ) 40.3Q O.t. 70 0.0000 0.0 50.7 .. 
5 O. II 0 a . tl'~ ~ (! .; J 0.0' ~.:; 31.:03 O.U" 0.0001) 0.0 c4.7u 
b O. 1~:' 0.718 o.~ d o. 0" ~)5 :. 7 • '~O o .6(.Z 0.0000 0.0 7 .... 50 
7 O. It> 7 O.7q'. O. 71 ~ O. c·,o'/ ~~.:'6 0.s 0 8 0.0000 0.0 83.43 
8 0.2(\0 0.71:0 7 0.53~ o 0'· 3<;1 16.50 0.6 '') O.C~OI) 0.0 , C', . I:ot> .. o. = s· .. o . ~. -:;.: 0.50, O. o~·,,~ 1, .. ,,3 0.bS3 o.coce 0.0 10,3. :~ 

10 0.31 .. o.[\~O O."~t:> 0.Oe21 ".f.::' C. no 0.0000 0.0 "7.77 
II 0.3:7 0 ( •• 1;1 0 3:0 O. ('{·f·,' ('. p,~ O.B'U 0.0000 0.0 1.:'~.5"t 

I ~ 0 '"4/~ o.e: 1 O. 'P2 0.071', t. . CI) O.fn'l O.OCOO 0.0 , 16.10 
13 O.5~" O."'S 0.273 O. C . ;'0 4.71 0."00 O.OOOC 0.0 115.6~ 
I .. o . -;:. -: J. q.,." O. '"-, I o. a ~ ... 2 : t5 0 9Q~ O.COOO 0.0 107.39 
15 o . ~\ <:;t. (1.', I) 0.1 ... 5 e.Of·S o.a'l 1.0 .. 1 o.ceoo 0.0 79.77 
It> , . lOt> I . 000 0.0"" O. ; 51 0 0.07 1.7/6 0.0000 0.0 oQ :8 
I;" 1 . )~"t I. ceo -c. 0.: 2 -O.O)~', 0.00 ....... 0.0000 0.0 -.=.~q 

~'6fJ 

. . 

I 
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SECOND EXPT .• 5TN. 7. $= 10.39 CI'I. 

PT Y/DH U/UPW UCALC VHGPAD 
0.010 O. 30~ 0 ... 00 1)."Z9 

~ 0.018 0.505 0.497 9.567 ~ 

3 0.0~0 0.547 0.549 4.308 .. 0.034 0.5i .. 0.576 2.830 
5 0.0 .. 7 0.610 0.609 2.::51 I 
6 0.058 0.631 0.631 1.875 
7 0.070 o .to53 0.653 1.579 
8 0.085 0.0-:': 0.672 1.018 
9 0.105 o .c>S~ 0.689 0.8~9 

10 0.1:9 0.700 0.709 O. i"t~ 
I 

, I O.ISQ O.7:'i 0.i':.7 0.561 · ;: O. 1~" 0.7 .. 8 0.7 .. /l 0.5:7 
n O.~~:: 0 770 ('. -:'70 0.431 

'" o .~oS o "'-)" 0.7 0 : 0.38~ I 
'5 0.3ee 0.817 0.8'7 0.3:8 
'c> 0.453 0.S .. 3 0.3 .. 3 0.:75 
'7 0.S5~ 0 ·9 O.~tlS 0.105 , ~ O.to'lO o ;.". o.ae:: 0.000 · ~ 0.S51 C .6-:"0 U 876 0.03" I 
.J , . C·,) O.2-'N C.8qo 0.057 
: , , . ~ ~5 0.8 -e 0.878 -0. 1:0 · , , . SOd 0.2::" o . EoS: 0.000 I 

J 
;:0" ¥ ~,t l UCU U~ "ELG"lO tux LN/OEL 1'1100 lILO RIC eEa [D.PE , O,O'tI 0 ~ " ~. 

- .. O.OIlQ 53. :4 O.Bbe 0.04 .. 5 ~.q 3b.83 -'. 
0 0 .. 3 O.c>~O :.~')7 O.OI~o .. 4.97 O. ic>S 0.051 .. 4.6 l~. 77 

3 0.05(> O.CS 1. £S 7 O.OlbO :9.49 0.709 O.Oioe ".1 4· •. Q;' .. O.JoQ O. t·' 1. t: i C.017 .. ::.09 0.b18 0.08-,0 .... 5 ~~.o7 
<; O. (1,\ .. O. c> 7, 1. c .... 0.0:53 12.03 0.73,> 0.13"" ~.O b:.Oi 
to ~. , : . O .... ~..l (I.e: .. 0.0:<;17 7.06 o .b Q 7 O. I 731 1.13 b 7. SS 
7 0.': ' c. -,;~ O. 7 ... ~ O. 0331 7.1't 0.6:7 0.1<;l'(, . ,- 75.7: I 
::3 (1.1 :;Q 0.7~7 0.~c>1 0.0397 ". ::3 O.bOS O.::t-:l 1.5 81. o. 
0 c. , c~ O. ';' .• J O. ~.:7 0.0403 3.57 0.50: o.:c.,.q 1.7 7'l.5:-

'0 o,~ ... ~ O. 7~0 O ... ,1 0.0 .. ,,6 ~ ... 8 0.5 .. 8 0.35:0 1.3 e!, . f r, 
11 O.':Cj o -:- o. 3: ~ 0.0 .. 8: 1.78 0.51>7 o ... OlO 1. , 8= ':>0 
1:: C.3io8 O.f" 0.325 O.OSOt> 1.17 0.505 0 ... 738 O. 0 77.03 

I 
13 O ... 53 O.f.·' 0.:-5 0.OS3~ 0.70 0.6::t> 0.5t-68 0.7 ', •• ~ • ~'i 

1 .. O. =,~.Q 0.e~6 0.1'·5 0.Co03 0.:5 0.710 0.7707 0 ... c>c>.Oo 
• 5 O. ~qo c.c: O.OCO It .~O7= -0.00 tt ••• ~ 3.e:,.o;, -<::..3 •• 41 ..... 

,t'> 0.851 0." -t- 0.C3 .. O.O[OS -0. 01 0.051 =.:[ 0:\ 0.0 ::O.5b I . ~ , .O .. Q C. [, 'l O. OS 7 U.OOOO 0.00 0.000 , .8050 O.t> 0.00 

I 
J 
I 
J 

1 
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SECOND EXPT •• 5TH. 8. 5: 25.19 CM. 

PT Y/OEL U/UPW UCALC VELGPAO 
1 0.011 0.337 0.342 11.345 
2 0.020 0.443 0.435 a.312 
3 0.028 0.483 0.483 4.302 
4 0.036 0.506 0.510 2.668 
5 0.051 0.543 0.543 1.935 
6 0.063 0.565 0.566 1.817 
7 0.076 0.588 0.588 1.53J 
8 0.093 0.610 0.611 1.268 
9 0.114 0.b38 0.638 1.197 

10 0.140 0.665 0.665 0.968 
11 0.172 0.694 0.694 0.S05 
12 0.21 " 0.720 0.720 0.572 
13 0.26'J o.ns 0.745 0.473 
14 0.321 (l.771 0.771 0.30:3 
15 0.396 0.798 0.798 0.339 
16 0.4137 0.826 0.826 0.279 
17 0.601 0.85':' 0.85':' 0.21b 
18 0.742 0.881 0.881 0.163 
19 0.'115 0.901 0.901 0.051 
20 1 129 C.&97 0.8')7 -0.062 
21 1.392 0.877 J.877 -0.0101 
22 •. 718 0.852 0.852 0.000 

PT Y/DEl Uo.L/UP VELG'~AD MIX LH/DEL 
1 0.046 O.S.B ~. 076 0.0157 
2- 0.060 0.5'>0 1.828 0.0170 
3 0.07(. o.ses I .bl a 0.0184 
4 0.091 0.608 1.253 0.02Z4 
5 0.112 0.635 1. ::30 0.0211 
6 0.138 o 6t>3 C.970 0.0240 
7 0.171 0.693 0.81;; 0.0251 
8 (,.211 0.720 0.572 0.0300 
9 O. :60 0.745 0.473 0.0278 

10 :l.3~0 0.771 0.384 0.0251 
11 O. 3·~5 0.798 0.340 0.0154 
12 0.487 0.1,26 0.279 0.0250 
13 0.601 0.854 0.216 0.0485 
14 0.742 0.881 0.163 0.0779 
15 0.915 0.901 _. C51 0.2109 
16 1. 129 0.697 -0.06: -0.052b 
17 1.39: 0.877 -0.081 -0.0135 
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PROD LILa PIC 
51. i8 0.885 0.0511 
41.19 .1.709 0.0607 
32.81 0.613 0.07113 
~2_63 0.603 0.0953 
18.83 0.459 0.1012 
11.80 0.425 0.1327 

7.51 0.358 0.1636 
3.55 0.353 0.2367 
1.66 0.327 0.2916 
0.69 0.296 0.3634 
O. I 7 0.181 0.4177 

-o.n 0.295 !:.' c;; 10 
-0.'4 0.570 !I.bSll 
-0.29 0.916 0.83!6 

0.11 2.481 1.7784 
0.04 **-** ****** 

-!l.CO ***". *****." 

BETA 
2.3 
4.8 
5.4 
4.2 
5.3 
4.3 
3.9 
2.7 
2.3 
1.~ 

2.0 
~ .4 
0.7 
0 1 

·0.8 
~.O 

(1.0 

ED.RE 
38.93 
40.14 
41.46 
47.87 
41.45 
;2.58 
39.08 
39. i-i 
27.79 
18.42 
6.14 

13.31 
38.60 
75.31 
173.'~ 
-13.13 
-1.13 

I 
• 

1 

] 

] 

1 .. 

.. 
... 

.. 

] 

] 

J 
, 
1 .. 



1 

SECONO EXPT .• STN. 9. S= 41.4& Ct!. 

I PT Y/OEL U/uI'W UCAte VELGRAO , 
1 0.010 0.312 0.317 11.292 
Z 0.019 0.417 0.-.09 8.097 
3 0.027 0.454 0,455 4.009 
4 0.035 0.478 :' .480 2.413 
5 0.049 0.507 0.508 1.868 
6 0.060 0.529 0.529 1.828 
7 0.073 0.551 0.551 ! .532 
8 0.089 0.573 0.573 1.336 
9 0.110 0.601 0.601 I. 313 

10 0.135 '.632 0.632 1.182 

" 
0.166- O.HS 0.665 0.919 

12 O.~O" 0.604 0.69 .. 0.684 
n 0.::51 0.725 0.725 O.S77 
14 0.309 0.753 0.753 0.431 
15 0.382 0.783 0.783 0.366 
16 1'.470 0.810 0.810 0.289 
17 0.5S0 0.841 0.841 0.254 
1«3 0.715 0.B70 0.670 0.190 
19 0.882 0.8'l5 (). 8 0 S 0.091 
~o 1.088 C.SQ7 0.8..,; -0.052 z) 1.343 0.877 0.877 -0.087 
:~ 1.657 0.8!>~ 0.852 0.000 

I'T Y/CEL UeAl/Up VELGRAO MIX LN/OEL f'POO LlLO IU': BETA EO.RE 0.044 0.4'19 1.907 0.0167 52.17 0.992 0.0539 0.2 40.46 Z 0.05t1 0.525 1.856 0.0164 46.31 0.709 0.0582 5.0 37.98 3 0.071 0.5 .. 7 I.I;S8 0.0185 36.85 o 645 0.0707 5.0 41.5S .. 0 C8l 0.570 1 .. Bl 0.0211 27.92 0.5°5 0.0874 4.6 45.22 5 0.108 0.5'18 1.3:5 0.0199 24.33 0.450 0.09;;1 6.0 30.90 I> 0.133 O. ~30 '.10(1 0.0::04 18.48 0.375 0.1074 5.8 37.85 7 0.' ~5 0.66'. 0. 0 3<: 0.0::38 11.78 0.352 0.1433 4.5 40.17 8 0.203 0.694 C.b8" 0.0208 6.59 0.341> 0.200e 3.3 43.23 9 O.~5' 0.725 0.577 0.02<)9 ... 16 0.352 0.2451 ~.6 39.4<: 10 0.309 0.753 0.431 0.0354 2.28 0.417 0.3324 1.8 41. \ 7 11 0.381 0.7S::' 0.368 0.0365 1.44 Q.430 0.3965 1.4 37.45 ,~ 0.470 0.810 O. ::8'1 0.0387 0.7t 0.455 0.5067 1.1 32.'H 13 0.5£',0 o.e .. , 0.254 O. O~b 7 0.21 0.314 0.5833 1.2 13.77 '4 0.715 0.870 0.190 0.0181 -0.03 0.213 0.7e15 1.0 4.73 15 O.t·s:: 0.8105 0.091 :>.07:8 0.00 1).856 1.3259 O. I 36.56 16 , .08'1 0.8<l7 -0.053 -0.Oe52 0.05 *** .. * •••• ** 0.0 -17. OS 17 1 . 3'+ 3 0.877 -0.087 0.0000 0.00 0.000 •••••• 0.0 0.00 
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SECONt) fXPT. , 5TH. 10. S " 61.72 eM. 

PT Y/OEl U/UPIoi OCAle VElGRAD I 
I 0.010 0.309 O.31~ 10.544 

2 0.019 0.409 0.401 7.890 

3 0.027 0.448 0.448 4.244 

4 0.035 0.4n 0.474 2.586 I 
5 0 '1'-8 0.501 0.502 1.786 

0 0.!">20 0.5:0 1.505 

7 0.538 0.538 1.299 

8 ,)88 0.558 0.558 1. :50 I 9 .108 0.583 0.533 1.251 

10 o. I J3 0.613 0.613 1.172 

11 0.163 0.647 0.647 1.017 

12 0.201 o.oeo 0.680 0.796 

13 0.247 0.714 0.714 0.673 I 
14 0.30 ... 0.,48 0.7'+8 0.496 

15 0.376 0.777 0.777 0.3:'9 

16 0.463 0.81l5 0.805 0.305 

17 0.571 0.835 0.835 0.;:47 I 18 0.704 0.8:'4 0.864 0.200 

19 0.868 (l.an 0.892 0.109 

20 f .07<+ 0.897 0.897 -0.0"" 

21 1 . 3~1 0.877 0.877 -0.092 

22 1.631 O.B!)I 0.851 0.001) I 
PT Y/OH ueAl/UP VElGPAO MIX W/OtL PROD LlLO RIC BETA ED.RE 

1 0.0'+4 o .4~4 1.9 .. 6 0.0153 48.58 0.906 0,0532 1.8 35.21 

~ 0.057 0.517 1.548 0.0184 3'+. q9 0.509 0.0696 2.7 40.44 I 
<-

3 0.070 C .535 1.3::3 0.0211 i.e,.57 0.744 0.0840 3.0 45.55 

4 0.086 0.555 1.242 0,0216 24.62 0.615 0.0°27 4.2 44.77 

5 O. 106 0.58! 1.260 0.020 ... 22.88 0.469 0.0954 5.6 40.49 

6 0.131 0.61 I 1.175 O.0~O5 18.78 0.383 O. I 073 5.8 38.45 I 
7 0.16::: 0.646 1.026 0.0213 n.23 o. 3~0 0.'291 5.3 35.98 

8 0.200 0.680 0.799 0.0236 7.53 0.28S 0.172'+ 4.1 34.62 

9 0.2 .. 7 0.714 0,673 0.0229 4.1 Z 0.2&9 0.2127 3.4 27.36 

10 0.30'+ 0.748 0.496 O.O~~2 \. 75 o .i85 0.2 949 2.4 Z2.62 

11 0.375 0.777 0.350 0.0282 0.75 0.332 0.4195 1.6 21.59 I 
12 0.402 0.805 0.306 O.Oieo 0.47 0.329 O.4S/Z 1.4 IS.51 

13 0.571 0.835 O. ~4 7 0.0272 0.21 0.320 i),6030 1.1 14.18 

14 0."04 O./}c4 O.zoo 0,0331 0.14 0.390 o. ;'372 0.8 17.0S 

15 0.e:05 o .f?'1Z 0.109 0.0354 0.01 0.417 1.1857 0.5 10.65 II 16 1 .071 O.S'H -0.0':'2 -0.06:3 0.03 ** •• ,.. ""'**tt* O. I -12.77 

17 1.3::1 0.877 -o.on -0.0523 -0.' 2 ***** *4**** 0.0 -19.52 

I 
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1 
SECOND EXPT .• STH. 12. 5= 88.47 CM. 

i 
I PT YIDEl U/UPW UCAlC VElGRAO .. I 0.010 0.:\10 0.315 10.399 

2 0.019 0.409 0.401 7.668 
3 0.027 0.445 0.446 3.965 

" 4 0.035 O.4i>! 0.470 2.262 
5 0.048 0.492 0.493 1.473 
6 0.059 0.508 0.5:)8 1.350 
7 0.012 (;.525 0.525 1,323 
8 o.oee 0.546 0.546 1.176 
q 0.IC8 0.567 0.567 1.087 

10 0.133 0.597 0.597 1.235 
11 0.164 0.633 0.633 1.030 
12 O.~O2 0.668 0.668 0.939 
13 0.248 0.714 0.714 0.951 
14 0.306 ().761 0.761 0.722 
IS 0.377 0.S08 0.808 0.588 
16 0.464 0.851 0.851 0.415 

'1 0.573 0.890 0.690 O. 3~6 
18 O.70b 0.93: 0.932 0.302 
1 ~ 0.871 0.975 O. (liS O.ZOI 
Z~ 1.074 0. 0'19 0.999 C.OSO 
21 1.325 1. 001 1.001 -0.009 
~2 l.tolb 1. 000 , .000 0.000 

PT Y/DEl UCALIUP VElGRAF) MIX IN/DEL !'Roo L1l0 RIC BETA ED.RE 
! 0.037 0.47'+ 2.063 0.0165 69.06 1.2\6 0.0000 0.0 41.69 

2 0.0:'4 0.4t·b 1.5S6 0.0212 52.20 1.264 0.0000 0.0 53.17 

3 C 057 0.505 1.367 0.11248 45.54 1.0?6 0.0000 0.0 62.56 

4 0.070 0.523 1. 318 0.0261 45.11 0.922 0.0000 0.0 66.72 

5 0.086 0.5,+3 1.216 0.0284 41.98 O.8~9 0.0000 0.0 72.87 

0 a.lrl 0.566 I. 075 0.0325 37.97 0.741 0.0000 0.0 84.37 

7 0.132 0.596 1.236 0.0282 4~.51 0.5;:1 0.0000 0.0 73.09 

8 0.163 0.63:' 1.04:: 0.03::; :'4.48 0.486 0.0000 0.0 1;11.62 

9 r.~OO 0.666 0.026 0.0343 27.05 0.418 0.0000 0.0 80.97 

10 C.247 0.713 0.958 0.0295 ;:z .16 0.347 0.0000 0.0 62.03 , , 0.305 o 760 0.n3 0.0326 11.62 0.383 0.0000 0.0 57.02 

I:' 0.376 0.1107 0.590 0.03ZI 6.15 0.:'78 0.0000 0.0 4; . .n 
13 0.404 o .esl 0.415 0.0381 3.00 0.448 0.0000 0.0 44.74 

'4 0.572 0.8°0 0.327 0.0428 1.85 0.504 0.0000 0.0 44.54 

I=' 0.70b 0.932 (),30Z 0.04~" 1.50 0.510 0.0000 0.0 42.24 

Ib 0.571 0.975 0.201 ~.0527 0.65 0.620 0.0000 0.0 41.53 

17 1.075 0.999 0.0'+9 0.0000 0.00 0.000 0.0000 0.0 0.00 

18 , . 3~0 1.001 -0.009 -0.0993 0.00 ••• It. 0.0000 0.0 -b.80 
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SECot-lO EXPT .• STN. 11. s= 103.47 CH. 

PT Y/DEl U/UPIoi UCAlC VELGRAO 

1 0.010 0.319 0.324 12.114 

2 0.018 3.420 0.412 8.608 

:; O.OZ6 0.457 0.458 3.638 

4 0.034 0.477 0.479 2.059 

5 0.048 0.505 0.505 1.644 

6 0.058 0.520 0.520 1.362 

7 0.071 0.536 0.536 1.156 

8 0.087 0.554 0.554 1.112 

<;1 0.107 0.576 0.576 1.058 

10 0.131 0.600 0.600 0.962 

11 0.161 0.628 0.628 0.900 

12 0.199 0.661 0.661 0.850 

13 0.::45 0.700 0.700 0.852 

14 0.301 0.747 0.747 0.802 

15 0.372 0.798 0.793 0.628 

16 0.458 O.e44 0.84':' 0.465 

17 0.565 0.838 0.888 0.362 

18 Q.6'H 0.930 ().930 0.288 

19 0.859 0.971 0.971 0.206 

:0 1 .060 0.998 0.9"18 (1.065 

:1 1.307 1.001 1. ~Ol -0.010 

~2 L613 1.000 1.000 0.000 

2l 1.839 1. 000 , .000 0.000 

I 
I 
I 
1 
I 

Pi Y/OEL UCAL/UP VELGRAO MIX UVOEL FROO L/lO RIC BETA ED.PE 

1 0.037 0.455 1.973 0.0173 64.76 '.269 0.0000 0.0 45.08 

2 0.0 ... 3 o .49t> 1.796 0.0190 58.81 1.158 0.0000 0.0 49.41 

:; 0.056 0.517 1.414 0.u240 46.01 1.0eo 0.0000 0.0 ~2.:;0 

'+ 0.069 0.53 ... , .171 0.0291 38.40 , .045 (l.0000 0.0 75.85 

5 0.0f.5 O.~I)~ 1. 111 0.0309 36.84 0.891 O.cooo 0.0 80.82 

6 0.105 0.574 , .070 O.O3~2 35.79 0.749 0.0000 0.0 84.69 

7 0.1:;0 0.59Q 0.964 O. C 358 3<:.36 O.~ 72 0.0000 0.0 94.27 

8 0.160 0.627 0. 9 03 O.03€5 30.76 0.537 0.0000 0.0 10::.24 

9 0.198 0.660 0.1050 0.0 .. 01 27.1'" 0.4<'4 0.0000 0.0 I04.:!8 

10 0.2( .. :. 0.69<1 0 . .551 0.03&4 25.57 0 ... 51 0.0000 0.0 95.56 

11 0.301 0.747 0.S02 0.0371 20.06 0.437 'l.0000 0.0 84.43 

12 0.371 0.797 0.631 0.0394 10. 9 8 O. (+64 0.0000 0.0 74.12 

13 0.457 0.8'+4 0.4,,6 O.O4:'~ 5.2'+ 0.504 0.0000 0.0 '>5.29 

14 O.~c ... o.pes O.36~ 0.0'<67 2.93 0.550 0.0000 0 0 60.37 

15 0.696 0.930 ,J, ~88 0.0521;; 1.87 0.621 0.0000 0.0 61.1S 

16 0.<15 9 O. °71 0.:06 0.0592 0.86 0.696 0.0000 0.0 55.02 

17 1. 059 0.9(;8 0.005 0.065 .. . 03 0.769 0.0000 0.0 21.30 

18 , .307 1 ,001 -0.010 -0.1607 0.00 •• *** 0.0000 0.0 -19.73 
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1 
SECOtID EXPT. , STN. 14, 5 = tl8.95 Ctt. 

1 

't PT Y/OH U/UPW UCAlC VHGRAD • 1 0.010 0.333 0.338 11.868 
2 0.018 0.433 0.425 8.69b 
:3 0.025 0.469 0.469 4.331 "'r 
4 0.033 0.491 0.493 2.173 } 

.i 5 0.0,+6 0.516 0.516 1.589 
:. 0.056 Q.532 0.532 1.406 
7 0.0t>9 0.548 0.548 1.213 

1 
8 0.084 O.St-1> 0.51>6 1.076 
9 0.103 0.584 0.584 0.926 

10 0.1 ::7 0.607 0.607 0.949 
11 0.156 0.633 0.6n 0.636 
12 o. ~ q~ 0.661 0.661 0.747 

1 13 0.B7 0.695 0.695 0.778 
14 0.291 0.737 0.737 0.732 
15 0.359 0.782 0.782 0.6~6 
16 0.443 0.834 0.834 0.563 

1 
17 0.546 0.882 0.882 0.389 
18 0.673 0.924 0.924 0.286 
19 0.830 0.9b3 0.963 0.213 
::0 1.024 0.9 .. 4 0.994 0.094 
21 1.264 1. 001 1.001 -0.003 

J ~" 1 .S59 1.000 1.000 -0.004 ~~ 

~3 1.776 Q.999 0.999 0.000 

J 
PT Y/OEl UCAl/UP VElGRAO MIX HI/DEl PR('O lllO RIC BETA EO.RE 

1 0.036 0.499 1.'''+5 0.017 .. 58.88 1.304 0.0000 0.0 47.97 I 
Z 0.0 .. 2 0.510 1.657 0.0204 49.59 ~ .262 0.0000 0.0 55.69 I 
3 0.05'+ 0.529 1.465 0.0231 44.29 1.076 0.0000 0.0 ;!:~; I " 0.067 0.5·,6 1.::13 0.0282 37 .Y~ 1.040 0.0000 0.0 

I 5 o.os:! ~.5b .. 1.115 0.0308 3'+.63 0. 9 21 0.0000 
I 

0.0 85.85 
C> O. 1 O~ 0.583 O.c:::: 0.0377 29.33 0.903 0.0000 0.0 106.32 
7 C. ';;6 0.6C6 1l.95~ ().03&6 30.42 0.709 0.00(10 0.0 103.40 
8 0.15:; O. t-3~ 0.641 0.0417 27.15 0.656 0.0000 0.0 116.31 

I 
Q O. I QI D.HO 0.747 0.041,6 23.80 0.S95 0.0000 0.0 131.32 

10 0.2:16 o ./)() .• 0.777 0.0'+38 ::3.S9 0.51S 0.0000 0.0 1::0.53 

" 
n.291 O. 7.\ 7 0.73: 0.0'+'+6 :0.54 0.5::5 0.0000 0.0 118.15 

'Z 0.359 o .~~: 0.63:' 0.0 .. 64 14.59 0.546 0.0000 0.0 111.19 
13 0.4-,2 0.C\33 O. St,5 0.0· ... 0 9.19 0.518 0.0000 0.0 88.67 

1 I .. C.S .. b a.sez (I.:;sq 0.05\,+ 4.08 0.605 0.0000 0.0 83.~5 
15 O.t>73 0.92 .. O. to!> 0.0591 ;:.14 0.6<:15 0.0000 0.0 60.69 
16 o .IDO O.O()J 0.213 0.0650 I. 08 0.76 .. 0.0000 0.0 72.95 
17 I.OiO 0.993 0.060 O. , 036 0.06 I. ~ 19 0.0000 0.0 5::.36 

I 
18 , . 2b~ 1.001 -0.C03 -I. ;ct>49 O.M "1''''''' 0.0000 O.C! -405.03 

I 
1 
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SECOND EXPT., STH. IS. S= 124.79 CM. 

PT Y/OEl U/UPW UCAlC VElGRAD I 
I 0.010 0.335 0.340 12.173 

2 (l.018 0.437 0.429 8.835 

3 0.0<:5 0.473 0.473 4.308 

4 0.033 0.4°5 0.4cH 2.148 I 
5 0.046 0.520 0.520 1.600 

6 0.056 0.536 0.531> 1.470 

7 0.068 0.552 0.552 1.192 

8 (1.083 0.568 0.51>8 1.034 1 9 0.102 0.588 0.588 1.050 

lil 0.125 0.61 I 0.61 I 0.905 

I' 0.154 0.634 0.634 0.742 

12 0.190 0.661 0.661 O. i62 

\3 (\.234 0.694 0.6 Q4 0.705 

lit 0.288 0.729 0.7:9 0.6::8 

IS 0.355 0.77: 0.772 0.647 

16 0.437 0.S23 0.8e3 0.574 

17 0.540 0.874 0.874 0.4:8 

18 0.6&6 0.9~0 O. Q:O 0.309 

19 0.8~' 0. 960 0.960 0.217 

20 1.013 O. 9,!~ o . 9n 0.105 

ZI 1.::49 1.002 1.0n 0.005 

~~ 1.542 1. 001 1.00 I -0.006 

:3 1.758 1.000 1.000 0.000 

PT 'l'/DEl UCAlIUP VElGRAD MIX LN/OEl PROD L/LO RIC eHA ED.RE 

1 0.035 O. SOl 1. Q9d O.OIH 61.34 1.334 0.0000 0.0 49.30 

2 O. C41 0 51;: 1 .69~ 0.020,+ 51.76 1.298 0.00.:>0 0.0 58.04 

3 o.or,-.; O.5H 1 511 0.0228 45.93 1.057 0.0000 0.0 64.56 

" O. (l~~ (1.549 1. ;: .. 0 0.0279 38.1 Q 1.045 0.0000 0.0 79.71 

5 0.0!)1 O.Sob 1. 03: 0.0330 31.78 1.015 0.0000 0.0 95.76 

6 0.100 O.SSt> 1. as: 0.033: 32.77 0.810 0.0000 0.0 95.1 I 

7 O. 1 ~" 0.610 0.917 0.0384 29.05 0.755 0.0000 0.0 110.99 

8 O. 153 0.6n o. 74~ 0.C473 23.3 Q 0.754 0.0000 0.0 • 36.42 

9 0.1 f\Q 0.600 O. ,t" 0.C404 24. ;:7 0.593 0.(1000 0.0 1_4.55 

10 O. ::33 0.6 9 3 0.70 9 0.0,:,06 :::2 .... .:. 0.583 0.0000 0.0 143.38 

11 O. ~S7 0.7(8 0.6:8 0.05 .... 18.79 0.6 .. 0 0.0000 0.0 15Z.9Q 

12 0.:!~5 o -'" 0.6':'7 0.0 .. "6 17.10 0.583 0.0000 0.0 130.98 
.11'-

n 0.,,37 (I.6~3 0.57':' 0.0505 12.36 0.5"" 0.0(100 0.0 1:0.54 

, .. 0.S3° 0.8," 0.429 O.O:::~O 6.3" 0.65Q 0.0000 0.0 1 10.76 

IS 0.6t-i 0. 0 :0 0.310 O.ObOO ~.80 0.713 0.0000 0.0 Q3.73 

16 0.6:1 O. ~60 0.217 O.O&'!,:} I .;:7 O.B~:: 0.0000 0.0 87.00 

17 1.013 0.'<Q2 O. 105 o. o'~:,: 0.2: 1.002 0.0000 0.0 63.00 

18 1 . Z ... Q 1. 00: 0.005 0.86 0 2 -0.00 .*.-. 0.0000 0.0 316.30 
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1 
SECOND EXPT .• 5TH. 16. s= 149.43 e". 

\ PT Y/OEL U/UPW ueAle VElGIlAD 

1 0.009 0.333 o.:ne 12.654 

~ 0.1)17 0.438 0.430 9.131 

J 0.0~4 0 ... 76 0.475 4.235 

4 0.032 0.4'15 0.4<;8 2.108 

5 0.044 0.5:2 O.5~:! 1.7'12 

6 0.054 0.538 0.538 1.471 

7 0.066 0.5r,4 0.554 1.186 

a 0.080 0.569 0.569 1.026 

9 0.099 0.568 0.588 0.937 

10 O. I ZI 0.007 0.607 0.815 

11 0.15(1 0.630 0.630 0.790 

I~ 0.164 0.657 0.657 0.785 

! :3 0.::27 0.be9 0.689 0.691 

14 O. zoo 0.723 0.723 0.6::5 

IS O. YI5 D./b .. 0.764 0.6Z:! 

16 0.425 0.811 o .S11 0.546 

17 0.!,::5 0.ll61 O.St.l 0.4l-8 

18 0.6:'7 0.';'13 0.913 0.364 

19 0.799 0.9.56 0.956 0.228 

:0 0.9~4 O. "/19 0.9159 0.1/ 'I 

21 !.214 1.002 1.002 0.013 

:~ , .49S , .00 I 1.001 -0.008 

:::3 , .708 1.00(.1 1.000 0.000 

FIT VlDEL uc.uuP VElGIUO MIX tN/DEl PROD LlLO RIC BETA ED.RE 

0.03" 0.502 Z.075 0.0169 65.59 1.342 0.0000 0.0 50.27 

:: o. c"o 0.514 I. "]0 0.0180 60.09 1.175 0.0000 0.0 53.26 

3 O.C5~ 0.535 1.525 0.~2Z8 47.Z8 1.100 0.0000 0.0 67.12 

" 0.Of,4 0.552 , .230 0.O:!83 38.39 1.0'n 0.0000 0.0 83.73 

5 0.079 0.S68 : . O~,'l 0.0341 32.53 1.05'1 0.0000 0.0 101.59 

6 O.ooi', o . 5t.7 0.9':'5 0.0376 30.70 0.H8 0.0000 0.0 I 13.41 

7 O. I ~ I 0.607 0,(115 0.0442 27. 10 0.891 0.0000 0.0 134.86 

8 0.14'1 0.6::9 0.769 0.0 .. 56 26.14 0.746 0.0000 0.0 138.70 

9 0.1/)" O. t-5 7 0.7~5 0.0464 26.69 0.615 0.0000 0.0 143.07 

10 0.~26 0.6S8 0.(,0:' 0.05;:2 23.32 0.614 0.0000 0.0 159.95 

II O. ~79 0.7~2 0.625 0.0574 20.53 0.675 0.0000 0.0 174. " 

12 0.345 O. 7~" o .i...~~ 0.0551 le.79 0.64'1 0.0000 0.0 160.27 

13 0.4:'5 0.811 0.5 .. 6 0.0588 14.43 0.6'll 0.0000 0.0 159.76 

I .. 0.524 0.861 O ... 6(~ 0.0589 9.16 0.6'13 0.0000 0.0 137.74 

IS 0.t-47 0.913 0.364 0.0614 4.67 0.72:: 0.0000 V.O 1/6.30 

16 0.7'17 0.95b 0.2:8 0.0721 1. 59 0.848 0.0000 0.0 100.4'l 

17 O."g4 0.909 0.11 q 0.OBl-2 0.3:! 1.015 !l.OOOD 0.0 75.01 

18 , . ~, .. I.on 0.013 0.2815 -0.00 3.312 0.0000 0.0 90.40 
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SECOND EXPT .• 5TH. 17. s= 164.67 CM. 

PT Y/DEL U/UPW UCALC VElGRAD ] 
I 0.009 0.343 0.3<+8 14.436 

Z 0.016 0.446 0.438 9.691 

3 0.024 0.481 0.484 3.378 
4 0.031 0.503 0.503 2.3~2 1 5 0.043 0.527 0.527 1.818 
6 0.052 0.543 0.543 1.533 

7 0.063 0.557 0.557 1.168 

8 0.077 0.573 0.573 1.139 I 9 0.095 0.593 0.593 1.006 
10 0." 7 0.61Z 0.612 0.H3 

II 0.144 0.633 0.633 0.755 
12 0.177 0.657 0.657 0.707 >? 

13 0.:::19 0.686 0.686 0.676 
14 0.269 0.719 0.719 0.6 .. 5 
IS 0.33, 0.758 O. i'58 0.586 

'6 0.409 0.801 O.BOI 0.552 
17 0.505 0.853 0.853 0.50:5 
18 0.6e3 0.904 0.904 0.372 
19 O. ibS 0.'150 0.950 0.2108 
:0 0. 9 ,<7 0.937 0.987 O. I 36 
;:1 1.169 I .001 j .001 0.016 
22 , .442 1.001 I. DOl -0.007 

~3 1.6,+'+ I. COO 1.000 0.000 

FIT Y IOEL UCAL/UP VELGPAD MIX LtVOEL PROO LILO Inc SETA ED.RE 
0.033 o.ses :. 176 0.0159 6S.60 , .293 0.0000 0.0 48.~8 

" 0.0::>1 0.520 , .887 0.0184 57.31 1 .2~Z 0.0000 0.0 56.1 I 

3 0.050 0.540 I.b3!j 0.0212 49.e: 1. 061 0.0000 0.0 64.70 

4 0.0':>2 0.556 1.17"'1 0.0295 36.' , 1.175 0.0000 0.0 90.61 

5 0.076 O.57~ I. I 3<; 0.0308 35. I 3 0.992 0.0000 0.0 ~' •. 97 

6 0.0'1'+ Q.sq=: I . O~3 0.03 ... 6 32 ... 0 0.898 0.0000 0.0 107.83 

7 0.1110 a .bl1 0.7"1 .. 0.0 .... 3 :5.42 0.9'.' 0.0000 O.n 140.37 

8 0.143 0.63' 0.757 O.O"t75 ~4. 7t· 0,1110 0.0000 0.0 150.68 

9 O. I 77 0.6',7 0.707 0.0513 23.47 0.;06 o.ooco 0.0 163.B2 

10 0.218 0.61:5 0.676 0.0539 2~. 71 0.634 0.0000 0.0 173.07 

I I O. Zb9 0.71'1 0.645 0.0562 2 I .4& 0.662 0.0000 0.0 179.90 

12 0.332 0.758 Q.seb 0.0601 18.43 0.707 0.0000 0.0 186.90 

n O. ,,0"1 0.801 0.552 0.06G8 I!' . 71 0.715 0.0000 0.0 179.77 

'" 0.505 0.053 0.503 0.0595 I 1.4:' 0.70C- O.OOCO 0.0 157.33 

IS 0.623 0.'10 .. 0.37:: 0.06(;1 5.70 0.778 0.0000 0.0 143.55 

16 0.708 0.950 0.208 0.0t>b5 2.16 0.782 0.0000 0.0 104.59 

17 0.9,,7 0.9$7 0.1% 0.0783 0.39 0.922 0.0000 0.0 73.61 

18 1.1109 I. 001 0.016 0.2831 -0.01 3.331 0.0000 0.0 114. I .. 

no 
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Wall static pressure distribution -- THIRD EXPERIMENT 

TAP s, em C 
p 

0 -132.08 0.004 
1 - 93.98 .000 
2 - 63.50 .008 
3 - 21.31 .000 
4 - 15.24 • om, 
5 2.54 - .010 
6 7.62 - .009 
7 12.10 .010 
8 11.78 .017 
9 22.86 .l)IS 

10 27.94 .011 
11 33.02 ,(\05 
12 38.10 .C03 
13 43.18 • Don 
14 48.26 .010 
15 53.34 .011 
16 58.42 .004 
17 63.50 - .012 
18 68.58 - .016 
19 M.04 .017 
20 92.20 - .004 
21 98.63 - .008 
22 129.03 - .009 
23 159.51 - .003 
24 189.99 - .003 

s - 0 at start of curvature 
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THIRD EXPT .• STATIOH 3. S = -52.11 eM .• UPW = 14.67 MI'SEC I 
PT Y/DEL U/UP DY PR YPLUS UPLUS CFI'2 1 

1 0.034 0.522 0.351 20. 11.7 0.00181 

2 0.063 0.614 0.485 37. 13.7 0.00196 

I 3 0.089 0.656 0.554 53. 14.7 0.00198 

4 o . 1 16 0.682 0.599 69. 15. 3 0.00197 

5 0.163 0.717 0.663 97. 16. 1 0.00196 

6 O. 199 0.743 a . 7 1 1 118. 16.6 0.00198 T 
7 0.242 0.767 0.759 144. 17. 2 0.00200 A. 

8 0.295 0.793 0.810 '75. 17.7 0.00201 

9 0.362 0.824 0.876 216. 1~.4 0.00205 
1 0 o . 4 145 0.858 0.950 265. 1 .. 2 0.00210 
1 1 0.548 0.896 1.036 326. 20. 1 0.00217 
1 2 0.674 0.935 1 . 130 401 . 20.9 0.00223 
, 3 0.831 0.969 1. 214 494. 21 .7 0.00228 
14 1.023 0.993 1 . 275 609. 22.2 0.00227 
IS 1 .262 1 .00 a 1.295 751 . 22.4 0.00221 
16 1.555 , . 000 1 . 295 925. 22.4 0.00212 
17 1. 919 1. 000 1 . 295 , 142. 22.4 !J.00203 

DISP. THICKNESS = 0.208 CM. MOMT. THICKESS = 0.158 CM. 

SHAPE fACTOR = , . 320 DELTA 9<) .- 1 .422 eM. 

MOMENTUM THICKNESS REYNOLDS NO. = 1477. CF/2 = 0.00200 

l 
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THIRD £XPT., STATIOH S. ~ • -34.93 CM .• UPW· 14.67 M/SEC 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 

Y/DEL 
0.028 
0.051 
0.072 
0.094 
o . 131 
0.161) 
O. 196 
0.238 
0.292 
0.360 
0.443 
0.545 
0.672 
0.827 
1.020 
1. 257 
1 . 551 
1. 914 

U/UP 
0.498 
0.596 
0.636 
0.658 
0.693 
0.713 
0.737 
0.761 
0.787 
0.R18 
0.653 
0.890 
0.930 
0.968 
0.993 
0.999 
1 . 0 a 0 
0.999 

DY PR 
0.320 
0.457 
o . 521 
0.559 
0.620 
0.655 
0.701 
0.747 
0.800 
0.864 
0.940 
1 .024 
1 • 1 18 
1. 212 
1.275 
1.293 
1 . 295 
1 . 293 

YPLUS 
20. 
36. 
51. 
67. 
93. 

1 1 " . 
139. 
17 O. 
208. 
256. 
316. 
388. 
479. 
589. 
727. 
895. 

1105. 
1363. 

UPLUS 
11.5 
13.8 
14.7 
1S.2 
16.0 
16.5 
17 . 1 
17.6 
18.2 
18.9 
19.7 
20.6 
21.5 
22.4 
23.0 
23. 1 
23. 1 
23. 1 

CF/2 
0.00168 
0.00187 
0.00188 
0.00186 
0.00186 
0.0018S 
0.00186 
0.001~:i 

0.00190 
0.00193 
0.00199 
0.00204 
0.00211 
0.00217 
0.00218 
0.00211 
0.00203 
0.00194 

DISP. THICKNESS = 0.266 eM. 
MOMT. THICKESS =0.201 CM. 

SHAPE FACTOR = 1.325 DELTA 99 = t. 758 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 1883. Cf/2 
= 0.00187 
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THIRD EXPT., STATION 7, S • 10.39 eM., UPW. 1~.63 M/SEC 

PT 
1 
2 
3 
~ 

5 
6 
7 
8 
9 

1 0 
1 1 
12 
13 
14 
1 5 
16 
17 
18 
19 

Y/DEL 
0.019 
0.035 
0.050 
0.065 
0.091 
n. 1 1 1 
O. 135 
O. 16" 
0.202 
0.248 
0.306 
0.376 
0.464 
0.571 
0.705 
0.868 
1 . 0 7 1 
1 . 3 2 1 
1 . 6 29 

U/UP 
0.418 
0.520 
0.559 
0.586 
0.624 
0.648 
0.671 
0.696 
0.720 
C.746 
0.775 
0.808 
0.848 
0.889 
0.932 
0.975 
0.998 
1. 001 
1.000 

DY PR 
0.226 
0.351 
0.406 
0.447 
0.508 
o . 549 
0."89 
0.6 ._ ~ 
O. 6B 1 
0.732 
0.790 
0.859 
0.942 
1 .034 
1 • 130 
1 . 229 
1 • 283 
1.290 
, . 288 

YPLUS 
18. 
32. 
46. 
60. 
84. 

103. 
125. 
152. 
187. 
230. 
284. 
349. 
430. 
530. 
654. 
805. 
993. 

1225. 
151 1 . 

UPLUS 
10.7 
13.3 
14.3 
15. 0 
15.9 
16.5 
17 . 1 
17.7 
18.3 
18.9 
1 9 . i. 
20.3 
21.2 
22. 1 
23.0 
23.9 
24.2 

.:: ..1 . 5 

CF/2 
0.00125 
0.00148 
0.00151 
0.00151 
0.00153 
0.00155 
0.00156 
0.00158 
0.00159 
0.00161 
0.00163 
0.00166 
0.00171 
0.00177 
0.00181 
0.00186 
0.00182 
0.00171 
0.00160 

DISP. THICKNESS = 0.421 eM. MOMT. THICI\£SS =0.306 CM. 

SHAPE fACTOR = 1.376 DELTA 99 = 2.548 CM. 

MOMENTUM THICKNESS REYNO~DS NO. = 2863. CF/2 = 0.00152 
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THIRD EXPT .• STATION 8. S ~ 2S.~O CM .• UPW - 1~.51 M/SEC 

PT 
1 
2 
3 
~ 

5 
6 
7 
8 
Cl 

I 0 
1 1 
12 
13 
14 
'5 
16 
17 
18 
: 9 
20 

Y/DEL 
0.018 
0.034 
0.0~8 

0.063 
0.088 
O. 108 
o . 13 I 
O. 159 
O. 195 
0.240 
0.296 
0.364 
0.448 
0.552 
0.681 
0.838 
1.034 
, . 276 
1 • 573 
I . 94 I 

U/UP 
0.393 
0.487 
0.521 
0.5~7 

0.581 
0.603 
0.628 
0.655 
0.687 
0.720 
0.756 
0.793 
o . 831 
0.871 
o . 9 16 
0.964 
0.995 
1 . 000 
, . 000 
1.000 

D'{ PR 
0.198 
0.305 
0.351 
0.386 
0.437 
0.472 
0.513 
0.559 
0.615 
0.676 
0.744 
0.318 
0.8')7 
0.983 
1.082 
1 . 189 
1.260 
I .270 
1 .270 
I .270 

DISP. THICKNESS = 0.475 CM. 

YPLUS 
17. 
30. 
43. 
56. 
79. 
97. 

1 18. 
144. 
176. 
2 16. 
266. 
328. 
404. 
497. 
614. 
756. 
932. 

I ISO. 
14 18. 
1750. 

UPLUS 
10.7 
13.2 
14.2 
1~.8 

lS.7 
16.3 
17. 0 
17.7 
18.5 
19. 3 
20.2 
21 . 1 
22.0 
23.0 
24.0 
25.0 
25.6 
25.3 
24.9 
24.4 

CF/2 
0.00111. 
0.00133 
0.00134 
0.00135 
0.00136 
0.00137 
0.00140 
0.00143 
0.00147 
0.00151 
0.00156 
0.00161 
0.00166 
0.00171 
0.00176 
0.011182 
0.00181 
0.00171 
0.00160 
0.00148 

MOMT. THICKESS =Q.336 CM. 

SHAPE FACTOR = 1.416 DELTA 99 = 2.638 CM. 

MOFtENTUM THICKNESS REYNOLDS NO. = 3122. CF/2 = 0.00135 
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THIRD EXPT. , STATION 9, S = ~ 1 . ~ 8 CM .• UPW = 1~.73 M/SEC 

PT Y/DEL U/UP DY PR YPLUS UPLUS CF/2 
1 0.018 0.395 0.206 t 6. 11.0 0.0011~ 

2 0.033 0.478 0.302 30. 13.3 0.00128 
3 0.047 0.509 O.3~3 43. 14. 1 0.00128 
4 0.061 0.536 0.381 56. 14.9 0.00129 
5 0.085 0.566 0.427 78. 15.7 0.00129 
6 O. 1 O~ 0.590 0.465 96. 16.3 0.00131 
7 O. 127 0.610 0.498 117. 16.9 0.00132 
8 O. 155 o . 641 o . 551 143. 17.7 0.00137 
9 O. 189 o . 67 1 0.605 175. 18.5 0.00140 

, 0 0.233 0.703 0.663 215. 19.3 0.00144 
1 1 0.287 0.741 0.737 264. 20.3 0.00150 
12 0.352 0.782 0.820 325. 21 .4 0.00156 
13 0.ll34 0.822 0.904 400. 22.3 0.00162 
14 0.535 0.864 0.996 493. 23.3 0.00167 
15 0.660 0.907 1 .092 608. 24.3 0.00172 
16 0.812 0.953 1 . 199 749. 25.3 C.00178 
17 1.002 0.990 1.285 924. 26.0 0.00179 
18 1.236 1 .000 1.308 1140. 25.9 0.00171 
19 1.525 1 .000 1.308 1406. 25.5 0.00159 
20 1 .881 0.999 1 .306 1734. 25.0 0.00147 

DISP. THICKNESS = 0.506 CIt. MOMT. THICKESS =0.355 C!'! 

SHAPE FACT0R = 1 .426 DELTA 99 :: 2.722 CM. 

MOMENTUM THICKNESS REYNOLDS NO. :: 3347. CF/2 = 0.00129 

27(-, 

#lI) 

I 
I 
I 
.... 

-
.. 

i 

I 
I 
I 

r 
1 
I 
! 
; 

, 
1 
I 
1 

1 
1 
~ 



~~-.-.. ".-"..,~~.- ~. ~ ~ -.- .. - ... -. ---_. , ~ - -- -- ---- -- ~ ._-- - ----~.---.""'-------..-----.-.----- --- --- -~----~-~~-~-------- . .- -.- ..... Iiif N'l 
I 

I 
1 
i 
1 

THIRD EXPT., STATION 10, S = 61.72 CM., UPW = 14.66 M/SEC 

I' 

{ t PT Y/DEL U/UP DY PR YPLUS UPLUS CF/2 

I 1 0.016 0.333 O. 147 15. 9.9 0.00086 

2 0.030 0.431 0.246 28. 12.8 0.00107 

3 0.043 0.468 0.292 4t. 13.9 0.00111 

I 4 0.056 0.493 0.325 53. 14.7 0.00112 

5 0.079 0.524 0.368 74. 15.6 0.00113 

6 0.096 0.545 0.399 90. t 6.2 0.00114 

7 O. 118 0.566 0.432 110 . 16.8 0.00116 , 
; 

8 O. JIll 0.592 0.1f72 134. 17.5 0.00119 i 

i 
9 O. 176 0.620 0.521 165. 18.3 0.00122 J 

j 

10 0.216 0.656 0.582 202. 19.3 0.00127 j 
j 

11 0.266 0.695 0.653 249. 20.4 0.00134 1 
12 0.327 0.740 0.739 306. 21.6 0.001142 ~ 

] 
1 

13 0.403 0.788 0.836 377. 22.9 0.00150 1 

14 6.496 0.839 0.942 461f. 21f.3 0.00159 
i 

15 o . 6 1 1 0.889 1.052 573. 25.5 0.00166 

16 0.753 0.937 1 . 161 70S. 26.7 0.00172 

17 0.929 0.985 1.270 870. 27.7 0.00177 

18 1 . 146 1 . 00 1 1.308 1074. 27.8 0.00171 

19 1 .413 1 . 00 1 1 .308 1324. 27.4 0.00159 

20 1 .743 1 . 00 1 1.308 1633. 26.8 0.00148 

DISP. THICKHESS = 0.586 eM. MOMT. THICKESS =0.391 CM. 

SHAPE FACTOR = 1.498 DELTA 99 = 2.938 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 3724. CF/2 = 0.00112 

277 

. -........ -~--.-.~ ... ~.- . , ... d. -tfttOp._ bl 2 ., Y "$ ott •• .... 



-'''----.'--''- ---, . -. - -.-.-~ 

._ _+ ...... _---..:= ___ ,~_,.".,...,.. ____ .... ~@l4I._ .~'!!!l'\i9;:~-_~-..-,; 

1 
I 

THIRD EXPT .• STATION 12. S = 88."7 CM .• UPW • 14.62 M/SEC I 
PT 'f/DEL UI'UP DY PR YPLUS UPLUS CFI'2 

1 0.015 0.348 0.157 15. 10.4 0.00093 
2 0.028 0.438 0.249 28. 1 3 . 1 0.00111 
3 0.040 0 .... 70 0.287 "0. ' .... 0 0.00112 

" 0.052 0 .... 88 0.310 52. 14.6 0.00111 
5 0.072 0.5114 0.3 1H 73. 15.3 0.00\11 
6 0.088 0.529 0.363 89. 15.8 0.00110 
7 O. 108 0.545 0.386 109. 16.3 0.00110 
8 O. 132 0.56'" 0.41'" 133. 16.9 0.00111 
9 O. , (, 2 0.588 0 .... 50 16 .... 17.6 0.00114 

10 O. 199 0.616 0 .... 93 201. 18 .... 0.00117 
1 1 0.2"'5 0.650 0.549 248. 19 .... 0.00123 
12 0.301 0.692 0.622 305. 20.7 0.00131 
13 0.371 0.739 0.709 376. 22. 1 0.00140 
1 ... 0.457 0.795 0.820 463. 23.7 0.00153 
15 0.564 0.854 0.947 571. 25.S 0.00166 
16 0.694 0.913 1.082 703. 27.3 0.00179 
17 0.856 0.967 1 . 2 14 867. 28.9 0.00191 
18 1.056 0.999 1.295 1069. 29.8 0.00194 
19 1.302 1.000 1.298 1318. 29.9 0.00187 
20 1.606 0.999 , .295 1627. 29.8 0.00179 

IHSP. THICKNESS :: 0.680 CM. MOMT. THICKESS =0.448 CM. 

SHAPE FACTOR :: 1. 516 DELiA 99 :: 3.188 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 4253. CF/2 :: 0.00112 

nB 
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t THIRD EXPT. , STATION 13, S • 103.71 CM .• UPW = 111.611 M/SEC 

[ 
PT Y/DEL U/UP DY PR YPLUS UPLUS CF/2 I 1 0.015 0.3118 O. 157 15. 1 0 • If 0.00093 

I 2 0.027 0.440 0.251 28. 13.2 0.00112 I 
3 0.038 0.472 0.290 40. 14 . 1 0.00113 I If 0.050 0.493 0.315 52. llf.7 0.00113 
5 0.069 0.512 0.3lfO 73. 15.3 0.00110 I 

I 6 0.085 0.529 0.363 89. 15.8 0.00110 II 7 0.104 0.545 0.386 109. 16.3 0.00110 
8 O. 126 0.563 0.411 133. 16.8 0.0011' i 

I 9 O. 155 0.585 0.44~ 163. 17.5 0.00112 i , 
10 O. 1 ~ 1 0.609 o . 483 201. 18.2 0.00115 
1 1 0.235 0.638 0.528 248. 19 . 1 0.00118 

I 12 0.289 0.672 0.587 305. 2 a . 1 0.00124 
13 0.357 0.714 0.663 375. 21.4 0.00132 
14 0.439 0.762 0.754 1f62. 22.8 0.00141 

0.542 0.821 0.876 570. 24.6 0.00155 "~ 15 i J 16 0.667 0.887 1.024 702. 26.6 0.00170 1 
17 0.823 0.950 , . 17 3 866. 28.4 0.00184 1 

l 18 1. 0 '5 0.993 1 . 283 1068. 29.7 0.00192 , 
1317. 

, 

I 19 1.251 1 . 000 1 . 300 29.9 0.00187 l 
~ 

20 1 . 5~ 3 1.000 1 .300 1625. 29.9 0.00179 
, 
j 

21 1 .90 a 0.999 1 . 298 2001 . 29.9 0.00172 i 
1 

I DISP. THICKNESS = 0.741 CM. MOMT. THICKESS =0.490 CM. 

SHAPE FACTOR = 1. 513 DELTA 99 = 3.318 CM. 

I MOMENTUM THICKNESS REYNOLDS fl!0. :; 4652. CF/2 = 0.001t2 

J 
I 
I 1 

1 
J 
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TH:RD EXPT. , STATION 14 , S II 118 . 95 CM .• UPW II 14.61 IVSEC 

PT YI'DEL UI'UP DY PR YPLUS UPLUS CFI'2 
1 0.013 0.361 0.168 15. 10.8 0.00098 
2 0.025 0.438 0.2'16 28. 13. 1 0.00110 
3 0.035 0.475 0.290 !.f0. 14.2 0.00113 
If 0.0"6 0.495 0.315 52. 14.8 0.00113 
5 0.064 0.516 0.3'13 73. 1S.lf 0.00111 
6 0.078 0.530 0.361 89. 15.8 0.00110 
7 0.096 0.548 0.386 109. 16.4 0.00110 
8 O. 117 O. S6 S o . 4 11 133. 16.9 0.00111 
9 O. 143 0.587 0.4'14 163. 17.6 0.00113 

10 O. 176 0.610 0.480 201. 18.2 0.00115 
1 1 0.217 0.634 0.518 247. 18.9 0.00117 
12 0.261 0.666 0.572 304. 19.9 0.00122 
13 0.330 0.701 0.635 375. 21.0 0.00127 ,.. 0.406 0.743 0.714 462. 21.2 0.00135 
15 0.501 0.781 0.787 570. ~l.3 0.00141 
16 0.617 0.860 0.955 702. 25.7 0.00161 
17 0.161 0.928 1. 113 866. 27.7 0.00176 
18 0.938 0.986 1 .257 1068. 29.5 0.00189 
19 1 . 157 1.000 1.295 1317 . 29.9 0.00187 
20 1 .427 1 .000 1 .295 1625. ~9.9 0.00179 
21 1.746 1 .000 1 .295 1987. 29.9 0.00173 

DISP. THICKNESS = 0.795 CM. MOMT. THICKESS =0.529 CM. 

SHAPE fACTOR = 1.503 DELTA 99 = 3.588 CM. 

MOMENTUM THICKNESS REYNOLDS NO. '" 5 0 13. Cf/2 = 0.00112 
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THIRD EXPT .• STATION 15. 5 • 13".19 en .• UPW • '''.59 rVSEt: 

PT Y/DEL u/uP DY PR YPLUS UPLUS tF/2 

1 0.012 0.3 .... O. 152 1 S. 10 ... 0.00091 

2 0.023 0."29 0.236 28. 12.9 0.00107 

3 0.032 0.464 0.277 40. 1'L a 0.00110 

4 0.0'+2 0.487 0.305 52. '''.7 0.00110 

5 0.059 0.514 0.3"0 72. 15.5 0.00110 

6 0.071 0.529 0.361 88. 16.0 0.00110 

7 0.087 0.540 0.376 107. 16.3 0.00108 

8 O. 106 0.558 o . 401 131. 16.8 0.00109 

9 o . 13 I 0.577 0.'+29 161. 17.4 0.00tl0 

10 O. 161 0.602 0.467 198. 18. 1 0.00113 

11 O. 198 ~.6;::5 0.503 244. 18.8 0.00114 

12 0.244 0.651 0.546 301- 19.6 0.00117 

13 0.300 0.685 0.605 37" 20.6 0.00122 

14 0.370 0.724 0.676 456. 21 .8 0.00129 

15 0.456 0.773 0.770 563. 23.3 0.00139 

16 0.562 0.830 0.889 693. 25.0 0.00'51 

17 0.693 0.898 1 .039 855. 27.0 0.00167 

18 0.855 0.965 1 . 20 1 10 55. 29. 1 0.00182 

19 1.054 0.999 1 .288 130 1 . 30. 1 0.00186 

20 1.300 1.000 1 .290 1604. 30. 1 0.00179 

2 1 1 .594 0.999 1 .288 1967. 30. 1 0.00173 

DISP. THICKNESS :: 0.865 CM. MOMT. THICKESS =0.576 CM. 

SHAPE fACTOR ,. 1.502 DELTA 99 = 3.939 CM. 

MOMENTUM THICKNESS REYNOLDS NO. ,. 51.l36. CF/2 :: 0.00110 
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THIRD EXPT. , STATION 16. S • 149.43 C11 .• UPW = 14.54 M/SEC 

PT Y/DEL U/UP DY PR YPLUS UPLUS CF/2 
1 0.012 0.338 0.147 15. 10.3 0.00089 
2 0.022 0.407 0.213 27. 12.5 0.00099 
3 0.031 0.449 0.259 39. 13.7 0.00105 
4 0.040 0.474 0.290 51. 14.5 0.00106 
5 0.056 0.501 0.323 71 . 15. 3 0.00106 
6 0.069 0.518 0.345 87. 15.9 0.00107 
7 0.084 0.533 0.366 105. 16.3 0.00107 
8 O. 102 0.550 0.389 128. 16.8 0.00107 
9 O. 125 0.566 0.411 158. 17.3 0.00107 

10 O. 154 0.587 0.442 195. 17.9 0.00108 
1 1 O. 190 o . 613 0.483 240. 18.B 0.00111 
1 2 0.234 0.637 0.521 295. 19.5 0.00113 
13 0.289 0.669 0.574 363. 20.5 0.00118 
14 0.355 0.708 0.643 448. 21.7 0.00124 
1 5 0.438 0.753 0.726 552. 2::1.0 0.00133 
16 0.540 0.805 0.831 680. 24.6 0.00143 
17 0.666 0.868 0.965 839. 26.5 0.00157 
18 0.822 0.938 1 . 128 1035. 28.7 0.00174 
19 1. 0 13 0.994 1 . 265 1276. 30.4 0.00185 
20 1.250 1.000 1 .280 1574. 30.6 0.00180 
21 1.541 1.000 1 .280 1942. 30.6 0.00173 

DISP. THICKNESS :: 0.948 CM. MOMT. THICKESS =0.628 CM. 

SHAPE FACTOR :: 1. 51 a DELTA 99 = 4.098 CM. 

MOMENTUM THICKNESS REYNOLDS NO. :: 5901 . CF/2 = 0.00107 

282 

I 
J 
I 
I 
J 
I 
1 
1 
'" 

i 
1 
I 
I 
I 



\ 

{ 

I. 
[ 

[ 

r 
1 
] 

1 
1 

THIRD EXPT •• STATION 17. S • 16Cf.67 eM •• UPW. 'Cf.5Cf M.lSEe 

PT 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
114 
15 
16 
17 
18 
19 
20 
2 1 

YJ'DEL 
0.0 to 
0.019 
0.021 
0.036 
0.050 
0.060 
0.074 
0.090 
O. 1 1 I 
O. 136 
O. 168 
0.207 
0.255 
0.31'4 
0.387 
0.477 
0.588 
0.726 
0.894 
1 . 103 
1 .357 

UJ'UP 
0.327 
0.420 
0.1459 
0.Cf78 
0.508 
0.522 
0.535 
0.551 
0.569 
0.586 
0.608 
0.633 
0.663 
0.698 
0.738 
0.789 
0.8'46 
0.913 
0.979 
1 . 00 1 
1 . 00 1 

DY PR 
0.137 
0.226 
0.269 
0.292 
0.330 
0.348 
0.366 
0.389 
0."''1 
0.439 
0."72 
0.513 
0.561 
0.622 
0.696 
0.795 
0.9'4 
1.06'4 
1.224 
1.280 
1.280 

DISP. THICKNESS = 1.008 eM. 

YPLUS 
15. 
27. 
39. 
51. 
71. 
86. 

106. 
129. 
~58. 

195. 
240. 
296. 
364. 
449. 
554. 
682. 
84 1 . 

1038. 
1279. 
1578. 
19'41. 

UPLUS 
10. 0 
12.8 
1 ... 0 
14.6 
15.5 
15.9 
16.3 
16.8 
17. 3 
17.9 
18. S 
19.3 
20.2 
21.3 
22.5 
24. 0 
25.8 
27.8 
29.8 
30.5 
30.5 

CF.l2 
0.00084 
0.00104 
0.00108 
0.00107 
0.00109 
0.00108 
0.00107 
0.00107 
0.00108 
0.00108 
0.00109 
0.00112 
0.00116 
0.00'21 
0.00128 
0.00138 
0.00150 
0.00165 
0.00180 
0.00180 
0.00173 

MOMT. THICKESS =0.673 CM. 

SHAPE FACTOR = 1.498 LELTA 99 :: 4.641 CM. 

MOMENTUM THICKNESS REYNOLD~ NO :: 6317. CF/2 :: 0.00108 

283 

-- --------...---------------------



1 
I 

THIRD EXPT •• REMOLDS' STRESSES AT STH. 5, S • -3~.92 C". I 
OUTPUT NONDIMENSIONALIZED ON fRICTION VELOCITY I 

PT YIDEL VVIUTSQ USQIUTSQ VSQ/UTSQ WSQIUTSQ QSQIUTSQ A SHEAR CORR ANISOTROPY 
1 D.",. 1.0313 3.014 1.569 i~. 125 6.708 0.154 0.474 0.047 
2 0.155 1.0125 2.822 1.494 1.977 6.293 0.161 0.493 0.052 
3 0.191 0.9806 2.727 1.449 1.888 6.063 0.162 0.493 0.052 J 
4 0.234 0.9487 2.672 , .420 I.S:!6 5.918 0.160 0.487 0.051 

I 
5 0.Z89 0.9129 2.493 1.366 1.756 5.615 0.163 0.495 0.053 
6 0.357 0.8542 2.330 1.263 I.E-3D 5.223 0.164 0.498 0.053 
7 0.441 0.7591 2.049 1.156 1.472 4.677 O. '62 0.493 0.053 
8 0.543 0.6293 1.751 0.977 1.236 3.964 0.159 0.481 0.050 
9 0.671 0.4510 1.373 0.741 0.885 2.999 0.150 0.447 0.045 

10 0.827 0.2397 0.773 0"450 0.480+ 1.708 0.140 0.406 0.039 

" 1.020 0.0621 0.237 0.194 0.165 0.596 0.104 0.290 0.022 
12 1.257 -0.0046 o.o:n 0.048 0.02t1 0.107 -0.043 -0.115 0.004 
13 1.552 -0.0103 0.007 0.0'0 0.003 0.020 ·0.502 -1.211 0.505 

DISPLACEMENT THICKNESS = 0.267 CM. MOMENTUM THICKNESS:: 0.201 eM. DELTA 99 = ! .7sa eM. 

MOMENTUM THICKNESS REYNOLDS NO. = 1883. UTAU :: 0.634 M/SEC UPW :: 14.67 MlSEC 

OUTPUT NONDIMENSIONALIZED ON WAll VELOCITY 

PT YlDEL UVIUPWS USQ.I'\JPWS VS~/IJPWS WSQ/UPWS QSQ/UPWS , 0.114 0.00'93 0.C0563 0.00293 0.00397 0.01254 
l! O. '55 0.00'89 0.00528 0.00Z79 0.00370 0.01'76 
1 O. '9' 0.00183 0.00510 0.00271 0.00353 0.01 !34 ,. 0.234 a.ooln 0.00500 o.onos 0.00341 0.0\106 
5 0.289 0.00'71 0.00466 0.00::55 0.003':8 0.01050 
6 0.357 0.00160 0.0043b 0.\)0236 0.00305 0.00976 
7 0.441 0.00142 0.00383 1).00,n6 o.oons 0.00874 
8 0.543 0.001 '8 0.00327 0.00183 0.00231 0.00741 
9 0.671 0.00064 0.00257 0.00139 0.0r)165 O.OOS&1 

10 0.8Z7 0.00045 0.('0,45 0.00064 0.00091 0.00319 
11 , .0::0 0.00012 0.00044 0.0003t. 0.00011 0.00111 
12 1.257 -0.00001 0.00006 0.00009 O.oooos 0.00020 
13 1.55" -0.00002 0.00001 0.00002 0.00001 0.00004 

I 
1 I 

I 
I I 

~ 
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t t. 
,~ l. THIRD EXPT.. RENOLDS • STRESSES AT 5TH. 7. 5 • 10.39 CH. (n.25 DEGI 

i. OUTPUT NOHDI"ENSIONAlIZED ON fRICTION VELOCITY 

f 

\ r 
r 
1-

I 
r 
I 

PT YIDEl W/UT5Q USQ/uTSQ VSQ/UTSQ WSQIUTSQ QSQIUTSQ A SHEAR COAl ANISOTROPY , 0.079 1.0143 3.336 t.75' 2.333 7.421 0.137 0."20 0.0]7 2 0.107 0.8710 :S.085 1.51 " 2.1"2 6.741 0.129 0.403 0.033 1 0.132 0.8190 3.026 t .476 2. t06 6.607 0.12" 0.388 0.031 .. 0.162 0.7350 2.876 1,401 2.041 6.320 0.tl6 0.166 0.027 5 0.199 0.6658 2.7,.2 1.160 1.970 6.072 O. tlO 0.145 0.02t. 6 0.2,.6 0.6213 2.716 1.328 1.915 5.980 O. 10,. 0.127 0.022 7 0.10" 0.5718 2.549 1.304 1.865 5.718 0.100 0.114 0.1l20 8 0.375 0.5199 2.423 I.n9 1.751 5.,.14 0.0% O.lOO 0.018 9 0.461 0.4458 2.179 '.1<!5 1.622 4.926 0.090 0.2&5 0.016 10 0.570 O.litll 1.817 0.948 1.140 4.125 0.081 O. ~ .. <;) 0.014 tI 0.704 0.2200 1.410 0.734 0.989 1.111 0.070 0 . .,16 0.010 12 0.867 0.0915 0.745 0.450 0.487 1.683 0.054 0.158 0.006 13 1.071 0.0115 0.164 0.175 0.137 0.476 0.024 0.068 0.001 14 1.321 -0.0041 0.011 0.049 0.034 0."6 -0.035 -0.102 0.003 IS 1.629 -0.0049 0.026 0.029 0.028 0.083 -0.060 -0.179 0.007 
• DISPLACEMENT THICKNESS : 0.422 C!'t. MC~ENTUH THIC~~£3S : 0.307 t". DELTA 99 .. 2.548 C". 

MOMENTUM THIC;{Nr:SS REYNOLDS NO. : 2863. UTAU .. 0.527 MV~EC UPW .. 14.73 t1ISEC 

OUTPUT NONOIMEHSIONALIZEO ON WALL VELOCITY 

PT YIDEL UV/uPWS USQ/UPWS VSQ/UPWS WSQ/UPWS QSQ/UPWS 
I 0.079 0.00130 0.00428 0.00225 I'.00Z99 0.00951 2 O. '07 0.00112 0.00395 0.00194 J. 'J0275 0.00864 3 0.112 0.00105 0.00388 0.00189 :.00270 0.00847 4 0.162 0.00094 0.00369 0.00180 0.0~262 0.00810 5 0.199 O.OOOSS 0.00151 0.00174 ('.OO:!53 0.00778 6 0.246 0.00080 0.00348 0.00170 (;.00248 0.00767 7 0.104 0.00071 0.00327 0.00167 0.00219 0.00731 8 0.375 0.00067 0.00111 0.00159 11.00225 0.00694 9 0.463 0.00057 0.00279 0.00'144 0.00208 0.00611 10 0.570 0.00044 0.00215 0.110122 0.00172 0.00529 

" 0.704 0.00028 0.00181 0.000'14 0.00127 0.00402 12 0.867 0.00012 0.00096 0.000!,8 0.00062 11.00216 
Il 1.071 0.00001 0.00021 0.000::2 0.00018 0.00061 14 1.321 -0.00001 0.00004 0.00006 0.00004 0.00015 IS 1.629 -0.00001 0.00001 0.00004 0.00004 0.00011 
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THIRD EXPT •• RENOLDS' STRESSES AT 5TN. 9. S • ~,.,a tn. 152.12' 

OUTPUT NONOIHEHSIONAlIZEO ON fRICTION VELOCITY 1 
PT YIDEl UVIUTSQ USQIUTSQ VSQI\ITSQ WSQ/UTSQ Q5QIUTSQ A $HEAR CORA ANISOTROPY 

t O.C7~ 0.923] 2.619 1.613 2.123 6.1t24 o .• ~lt 0.440 O.Oltl 
2 O. tOO 0.8274 2.351 1.4'6 , .843 5.6' I O. t47 0.453 0.041 , o •• n o. 79t~ t.n4 •. 326 1.756 5.11S 0.148 O.ltS' 0.04~ J 
~ O .• 51 0.7349 2.120 1.211 '.6M 5.046 O. t 46 o • ItS 5 0.042 
5 0.187 0.6554 1.966 I. 137 1.580 4.683 0.,40 0.4]1 0.039 
6 0.211 0.5710 1.806 1.012 1.482 It .100 O.tll 0.1t22 0.015 
7 0.285 0.4678 , .565 0.875 1.313 1.751 0.125 O.ftOO 0.031 
8 0.351 0.3539 0.555 0.n9 0.230 I . SIlt O.21ft 0.556 0.109 1 
9 O.ltll 0.2581 I. 059 0.595 0.918 2.592 0.100 0.125 0.020 

10 0.534 0.18ftl o .8n 0.490 0.780 2.109 0.087 0.287 0.015 
II 0.659 0.1237 0.661 1).410 0.62' 1.692 0.07] 0.U8 0.011 
12 0.812 0.0$73 0."73 0.ll7 0.404 , .214 0.04' 0.'44 0.004 I 
tl 1.003 -0.0107 0.142 0.195 0.119 0.477 -0.C;:2 -0.064 0.001 
I~ '.U7 -0.0270 O.~26 0.050 0.028 O. 104 -0.260 -0.756 0.136 
'5 1.526 -0.0246 0.01 ! 0.0'7 0.014 0.042 -0.580 -'.777 0.672 

DISPLACEMENT THICKNESS ,. 0.505 CH. MOMENTUM THICKNESS = 0.156 CH. DELTA 99 ,. 2.720 tH. 

MOMENTUM THICKNESS REYNOLDS NO. = 3347. urAU = 0.529 MlSEC UPW = '4.73 MlSEC 

OUTPUT HONOIMENSIONALIZED ON WALL VELOCITY 

PT YIOEL UV/uPWS USQI\JPWS VSQ/UPWS WSQI\JPWS QSQI\JP~S 

I 0.074 0.00119 0.00138 0.00~'7 0.00274 0.008;:8 
2 0.100 O.OOIOY 0.00303 0.001S3 0.00238 0.00723 
1 O.IZl O.OO'OZ O.OOZ" 0.00171 0.00ZZ6 0.00b8& 
4 0.15' 0.00095 O.OOZ73 0.00159 0.00Z18 0.00b51 
5 0.IS7 0.00084 0.00Z5] 0.00147 O.OOZO .. 0.00b04 
6 O.Zll 0.00074 o.ooz:n 0.00130 0.00191 0.00554 
7 o.zes 0.00060 0.0020Z 0.11';113 0.00169 0.00484 
& 0.151 0.00046 o.ooon 0.OO()94 0.00030 0.00'95 
9 0.413 0.00031 0.001l7 0.00077 0.001Z1 0.00334 

.0 0.5}4 0.000Z4 0.0010S 0.00063 0.00101 O.OO27Z 

" 0.659 0.00016 0.0001\5 0.00053 0.00080 0.00218 
12 0.81l 0.00007 0.00061 0.00041 0.00052 0.00156 
13 !. OOl -0.00001 0.00018 0.00025 0.00018 0.000t.1 
14 1.Zl7 -0.00003 0.00003 O.OOOM 0.00004 0.00013 
IS ! .5Z6 -0.00003 0.00001 O.OOOOZ 0.0000i! 0.00005 
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\ TltIRO EXPT. t RENGLDS' STRESSES AT STH. 12. S • aa.~7 en. 

1 OUTPUT HOHDI"£NSIOHALIZEO ON FRICTION VELOCITY 

PT YIDEL W/UTSQ USQIUTSq VSQIUTSQ WSQ/UTSQ QSQ/UTSQ A SHEAR CORR ANISOTROPY 
I 0.063 1.0866 3.172 I.75l1 2.~24 7.346 O. lit' 0.461 0.044 
2 0.085 1.08'4 3.022 1.712 2.~"2 7.0n 0.15" o.~n 0.0"7 
3 0.105 I. 1229 2.984 1.762 '.345 7.091 0.15' 0.490 0.050 
4 0.129 1.1526 2.982 1.813 2.349 7.143 0.1" 0.496 0.052 
5 0.15' 1.2015 3.015 1.838 2.381 7.234 0.166 0.510 0.055 

• 0.1'7 1.2'4' 1.028 1.864 2.198 7.290 0.167 0.511 0.056 
7 0.243 1.1919 2.962 1.799 2.384 7.146 0.167 0.516 0.056 
8 0.300 1.1344 2.793 1.680 2.24!J 6.71' 0.169 0.524 0.057 
9 0.370 0.9146 2.388 , .422 1.962 5.772 0.169 0.529 0.057 

10 0.456 0.7324 1.838 1.078 1.509 4.425 0.166 0.520 0.055 
11 0.563 0.4729 ,. '97 0.694 1.010 2.900 0.163 0.519 0.053 
12 0.691 0.2326 0.646 0.399 0.580 1.625 0.143 0.458 0.041 
13 0.856 0.0766 0.308 0.226 0.251 0.785 0.098 0.290 0.019 
14 I.05~ -0.0019 0.043 0.082 0.047 1I.172 -0.011 -0.032 0.000 
15 1.302 -0.0316 0.019 0.025 0.019 0.062 -0.509 -1.470 0.517 
16 1.554 -0.0335 0.015 0.019 0.019 0.052 -0.640 -2.001 0.819 

DISPLACEI1ENT THICKNESS : 0.681 CH. I1OI1EHTUt1 THICKNESS: 0.447 CI1. DELTA 99 • 3.188 CH. 

I1OI1EHTUt1 THICKNESS REYNO LOS NO. : 4253. UTAU = 0.489 KlSEC UPW :: 14.62 KlSEC 

OUTPUT NONOII1ENSIOHALIZED ON WALL VELOCITY 

PT YloEl UV/UPWS USO/uPWS VSO/UPWS WSQ/UPWS QSQIUPWS 
1 0.063 0.00122 0.00355 0.00196 0.00271 0.00822 
2 0.085 0.00122 O.OO33a 0.00192 0.00262 0.00792 
3 0.105 0.001~6 0.00334 0.00197 0.00263 0.00794 
4 0.129 0.00129 0.00334 0.00201 0.00263 0.00800 
5 0.159 0.00134 0.00338 0.00206 0.00267 0.00810 
6 0.197 0.00136 0.00339 0.00209 0.00268 0.00816 
7 0.243 0.00133 0.00ll2 0.00201 0.00267 0.00800 
8 0.100 0.00127 0.00113 0.00188 0.00251 0.00752 
9 0.370 0.1'0109 0.00267 O.OOIS~ 0.00220 0.00646 

10 0.456 0.00082 0.00206 0.00121 0.00169 0.00495 

" 0.563 0.00053 0.00131t 0.00078 0.00113 0.00325 
12 0.693 0.000&:6 0.00072 0.00045 0.00065 0.00182 
Il 0.856 0.00009 0.00035 o.oooa 0.00028 0.00C88 
14 1.056 -0.00000 0.00005 0.00009 0.00005 0.00019 
15 1.3C2 -0.00004 0.00002 0.00003 0.00002 0.00007 
16 1.554 -0.00004 0.00002 0.00002 0.00002 O.OOOO~ 
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THIRD EXPT •• REHOLDS' STRESSE~ AT STN. l~, S s ,.e.95 eM. I 
OUTPUT HONDIMENSIONAlIlED ON 'RICTION YEl~lTY I 

PT llOEl UYIVTSQ USQIUTSQ YSQ/VTSQ WSQIUTSQ QSQIUTSQ A ~"'UR CORR ANISOTROPY , 0.053 •. 0342 3.636 1.730 2.520 7.887 O.nl 0.412 0.034 
2 0.07' , .0630 3.527 '.735 2.468 7.730 0.138 0.430 0.038 
] 0.088 1.0716 3.4'17 1.748 2.456 7.611 O. '41 0.439 0.040 I 
4 o •• oe 1.0889 3.375 1.789 2.464 7.629 0.143 0.443 0.04' 
5 o.nl 1. tl57 ].381 •• 840 2.433 7.656 0.146 0.447 0.042 
6 O •• 64 1.1291 3.127 1.855 2.490 7.671 0.147 0.455 0.043 
7 0.201 1.1 J,68 3.345 1.895 2.512 7. "141 0.147 0.451 0.041 
8 0.250 1. 1502 1.360 1.900 2.544 7.804 O .• 47 0.455 0.043 I 
9 0.309 1.1368 3.221 1.894 2.544 7.659 0.148 0.460 0.044 

.0 0.381 1.1.19 3.100 '.799 2.462 7.361 0.151 0.47' 0.046 

" 0.470 '.0026 2.753 •. 601 2.178 6.532 0.153 0.477 0.047 
12 0.579 0.7668 2.162 1.212 1.637 5.0" O .• 51 0.474 0.047 I 
13 0.715 0.405;; l.un 0.644 0.8311 2.665 0.152 0.465 0.046 

'4 0.882 0.0716 O. i!J5 0.201 0.179 0.615 0.126 0.357 0.032 
.5 1.087 0.0077 0.028 0.044 0.029 0.101 0.076 0.218 0.012 

DISPLACEHENT THICK~lESS = 0.795 CM. MOMENTUM THICKNESS = 0.528 CH. DElTA 99 = 3.818 CM. 

, 
MOMENTUM THICKNESS REYNOLDS NO. = 5013. UTAU = 0.489 /1/SEC UPW = 14.61 M/SEC 

I 
OUTPUT NONOIMENSIONALIZED ON WALL VELOCITY 

PT Y/ofL UY/UPWS USQ/UPWS VSQ/UPWS WSQ/UPWS QSQ/UPWS 
1 0.053 0.00116 0.00407 0.00194 o.00~e2 0.00884 J 
2 0.071 0.00119 0.00195 0.00194 0.00277 0.00866 
3 0.088 0.00120 0.00382 0.00196 0.C('c75 0.00853 
4 0.108 O.OOIU 0.00378 o.onoo 0.00276 0.00655 
5 0.111 0.00125 0.00179 0.00~06 0.00273 0.00858 I 
6 0.164 0.00127 0.00373 0.OO~O8 0.00279 0.0:)860 
7 0.20] 0.00127 0.00375 0.00211 0.00281 0.00867 
8 0.250 0.001Z9 O.OO37b 0.00213 0.00~e5 0.00874 
9 0.109 0.00127 0.00361 0.00212 0.00~85 0.00858 

10 0.181 0.00125 0.00347 0.00202 O. 00;!76 0.00825 
( 

II 0.470 0.00112 0.00109 0.00179 0.0024 .. 0.00712 
12 0.57'1 0.00086 0.00242 0.0013t> O.OOH'] C.00561 
11 0.715 0.00045 O.OOIH 0.0007~ 0.00094 0.00299 
14 0.882 0.00009 0.00026 0.00023 o.ooo~o 0.00069 I 
15 1.087 0.00001 0.00001 O.oooos. 0.00003 0.00011 

I 
I 
I 
! 
I , 
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THIRD EXPT.. RENOLDS' STRESSES AT STH. 17. S = 16~.67 CH. 

OUTPUT HOHDIt1ENSIONALIZED ON FRICTION VELOCITY 

PT YIDEl UV/UTSq USQ/UTSQ VSqlUTSq WSQ/UTSQ qSQIUTSQ A SHEAR CORR ANISOTROPY 
I 0.047 1.1:192 ~.332 1.878 2.959 9.16':' 0.121 0.389 0.029 
2 0.071 1.1062 4.057 1.743 2.722 8.523 0.130 0.416 0.034 
] O.OM t. Ion ].922 '.752 2.661 8.335 0.133 0.422 0,035 
4 0.108 1. 12tl 3.913 1.783 2.611 8.307 0.135 0.424 0.036 
5 0.134 1.1544 3.889 1.842 2.583 8.315 0.139 0.431 0.039 
6 0.165 1.1685 3.804 1.913 2.617 8.334 0.140 0.433 0.039 
7 0.204 1.1967 3.787 1.970 2.668 8.l!25 0.142 0.438 0.040 
8 0.251 1.2178 3.773 2.009 2.678 8.460 0.144 0.442 0.041 
9 0.310 1.2329 3.696 2.044 2.757 8.497 0.145 0.449 0.042 

10 0.382 1.2309 3.72e. 2.085 :!.774 8.585 0.143 0.442 0.041 
11 0.471 1.2258 3.576 2.05' 2.732 8.359 0.147 0.453 0.043 
12 0.581 1.1735 3.!25 1.925 2.582 7.832 0.150 0.464 0.045 
13 0.717 1.0187 2.902 1.672 2.244 6.818 0.149 0.462 0.045 
14 0.885 O.67!i8 1.988 1. I 37 1.423 4.548 0.149 0.449 0.044 
15 1.091 O. '870 0.551 ".441 0.378 1.371 0.136 0.379 0.037 
16 1.346 0.0080 0.039 t 062 0.040 0.1'ofl 0.057 0.164 0.006 

DISPLACEMENT THICKNESS = 1.008 CM. NOt1ENTUM THICKNESS = 0.673 eM. DEI.TA 99 = 3.805 CM. 

MOMENTUM THICKNESS REYNOLDS NO. = 6317. UTAU = 0.477 MlSEC UPW = 14.54 MlSEC 

OUTPUT NONOIMENSIONAlIZED ON WAll VELOCITY 

PT yltlEl UVIUPW~ USQ/UPWS VSQ/UPWS WSQIUPWS QSQ/UPWS 
I 0.047 0.00120 0.00467 0.00203 0.00319 0.00989 
2 0.071 0.0011 9 0.00437 0.00186 0.00294 0.00919 
3 0.088 0.00119 0.00423 0.00189 0.00287 0.00899 
4 0.108 0.00121 0.00422 0.00192 0.00282 0.00896 
5 0.134 0.00124 0.00419 0.00199 0.00279 0.00897 
6 0.165 0.00126 0.00410 0.00206 0.00282 0.00899 
7 0.204 0.00129 0.00408 0.00212 0.00288 0.00108 
8 0.251 0.00131 0.00407 0.00217 0.00289 0.00n12 
9 0.310 0.00133 0.00399 0.00220 0.00297 0.00?16 

10 0.382 0.00133 0.00402 0.00225 0.00<:99 0.00926 
11 0.471 0.00132 0.00386 0.00221 0.00295 0.00901 
12 0.581 0.0012.7 0.00359 0.00208 0.002.78 0.00844 
13 0.717 0.00110 C.00313 0.00180 0.00242 0.00735 
14 0.885 0.00073 0.00214 0.00123 0.00153 0.00490 
I:; 1.091 0.0002.0 0.00059 0.00048 0.00041 0.00148 
16 1.346 0.00001 0.00004 0.00007 0.00004 0.00015 
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TltIRO lXPT., STN. I, S • -'''.92 '". 
PT Y/OEL UIUPW UCAlC VElGRAO 

1 0.Ot8 0.4'8 0.50l ~.019 
2 0.051 0.596 0.588 l.026 

I 
, 0.012 0.636 0.635 1.574 

" 0.094 0.6S8 0.661 0.948 

~ 
5 0.131 0.69) 0.69) 0.761 
6 0.160 0.7tl 0.113 0.678 

~ 
7 0.196 0.737 0.737 0.6Zl 
8 0.U8 0.76\ 0.161 0.524 
9 0.l91! 0.787 0.787 0.462 

10 0.)60 0.818 0.818 0.444 
11 0.lt43 0.853 0.851 0.)9lt 
U 0.545 O.MO O.MO 0.]3' 
n 0.672 0.9)0 0.910 0.288 
14 0.8l7 0.'68 0.'«>8 0.19S 
15 1.020 0.'9) O •• on 0.070 
16 1.257 0.999 0.99' 0.004 
17 1.551 1.000 1.000 0.001 
Ie 1."4 0,999 0.999 0.000 

PT lIOH lICAL'UP VHGIUO MIX IN/OEl PROD lllO 
1 0.11' 0,679 0,84' 0,0517 :0.24 1.149 
Z 0.155 0,710 0,681 0,01.17 15,99 1,01" 
1 O. ,91 0.73't 0.6J .. 0.0675 14.39 0.665 
4 o,n4 0.759 0,531 0.01'10 '1,69 0.930 
5 0,289 0.786 0.41.: 0.OS<l3 9,76 1.051 
6 0.351 0.817 0.4 .. 5 0.0897 8.80 I.OS6 
7 0.441 0.852 0.346 0,0951 6 95 I. I 19 
8 0,543 o,es? 0.n9 0.101 I ".94 1.1S9 

• 0.671 0,930 0.Z89 O. :006 ),0' 1,183 
\0 0.IIZ7 0.9t>8 0,195 0.1085 1.0. 1.217 

" 1 .o~o 0.9'H 0.070 0,1, .. 9 0.'0 \ ,8~3 
12 1,257 0,999 0,00 .. 0.7600 -0.00 8,9 .. 1 
U 1,552 1,000 0,001 4,9)01 -0.00 ...... 

"1_= « 
-If t _ • pte_WIst-Nt- rm. W.-W 

RIC BU. 
0,0000 0.0 
0.0000 0,0 
0.0000 0,0 
0,0000 0,0 
o,ooou 0,0 
O,QOOO 0.0 
0,0000 0.0 
0,0000 0.0 
0.0000 0,0 
0,0000 0.0 
0.0000 0,0 
0,0000 0,0 
0.0000 0,0 

ED,RE 
79.54 
97,06 

101.11 
116.49 
129.19 
1l5.5~ 

125.44 
I2I.n 
102.24 
60.4\ 
58,44 
78,01 

757.29 

).,..-<~""~~:;;~~<~~ .... -

1 

~ 

I 
I 
j 

I 
i 

1 
1 

1 

, 
I 
II 

d 
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\ 
THIRD EXPT., 5TH. 7. S = 10.39 CH. 

I 

PT YIO£L UI\l'PW UCAlC V£lGRAD 
, 0.019 0.ltl8 O.to23 6.039 

2 0.015 0.51" 0.51' ".422 

3 0.050 0.557 0.559 2.265 

,. 0.065 0.584 0.586 , .5" 

5 0.091 0.62' 0.621 1-U8 

6 0." I 0.644 0.644 1.035 

7 O •• 15 0.666 0.666 0.8n 

a 0.164 0.690 0.689 0.706 

9 0.202 0.712 0.7'2 0.5l! 

10 0.248 0.736 0.736 0.,.87 

" 0.306 0.762 0.762 0.to2& 

12 0.376 0.791 0.79' 0.4'It 

13 0.464 0.&26 0.&26 0.l70 

lit 0.571 0.&6' 0.&6t 0.290 

15 0.705 0.896 0.896 0.241 

16 0.&6& 0.929 0.929 0.141 

17 1.071 0.941 0.941 -0.005 

1& I. Jzt 0.93' 0.931 -0.053 

19 1.629 0.916 0.'16 0.000 

PT YIOEl UCAI../VP VELGRAO MIX lHIOEl PROD VLO RIC ISETA EO.RE 

I 0.079 0.606 1.3ltO 0.04 .. 9 16.9& 0.&87 0.0499 2.1 Itt. 10 

2 0.107 0.639 1.080 0.0309 25.39 o.ne! 0.0649 4.1 41.79 

3 0.' 32 0.664 0.&78 0.0369 19.22 0.689 0.0821 3.& 50.65 

4 0.162 0.688 0.723 0.0424 '4.04 0.64' 0.IOZ2 3.5 55.'& 

5 0.199 0.710 0.515 0.0546 9.21 0.669 0.1398 2.4 67.51 

6 0.24b 0.735 0.490 0.0576 7.78 0.678 o . 15t.5 2. I 6&.83 

1 0.304 0.7bl 0.429 0.0611 6.16 0.743 O. t826 1.4 72.38 

& 0.375 0.791 0.414 0.0623 5.37 0.733 0.1950 1.4 68.09 

" 0.463 0.&2b 0.371 0.0644 4.04 0.758 0.2239 1.1 65.21 

10 0.570 0.8~1 0.290 0.0721 2.30 0.848 0.:1877 0.5 63.81 

\I 0.704 0.8Q6 0.242 0.0695 1.17 0.817 0.3471 0.5 49.41 

12 0.867 0.n9 o .14l 0.0760 0.21 0.894 0.5198 O.l 34.87 

11 •. 071 0.94\ -0.005 -0.7034 -~.02 ••••• 2.2358 4.1 -I ,It. 36 

14 1.3ZI 0.93' -0.053 -0.0429 D.O' ..... It ....... 0.0 -4.16 

IS 1.629 0.916 -0.050 -0.0500 0.01 ••••• ....... It 0.0 -5.11 

r 
[ 

f 
J .. 
f .. 

1 
I 
I 

1 
] 
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1 
I 

THIRD fXPT •• STH. 9. S ::: "'.tta CI1. I 
PT YIIlH UIUPW UCAte VflGRAO 

• o.ola 0.195 O.ttOO 5.019 
! O.Oll 0.417 0.469 1.S09 I 
3 0.041 0.50a 0.509 2.196 ,. 0.061 0.534 0.535 l.tt85 
I 0.085 0.561 0.564 I. 135 
6 O.IOft 0.586 0.585 1.002 ,. 0.127 0.605 0.606 0.943 
a 0.155 0.635 0.035 0.980 
9 0.189 0.663 0.663 0.742 

10 0.H3 0.693 0.693 0.652 

" 0.287 0.728 0.728 0.630 
12 0.352 0.766 0.7t-6 0.505 
11 0.434 0.801 13.801 0.384 
14 0.535 0.837 0.837 0.320 
15 0.660 0.8n 0.872 0.Z60 
16 0.812 0.908 0.908 0.202 
17 1.002 0.933 0.933 0.056 
.a 1.236 0.930 0.930 -0.049 
19 1.5Z5 0.916 0.916 -0.053 
20 1.881 0.897 0.8cn 0.000 

I t 
j 

I I 
I 1 

1 

I I 
1 

PT Y/OH UCAl/UP VElGPAO MIX IN/OU PROD VlO RIC 8fTA EO.Rf 
I 0.074 0.552 1.189 0.0290 Z9.n I. 019 0.0546 -0.4 45.38 
2 0.100 0.581 1.062 0.030g 23.66 0.768 0.0642 3.6 45.55 f 

1 
1 , 
1 

3 o.ln 0.603 0.906 0.0353 19.16 0.706 0.0775 3.8 51.04 

'+ 0.151 0.631 1.01 I 0.0304 19.91 0.494 0.on8 7.0 42.50 <r 

5 0.187 0.062 0.752 0.0387 12.99 0.505 0.1014 4.9 50.96 i 
6 0.231 0.6 9 2 0.652 0.0416 9.70 0.490 0.1211 4.2 51.21 ~ 

7 o.Zt\s 0.727 0.632 0.0388 7.67 0.457 O. t 30S 4.2 43.25 
8 0.35' 0./05 0.508 O.O{.~O 4.55 0.495 0.16i8 3.0 40.73 
9 0.4~3 O.eOl 0.185 0.047" 2.,.2 0,558 0.2250 Z.O 39.20 

10 0.53'+ 0.837 0.3ZI 0.0481 1. 39 0.566 0.2749 1.6 31.60 
1t 0.c59 0.872 0.260 0.0485 0.72 0.571 0.3405 1.3 27.78 
12 0.812 0.908 O.~O2 0.0706 0.64 0.831 0.4342 0.4 45.60 
11 1.001 0.934 0.055 0.0675 0.00 0.794 1.0480 0.2 t I. 37 
14 1.237 0.930 -0.049 -0.1209 0.08 ••••• . ...... 0.1 • 3Z. 35 
15 1.526 0.916 -0.053 -0.1070 0.07 ••••• ..,,_ ... 0.0 -27.33 

1 

I 
I 
I 
I 
( 
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THIRD EXPT •• 'TH. 1_. , • 118.95 CM. I 
PT YIDEL UIUPW UCAlC VElGRAD 

1 0.011 0.361 O. '367 5.700 
2 0.025 OJ.38 0.43Z ~. 732 I 
1 0.035 0.475 0.~71 1.08~ 

~ 0.0~6 0.~95 0.~'7 1.698 
5 O. 06'~ 0.516 0.518 0.915 
6 0.078 0.510 0.531 0.928 I 
7 0.096 0.548 0.5et7 0 • .,02 
8 0.117 0.565 0.565 0.837 
9 0.1~3 0.581 0.587 0.785 

10 0.1 i6 0.610 0.610 0.6~:' 

11 0.217 0.634 0.63 .. 0.608 I 
12 0.267 0.666 0.666 0.608 
1) 0.330 0.701 0.701 0.563 
,~ 0.406 0.743 0.743 0.455 
'5 0.501 0.781 0.781 0.519 I 
16 0.617 0.860 0.860 0.65:: 
17 0.761 0.9Z8 0.928 0.365 
18 0.938 0.'86 0.986 0.209 
19 1.157 1.000 1.000 -0.005 
20 1.427 1.000 1.000 0.002 I 
2' 1.746 , .000 , .000 0.000 

PT llOEL UCAllUP VElGIUO MIX tN/DEL PROD VlO RIC BETA ED.RE I 
1 0.053 0.507 I.Ut 0.O~79 37.71 , .388 0.0000 0.0 55.36 
2 0.071 0.5N 0.907 0.0380 2~.81 ,. '349 0.0000 0.0 76.59 
3 0.088 0.540 0.94:: 0.0368 30.17 '.OH 0.0000 0.0 7~.H 

... 0.108 0.558 0.840 0.0416 27.33 0.944 0.0000 0.0 84.7Z 
5 0.1l3 0.519 0.8:7 O.O .. H 27.58 0.785 0.0000 0.0 M.t6 I 
6 0.164 0.60: 0.676 0.05:'6 22.81 0.7tH O.OOilO 0.0 109.16 
7 0.Z03 0.6:6 0.579 0.0616 19.67 0.740 0.0000 0.0 128.32 
8 0.~50 0.6r,r; 0.645 0.0557 22.15 0.655 0.0000 0.0 "6.66 
9 0.309 0.690 0.5 .. ~ C.0659 18.41 0.775 0.00;)0 0.0 117.12 1 

10 0.161 O. no 0.5 .. 5 0.0647 18.11 0.761 0.0000 0.0 Ill.29 

" 0.470 O. if> 7 0.386 0.0868 11.56 1.0:Z 0.0000 0.0 169.80 
12 0.519 0.8H 0.7H 0.0400 1(..79 0.470 0.0000 0.0 68.38 
11 0.715 0.910 0.411 0.0519 4.98 0.611 0.0000 0.0 64.54 
14 o.eez 0.971 0.30 .. 0.0106 0.71 0.360 0.0000 0.0 16.67 I 
,S t .067 1.000 0.014 0.lI4t. 0.00 2.525 0.0000 0.0 36.78 

1 
I 
I 
I 
I 
I 
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t THIRD EXPT., 5TN. 17, 5 :. 16_.67 C". 

I. PT Y/On UIUPW UCAlC VElGRAD 
I 0.010 0.327 0.332 9.689 
2 0.019 0.,.20 0._13 7.391 
3 0.027 0.459 0._57 3.880 

r It 0.036 0.478 0.U2 2.102 
5 0.050 0.508 0.508 1.595 

i 6 0.060 0.522 0.522 I. 162 
7 0.074 0.535 0.535 0.9)] 
8 0.090 0.551 0.551 0.949 r 9 0." I 0.569 0.569 0.75~ 

10 0.1l6 0.586 0.586 0.667 
" " 0.168 0.608 0.608 0.674 

12 0.207 0.633 0.6ll 0.627 
i* 13 0.255 0.663 0.663 0.616 
i 14 0.314 0.698 0.698 0.565 
... IS 0.387 0.738 0.738 0.555 

16 0.477 0.789 0.789 0.550 
17 0.588 0.846 0.846 0.49 .. 

S 18 0.726 0.91 3 0.913 0.471 

J 19 0.894 0.979 0.979 0.263 
~o I. 103 1.001 1.001 0.016 
21 1.357 1.001 1.001 0.000 

T 
~ PT Y/DEl UCAlIUP vnG'ao MIX IN/DEl PROD VlO RIC BETA ED.IIE 

I 0.0 .. 7 0.501 1 • 7~~ O.O~Ol 58.18 1.168 0.0000 0.0 39.Zl 
2 0.071 0.5H 0.9~1 0.0375 11.01 I. 335 0.0000 0.0 73.20 
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5 O. I 14 0.585 0.66~ O.OSH Zl.27 0.972 0.0000 0.0 l06.Z6 
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