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NOMENCLATURE 

axial (streamwise) skin-friction coefflcient = T 1(1/2)p U2 
wx m m 

peripheral (transverse) skin-friction coefficient = T 1(1/2)p U2 
wz m m 

2 pressure coefficient = {p - Pref)/{1/2)PmUm 

diameter of stationary cylinder 

step height or fence helght 

length of stationary cylinder 

static pressure 

pressure dlfference across fence element 

mean velocity components in aXlal, normal, and peripheral dlrections, 
respectively 

peripheral veloclty on surface of rotatlng cylinder (splnner) 

coordlnate system representlng axial, normal, and perlpheral dlstances 
from the start of statlonary cylinder (see fig. 1) 

angle between wall shear-stress vector and normal to fence element 

surface-flow angle (angle between wall shear-stress vector and x-axis), 
angle between wall shear-stress vector and center llne of surface-fence 
gage 

boundary-layer thlckness 

momentum thlckness 

molecular klnematic viscosity of air 

density of alr 

total wall shear stress 

aXlal (streamwise) and perlpheral (transverse) wall shear stresses, 
respectively 
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Subscrlpts 

L,R left and right fence elements on directional surface-fence gage, 
respectively (see fig. 4) 

N normal positlon of fence element (a = 0) 

w wall condltions 

m free-stream conditlons 
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A THREE-DIMENSIONAL TURBULENT BOUNDARY LAYER UNDERGOING TRANSVERSE STRAIN 
AND STREAMWISE PRESSURE GRADIENT 

Sheshagiri K. Hebbar* and David M. Driver 

Ames Research Center 

SUMMARY 

Results from an experimental investigation designed to provide data on both 
mean and turbulence quant1ties in the axisymmetric, swirling boundary layer (with 
and without pressure gradient) flowing over a stationary cylinder downstream of a 
sp1nning cylindrical section are presented. The pressure gradient was introduced 
into the flow field by a 25.4-mm-high, forward-facing, circular step mounted on the 
stationary cylinder, the step height being nearly equal to the thickness of the 
approaching boundary layer. All the measurements were made at a nominal upstream 
reference Reynolds number of 2.4x106/m (corresponding to an upstream reference 
velocity of 36-37 m/sec) with the rotation of the spinner set to make its peripheral 
speed equal the reference velocity. The data reported include measurements of 
surface pressure and the mean surface shear-stress vector taken with a miniature, 
directional, surface-fence gage. These measurements were supplemented by oil-flow 
visualization stUdies of the stationary cylinder. The data indicate that the 
streamwise pressure gradient controls the development of the streamwise component of 
wall shear, but leaves the peripheral component of wall shear practically 
unaffected. Compar1son of the data with predictions from a boundary-layer computer 
code, using a Reynolds-stress equation model and a slightly modified, experimental 
pressure distribution, shows that it is possible to pred1ct the attached flow field 
and the location of the separation reasonably well. 

INTRODUCTION 

In recent years, a considerable amount of work has been done in the area of 
computational aerodynam1cs as it 1S expected to have a significant role in the 
future development of aero~pace vehicles (ref. 1) As the simulation of the dyanmics 
of turbulence is still d1fficult to achieve, turbulence modeling remains one of the 
key pacing items 1n the development of computer codes for computat1onal aero
dynamics. A crucial part of turbulence model development is its evaluation against 
a wide range of experimental data. In a recent paper, the current status of turbu
lence modeling for external aerodynamic flows has been reviewed using typical 
examples to illustrate comparisons between experiments and computations for two-
and three-dimensional flows (ref. 2). It has been shown that, for most of the 
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two-dimensional or axisymmetric, attached flows and three-dimenslonal, attached 
flows with moderate crossflows « 15°), modeling based on eddy-viscosity concepts 
will probably be satisfactory. However, both eddy-vISCosity and Reynolds-stress 
models fail to satisfactorlly predict the strongly skewed, three-dimensional flow 
fields of practical interest to aerodynamicists. These include such flows as 
boundary layers over swept w1ngs, flows involving wing-body junct1ons, and 
axisymmetric, swirling boundary layers. The failure is attributed to the 
difficulties in the existing boundary-layer approximations and/or turbulence models. 

Several invest1gations of three-dimensional flows have been reported. A criti
cal rev lew of experimental studies in three-dimensional, turbulent boundary layers 
is glven by Johnston (ref. 3). Blssonnette and Mellor (ref. 4) made measurements of 
mean and turbulence quantities In an aXlsymmetric, turbulent boundary layer skewed 
by an axially rotating cylinder. Similar experiments have also been carried out by 
Furuya et ale (ref. 5) and Arzouman1an et ale (ref. 6). In a recent survey paper, 
Nakamura and Yamash1ta (ref. 7) discuss various aspects of the boundary layer Wh1Ch 
develops on a spinn1ng, aXlsymmetric body In an aXlal flow. Elsenaar et ale 
(ref. 8) studied the flow field of a swept flat plate that was similar to the flow 
f1eld of a wing of infinlte aspect ratio. Reference 9 IS a dlSCUSSlon on the 
experlmental study of the near-wall region of a three-dlmenslonal, incompresslble, 
turbulent boundary layer relaxing 1n a zero pressure gradlent. Recently, Fernholz 
and Vagt (ref. 10) made tUrbulence measurements In an adverse-pressure-grad1ent, 
three-dlmensional, turbulent boundary layer along a clrcular cyllnder. 

A major program of study related to such three-dimenslonal flows has b~en under 
way at NASA Ames Research Center. One of the goals of thIS program is to Improve 
the general understandIng of three-dimensional, VISCOUS flow flelds of practical 
Interest and to assess/lmprove the applicability of eXlsting turbulence models. 
Several bUIlding block experiments have been carr led out in connection w1th thlS 
program. In partlcular, to provlde GUldance for model1ng the pressure-stra1n 
correlatlons and the low Reynolds number terms In the Reynolds-stress model, Hlguchi 
and Rubesin (ref. 11) recently studied the effects of transverse stra1n on a shear
driven, aXlsymmetric, turbulent boundary layer in a zero pressure gradient. Mean 
measurements were made In the relaxlng flow reglon on a stationary cyllnder ! 

downstream of a spinnlng cyllndrlcal sectlon (see ref. 12). The experimental data 
were compared w1th predict10ns based on different pressure-stra1n correlatiJn 
models. The main conclusion of this study is that Reynolds-stress modeling seems to 
have advantages over the eddy-viscosity models and predlctions based on it showed 
better agreement with the experimental data. The questlon remains as to whether the 
same conclusion holds under pressure gradient conditlons. 

The present investigation addresses thIS questlon. In part1cular, the effect 
ofaxlal pressure gradient on the transverse straIn flow in the relaxing boundary 
layer downstream of the spinning cylindrical sectlon IS studied. The flow conf1g
uration IS the same as that used by HIguchi and Rubesln (ref. 11), except for an 
induced adverse pressure gradlent. This adverse pressure gradient was induced in 
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the approaching flow field by inserting a circular step1 (i.e., a collar) on the 
stationary cylinder. Measurements reported herein include surface-pressure dlstri
butions and mean-surface shear stresses (magnitude and directlon) obtained using a 
miniature, dlrectlonal surface-fence gage. The latter were supplemented by oil-flow 
visualizatlon studies of the stationary cylinder. 

The research was conducted while the first author held a senior National 
Research Council Research Associateship at the NASA Ames Research Center. The 
authors wish to express their Slncere thanks to Mr. J. G. Marvin and Mr. M. Rubesin 
for their encouragement and suggestions during the course of this investigation. 

FLOW CONFIGURATION AND INSTRUMENTATION 

The experimental arrangement is essentially the same as that used in 
reference 11 and is shown in figure 1. The experlments were carried out in the 
305-mm x 305-mm (12-in. x 12-ln.) low-speed wind tunnel, which had a 140-mm
(5.5-in.-) diameter circular cyllnder mounted along its centerllne. A sectlon of 
the cylinder can be rotated to produce a sWlrling boundary layer. ThlS section lS 
herein referred to as the "spinner." Free-stream velocities up to 50 m/sec are 
obtainable ln the test sectlon. Large glass side wlndows allow laser beam access to 
the tunnel. To facilitate surface measurements, a longltudinal hatch is provlded 
along a slde generator of the statlonary cylinder. This hatch can be closed wlth 
elther of the two lnstrumentation panels; one carrylng a series of static-pressure 
taps and the other a serles of instrumentation ports, each 3.2 mm (0.125 in.) in 
diameter which accommodates a surface-fence gage, surface-heat gage, etc. Pressure 
gradient was introduced into the flow fleld by mounting a circular sleeve of 
suitable thickness on the stationary cylinder to act as a forward-faCing, Circular 
step. Three step helghts, namely 12.7 mm (0.5 In.), 19 mm (0.75 in.) and 25.4 mm 
(1 In.), were used for this purpose. 

The instrumentat10n included a min1ature, directional, surface-fence gage for 
wall-shear stress measurement and a three-component laser Doppler veloc1meter {LDV} 
for mean and turbulence measurements 1n the boundary layer {ref. 13}. these mea
surements were supplemented by static-pressure measurements and oil-flow v1suali
zation studies of the stationary cyl1nder. The overall diameter of the surface
fence gage 1S 3.2 mm. It has two fence elements arranged 1n a V-shape w1th a 90 0 

included angle. Each fence element has a square cross-section 0.064 mm wide and 

1A llterature survey and a numerical study were carried out to arrive at th1S 
tunnel-model configuration that introduced a pressure gradient 1nto the flow 
field. The numer1cal study consisted of obtaining solutions from the spinn1ng 
version of an existing, turbulent, boundary-layer code. Based on the results of 
this study and on practical considerations, 1t was decided to mount a circular step 
on the stationary cylinder and to 1nvestigate the resulting boundary layer ahead of 
the step. 
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0.11 mm high, with a 0.102-mm x 0.4B5-mm pressure tap on either side. AdditIonal 
detailed constructional and operational features of the miniature, directional, 
surface-fence gages may be found elsewhere (ref. 14). 

The fence elements were calibrated in a zero pressure gradient on the bottom 
wall of the low-speed tunnel against a 1.6-mm-diameter Preston probe. FIgure 2 
shows the magnitude calibration of the fence elements in the usual nondimensional 
coordinates. The slight varIations in Individual calibration of the elements are 
attributable to geometrical mismatch between the elements. The straight-line fit 
represents the data quite well, particularly in the higher range, and is essen
tially equal to the calIbratIon reported In reference 9. The overall accuracy of 
the calibration is estimated to be within ±5%. The yaw characterIstIcs of the 
fence elements are shown in figure 3, where a is the angle between the direction 
of the wall shear-stress vector and the normal to the fence element. But fo~ small 
differences between the Individual fence data, the dIrectIonal sensItivItIes, 
closely follow a cosine law. The directIonal calibration of the fence gage IS 
presented in the usual form In figure 4, where Sw represents the angle between 
the dIrection of the wall shear-stress vector and the gage centerlIne. In the range 
-45° ~ Sw ~ +45°, the data pOInts fallon a 45° straight lIne. Outside this 
range, one of the gage elements will be In the wake of the other element and the 
resulting wake interference causes the data to deviate from the straight line. 
Therefore, durIng actual experIments, care was taken to see that the gage was 
roughly alIgned WIth the local, surface-flow dIrection to avoId wake-interference 
effects. The accuracy in the dIrectional calIbration is estImated to be ±1°. 

The above calibratIon data refer to zero pressure gradIent case and have I been 
used for evaluating data taken with the gage In actual experIments InvolvIng pres
sure gradient. No correction was applIed to fence readIngs for pressure-gradient 
effect because the estimated pressure dIfference across the fence element resulting 
from the pressure gradient was found to be small compared to the fence output. 

EXPERIMENTS 

All the measurements were made at a nominal, upstream Reynolds number of 
2.4x106/m corresponding to an upstream velocity of 36-37 m/sec. The rotation of the 
spInner (i.e., rotating sectIon of the cylinder) was adjusted to make its perIpheral 
speed equal to the upstream reference velocity. Detailed surface measurements were 
made along a SIde generator of the statIonary cylinder as follows (x is measured 
downstream from the end of the spinner). 
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Zero Pressure Gradient (No Step) With and Without Rotation 

1. Surface static-pressure measurements on the statIonary cylinder were taken 
wIth 57 closely spaced pressure taps located on the instrumentation panel in the 
Interval 3.2 mm ~ x ~ 635 mm. 

2. Surface shear-stress vector measurement on the stationary cylinder USIng a 
mIniature, directIonal, surface-fence gage at x = 6.35, 12.7, 19, 25.4, 38, 76, 89, 
101.6, 127, 152.4, 203.2, 304.8, 406.4, 508 and 609.6 mm. 

Pressure GradIent (25.4-mm Step at x = 154 mm) With and Without Rotation 

1. Surface static-pressure measurements on the stationary cylinder up to the 
step, I.e., 3.2 mm ~ x ~ 152.4 mm. 

2. Surface shear-stress vector measurement on the stationary cylinder up to the 
step, l.e., at x = 6.35, 12.7, 19, 25.4, 38, 76, 89, 101.6, 127 and 152.4 mm. 

RESULTS AND DISCUSSION 

As reported by HIguchi and Rubesin (ref. 11), the flow field in the test 
section was of high quality wIth a pressure gradIent that was nominally zero. The 
boundary layer developing on the spinner was aXIsymmetric and was found to be essen
tIally collateral at the end of the spinner. However, as the tunnel was relocated 
and as some minor modifIcations were incorporated Into the tunnel to further lmprove 
the flow quality, It was necessary to check the flow fIeld in the test section. 
Wall shear-stress measurements were therefore performed with a 1.6-mm-diameter 
Preston probe at x = -101.6 mm and at Intervals of 10° on the CIrcumference of the 
stationary spInner. Figure 5 shows the dlstrlbutlon of streamwise, skin-frictlon 
coefflcient values along the clrcumference of the stationary spInner. A total 
varlation of 9% observed in the distributlon of skin-friction coefficient is within 
the experlmental uncertaInty of ±5% and the aXlsymmetry of the wall-shear stress is 
therefore considered good. However, mean veloclty data (ref. 13) indicated a 
SlIghtly thicker boundary layer at the end of the splnner (nearly 12% thlcker than 
the value quoted by Higuchi and Rubesin). 

The experimental data are discussed below (figs. 6-17), wIth partlcular empha
SIS on the effect of the adverse pressure gradient on the transverse straIn flow In 
the boundary layer, and compared wIth spIn-code estimates based on Reynolds-stress 
modeling. The reduced data are documented In tables 1-6. 

Statlc-Pressure DistrIbution 

Figure 6 shows measured static-pressure distribution on the statlonary cylinder 
(WIthout step) WIth and without rotation. It also shows the pressure dIstrIbution 
on the tunnel bottom wall. Note that the pressure level lnside the test sectlon is 
sllghtly below atmospherIC, say within ±2% of the free-stream dynamic head. It IS 
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suspected that the small variations of pressure observed near the begInning of the 
statlonary cylinder are caused by the presence of a small lip formed as a result of 
the mIsmatch at the JunctIon of the spInner and the stationary cylinder. But for 
these variatIons, the data IndIcate a pressure gradIent that was nomInally zero over 
the stationary cylinder. As expected, with rotation, the static pressure on the 
surface is reduced SlIghtly. This IS because a pressure gradient across the bound
ary layer will exist If there is a sWIrl flow wIth transverse curvature. 

Three steps of height 12.7 mm, 19 mm and 25.4 mm were avaIlable for Introducing 
pressure gradient into the flow fIeld. The approachIng, spinnIng boundary layer 
(ref. 12) at the end of the spInner was nearly 25 mm thick. At x = 3.2 mm from 
the spinner, the surface-flow angle was nearly 40° and the three-dimensIonal bound
ary layer on the stationary cyllnder relaxed qUIckly to a two-dImensIonal state. In 
order to determIne the optImum sIze and location of the step, several experlments 
were carrIed out wIth and without rotatlon for varIOUS locatIons of these steps on 
the stationary cylInder. Two Important criterIa were adoptd to arrlve at optImum 
values: 

1. The step heIght should be suffIcient to cause appreclable 
separatIon. 

Cp-values before 

2. The streamwise location of the step on the stationary cylinder should be 
such that Its Influence on the flow fIeld (I.e., the step-lnduced pressure fleld) 
decreases as the spinner IS approached and, In fact, Ideally becomes zero at the 
trailing edge of the splnner. 

FIgures 7 through 9 show the statlc-pressure data taken wlth and wIthout rota
tIon for different locations of the steps on the statIonary cyllnder. FIgure 7 
presents the statIc-pressure dIstrIbutIon for 12.7-mm and 25.4-mm steps at two 
locatlons. It IS clear that the 25.4-mm step Y1elds Sllghtly hIgher Cp-values. 
Furthermore, because thIS step heIght 1S comparable to the thickness of the 
approach1ng boundary layer, 1t 1S expected to cause a strong perturbat10n of the 
boundary-layer flow (ref. 15). A strongly perturbed flow fleld IS a challeng1ng 
test case for the eX1stlng calculation methods and the associated turbulence 
models. For these reasons, 25.4-mm step was chosen as the optlmum and used In all 
subsequent experIments. 

Figure 8 compares the static-pressure d1str1butlon on the statlonary cylinder 
w1thout the step and wIth the 25.4-mm step located at x = 306.4 mm. It 1S very 
clearly seen in the f1gure that the Influence of the step 1S asymptotlcally decreas
Ing toward the splnner and 1S practically neglig1ble at the end of the sp1nner. It 
should also be not1ced that only after the fIrst 150 mm of the stat10nary cyl1nder, 
the step influence becomes appreclable and both the pressure r1se and pressure 
grad1ent become slgnlflcant. However, as remarked earlier, the cross flow 1n the 
relaxlng boundary layer IS substantlal only In the reglon very close to the begln
n1ng of the statIonary cylInder (wIthout step); It decays rapIdly and the ~oundary 
layer returns to a two-dImensIonal state qUIckly. Th1s reg10n of substant1al 
crossflow would therefore be lIttle Influenced by the pressure fleld caused by a 
25.4-mm step at x = 306.4 mm. It is therefore apparent that th1S locat1on of the 
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step is not close enough to the spinner to be considered a good choice. Figure 9 
compares the static-pressure distribution on the stationary cylinder for dlfferent 
locations of the step. For clarity, only a few locations are included in the 
flgure. Clearly, for reasons explained above, the step location at x = 205 mm is 
not satisfactory. On the other hand, the step locatlons at x = 52.4 mm and 
103.2 mm are so close to the spinner that the influence of the step lS certainly 
felt in the flow fleld over the spinner. From these distributions and those for 
other locations (not shown in the figure), it lS concluded that x = 154 mm is the 
optimum choice for step location in terms of meeting the crlterion stated earller. 
All subsequent experiments, including LDV surveys, were therefore made wlth the 
25.4-mm step located at x = 154 mm from the end of the spinner. It should be 
mentioned here that the concluslons regarding the optimum Slze and optlmum locatlon 
of step based on static-pressure surveys are supported by preliminary oil-flow 
vlsualization studies. 

Finally, a few remarks on the nature of the step-lnduced pressure field and ltS 
comparlson with the existing data are in order. Although a better appreclatlon of 
the pressure field would require a more closely spaced data near the step, the plots 
of figure 9 do clearly indicate the relaxing trend of the maximum pressure grad lent 
just before separatlon. With the 25.4-mm step, a maxiumum Cp of 0.39 was reached 
very close to the step. The maximum pressure grad lent (dCp/dX) was 4.2/m, which is 
equlvalent to, ln wall coordlnates, 

+ 3 -2 P = (vip u )(dp/dx) ~ 1.09x10 
CD L 

The rotation seems to have a negliglble influence on the pressure distribution, 
except for the fact that the pressure levels with rotation are slightly lower ahead 
of the step and slightly higher very close to the step. The pressure distributions 
are comparable to those obtained by Bradshaw and Galea (ref. 16) in thelr study of 
step-induced, two-dlmenslonal separation of turbulent boundary layers. Thelr mea
sured value of Cp,max was 0.35. 

Surface-Flow Dlrectlon 

Surface-flow directions as estlmated from oll-flow patterns obtalned by placing 
011 dots of silicone fluld 200 (500 centistokes vlscosity) along the top generator 
of the stationary cylinder are shown ln figure 10. The direction can be estimated 
to within ±2°. Also shown for comparlson are Hlguchl'S data taken from reference 12 
(solid line). Conslderlng the experlmental uncertalnty, the agreement between the 
present data and Higuchl's data for the case wlthout the step is excellent. In the 
case of the flow with the step, lt lS very clear that the pressure gradlent lmposed 
by the step has a very strong lnfluence on the flow, in that the otherwise relaxlng 
flow is now continuously turnlng as lt approaches the step. More discussion on this 
aspect appears below. 

Figure 11 presents surface-flow directions as determined by a miniature, dlrec
tional surface-fence gage. The accuracy of the dlrectlon measurement is ±1°. Also 
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included for comparison are Higuchi's fence data (refs. 11 and 14) and present oil
flow data. The solid line represents the prediction from a boundary-layer code 
which will be discussed later. It IS seen that the agreement among the various data 
sets is very good, particularly for the flow without the step. The good agreement 
between the oil-flow data and the fence data for the flow with the step suggests 
that the calIbration of the fence IS unaffected by the adverse pressure gradIent. 
WIth the step on the stationary cylinder, the relaxing flow behind the spinner is 
now subject to a step-induced, streamwise, adverse pressure gradIent. The resulting 
streamwise deceleration reduces the streamwise-velocity component and the streamWlse 
skin friction, but leaves the peripheral skin friction practically unaffected (see 
section below). This results in more turning of the flow as It approaches the 
step. At x = 133 mm (5.25 in.), the surface-flow dIrection IS nearly goo, implYIng 
that the streamwise component 1S zero. Farther downstream, thIS component1s 
reversed in direction. i 

Wall Shear Stress 

FIgures 12 and 13 present skln-fr1ction coeff1clents determ1ned by the surface
fence gage. The overall accuracy of the data 1S estImated to be ±10%. The dIstrI
butIon of sk1n-friction coeffIcients on the stationary cyl1nder w1thout the step IS 
shown 1n figure 12. Also included for comparison are HIguchi's fence data (refs. 11 
and 14). The solid lines represent predIctions from a boundary-layer code Wh1Ch 
WIll be d1scussed later. It is to be noted that, In th1S investigation, the 
approaching boundary layer is slightly thIcker and, therefore, lower levels of skin 
fr1ction are expected. Considering th1S slightly thicker boundary layer and the 
experImental uncertainty in the data, the overall agreement between the present data 
and Higuchi's data is satisfactory for the relaxing regIon. FIgure 13 compares the 
dlstrlbutlon of skln-frictlon coefflcients measured wlth and wlthout step and 
spIn. It is clear that sp1nn1ng 1ncreases sk1n fr1ct1on except In the v1clnity of 
separation. In other words, sp1nning may be considered to Increase the eddy 
V1SCOS1ty of the flu1d. The streamW1se pressure gradient 1nduced by the step (see 
f1g. 14) has a cons1derable effect on the streamw1se sk1n-fr1ction coefflc1ent. The 
latter 1S reduced as the step IS approached, goes through zero (the separat10n 
pOlnt), and reverses its slgn close to the step. On the other hand, the perIpheral 
skIn fr1ction remains practically unaffected by the pressure grad lent untIl 
separatIon 1S approached. The separatIon p01nt IS estImated to be at x = 133 mm 
(5.25 in.) or 21 mm (0.83 in.) ahead of the step. The separatIon bubble IS 
therefore a short one, belng only 21 mm long. 

Sp1n-Code Pred1ct1on 

The spin code is basically an lmplic1t, paraboliC, march1ng method uS1ng a 
flnlte-d1fference scheme (see ref. 17). It can use different turbulence models 
rang1ng from a simple miXIng-length model to a more compl1cated Reynolds-stress 
equation model. HiguchI and Rubes1n (ref. 11) have compared the sp1n-code est1mates 
wlth the1r exper1mental data for the relaxing boundary layer on the stationary 
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cylinder (without the step). The code prediction based on the Launder, Reece, and 
Rodi closure equation (see. ref. 18) for the turbulence model compared better with 
the data (without pressure gradient). These predictIons are shown as SOlId lInes In 
figures 11 and 12. Figures 15-17 show a comparison of the spin-code estimates wIth 
the present experimental data for the retarding boundary layer on the stationary 
cylinder with the 25.4-mm step located at x = 154 mm from the spInner. The estI
mates are based on the Launder, Reece, and Rodl closure equatIon for the tur
bulence model. It should be mentioned that the estImates shown here were obtained 
by running the spin code in the "cold start" mode, where the Inltlal length of run 
(I.e., distance to the end of spinner) was determined by matching the computed 
momentum thIcknesses In the axial and transverse directIons to the experimentally 
determIned values at the end of spin. 

Before discussing the comparison, a few remarks on the limitations of the spIn 
code are In order. It is a boundary-layer code and therefore needs an impressed 
pressure field as an input. It can handle only geometrIes wlth smooth curvature and 
attached flows and can go only as far as predicting inCIpient separation. Since 
this experImental confIguratIon has an abrupt change in surface geometry at the 
location of the step and since the step-induced pressure gradIent retards the bound
ary layer and ultImately makes It rapidly separate from the surface close to the 
step, the spin code cannot be expected to predict the complete boundary-layer devel
opment satlsfactorlly. However, with the rIght choice of the Impressed pressure 
field as input to the code, It was posslble to predlct the development of the 
attached boundary layer up to the locatlon of the separation. The following 
variants of the measured pressure dlstrlbutlon (see fig. 14) have been used in the 
spIn code: 

1. Experimental pressure dlstrlbutlon unmodifIed. 

2. ExperImental pressure dlstributlon partly modifled so that the pressure 
grad lent eXIsting just before the beglnnlng of the plateau IS extrapolated through 
the separated regIon. The extrapolatIon starts at x = 125 mm. 

3. Experimental pressure distribution partly modIfIed so that the maximum 
pressure gradient before the plateau is extrapolated through the separated region. 
The extrapolation starts at x = 113 mm. 

Pressure variation across the boundary layer has been neglected. The use of extrap
olated pressure distribution to calculate separation point was suggested by Cebecl 
et al. (ref. 19). 

Figure 15 compares the dIstrIbution of measured skIn frIctIon coefficient in 
the absence of rotation with spin-code estimates. Over most of the attached flow 
regIon, the three predlctions based on the above varlants of measured pressure 
distribution do not dlffer from one another because the pressure fleld is unchanged 
and they are in good agreement wlth the experImental data. However, as the separa
tlon point is approached, they dlffer WIdely. The locatlon of the inciplent 
separation appears to be very sensltive to, and largely dependent upon, the type of 
pressure distribution extrapolated through the separated regIon. ThUS, the 
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prediction based on pressure distribution (1) (above) yields local mInImum and 
maximum values of Cf responding to the actual variations of static pressure 
through the separated region. The predIctions based on pressure distributIons (2) 
and (3) yield results that are closer to the measured data, the inCIpIent separation 
point being slightly overestimated by the former and slightly underestimated by the 
latter. 

Figure 16 compares with the distributIon of streamwise and peripheral skin
friction coefficients with spin-code estimates. The comments made WIth reference to 
figure 15 are applicable also in the case of the streamwlse coefficient, although 
the agreement between the prediction and the experiment is poorer. In the case of 
the peripheral skin-frIction coefficient, all three predictions appear to be accu
rate up to the separatIon point, thus suggesting that the perIpheral skin frIctIon 
IS Insensitive to the type of aXIal pressure distribution. 

Finally, figure 17 compares the measured surface flow direction with spln
code estimates. The comments made earlier with reference to fIgure 15 regardIng 
spin-code predictions are applicable also to figure 17. As noted in figure 16, 
for x < 50 mm, the spIn code SlIghtly overpredlcts both the perIpheral skin 
friction and the streamWlse skin frIctIon. SInce the surface-flow dIrection IS 
the ratio of peripheral to streamwise skin friction, It IS no surprIse that the 
agreement between the predictIon and the experImental data IS improved for: 
x < 50 mm, as shown In figure 17. 

CONCLUSIONS 

An experImental Investigation of a" sWIrlIng, aXIsymmetrIC, IncompreSSIble, 
turbulent boundary layer with and without a (step-Induced) pressure gradIent has 
been carried out. The surface-flow measurements included surface-pressure dIstrIbu
tion and mean surface shear-stress vector and were supplemented by OIl-flow VIsuali
zatIon studies. Based on the analysis of the data and a comparIson WIth spIn-code 
prediction, the follOWIng conclUSIons are drawn: 

1. The streamwise pressure gradient prImarIly Influences only the streamWlse 
component of skin friction, whereas the perIpheral component remaIns relatively 
unaffected. 

2. WIth extrapolated pressure distribution as input, the spIn code based on the 
Launder, Reece, and Rodi closure equatIon for the Reynolds-stress model IS able to 
predIct the attached flow field and the location of the separation reasonably well. 
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TABLE 1.- STATIC-PRESSURE DISTRIBUTION ON 
STATIONARY CYLINDER (WITHOUT STEP) 

Distance, x 
Cp Cp 

mm in. No spin Spln 

3.2 0.125 -0.0138 -0.0300 
6.35 0.25 -0.0069 -0.0231 
9.55 0.375 -0.0046 -0.0185 

12.7 0.5 -0.0046 -0.0185 
19 0.75 -0.0092 -0.0208 
25.4 1 -0.0092 -0.0185 
31.7 1.25 -0.0092 -0.0185 
38 1.5 -0.0092 -0.0185 
44.4 1. 75 -0.0092 -0.0185 
63.5 2.5 -0.0070 -0.0160 
69.8 2.75 -0.0092 -0.0185 
76 3.0 -0.0092 -0.0185 
82.4 3.25 -0.0092 -0.0185 
89 3.5 -0.0092 -0.0185 
95.3 3.75 -0.0092 -0.0185 

101.6 4 -0.0092 -0.0185 
114.3 4.5 -0.0092 -0.0185 
127 5 -0.0092 -0.0185 
139.7 5.5 -0.0092 -0.0185 
152.4 6 -0.0092 -0.0185 
165. 1 6.5 -0.0092 -0.0185 
177.8 7 -0.0092 -0.0185 
190.5 7.5 -0.0092 -0.0185 
203.2 8 -0.0092 -0.0185 
215.9 8.5 -0.0092 -0.0185 
228.6 9 -0.0092 -0.0185 
254.0 10 -0.0092 -0.0185 
279.4 11 -0.0092 -0.0139 
304.8 12 -0.0092 -0.0185 
355.6 14 -0.0092 -0.0185 
381.0 15 -0.0092 -0.0185 
406.4 16 -0.0092 -0.0185 
431.8 17 -0.0092 -0.0185 
451.2 18 -0.0046 -0.0139 
482.6 19 -0.0092 -0.0139 
508.0 20 -0.0092 -0.0185 
533.4 21 -0.0115 -0.0185 
558.8 22 -0.0138 -0.0231 
584.2 23 -0.0183 -0.0278 
609.6 24 -0.0229 -0.0278 
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TABLE 2.- STATIC-PRESSURE DISTRIBUTION ON STATIONARY CYLINDER 
FOR TWO LOCATIONS OF 12.7-mm STEP 

Distance, x Step at x = 154 mm Step at x = 306.4 mm 

in. 
Cp Cp Cp Cp 

mm No spin Spm No spln Spm 

3.2 0.125 0 -0.0141 0.0046 -0.0230 
6.35 0.25 0.0093 -0.0094 0.0092 -0.0138 
9.55 0.375 0.0116 -0.0047 0.0115 -0.0092 

12.7 0.5 0.0139 -0.0047 0.0115 -0.0092 
19 0.75 0.0139 -0.0047 0.0092 -0.0138 
25.4 1 0.0139 0.0000 0.0092 -0.0138 
31.7 1.25 0.0139 0.0000 0.0092 -0.0138 
38 1.5 0.0186 0.0047 0.0092 -0.0138 
44.4 1. 75 0.0232 0.0094 0.0092 -0.0092 
63.5 2.5 0.0442 0.0282 0.0092 -0.0092 
69.8 2.75 0.0512 0.0376 0.0092 -0.0092 
76 3 0.0558 0.0446 0.0092 -0.0092 
82.4 3.25 0.0651 0.0516 0.0092 -0.0046 
89 3.5 0.0791 0.0657 0.0092 -0.0092 
95.3 3.75 0.0930 0.0798 0.0092 -0.0092 

101.6 4 0.1116 0.0986 0.0092 -0.0092 
114.3 4.5 o. 1674 0.1549 0.0092 -0.0092 
127 5 0.2372 0.2535 0.0092 -0.0092 
139.7 5.5 0.3023 0.3239 0.0138 -0.0046 
152.4 6 0.3535 0.3615 0.0138 0.0000 
165.1 6.5 0.0138 0.0000 
177.8 7 0.0138 0.0046 
190.5 7.5 0.0183 0.0092 
203.2 8 0.0229 0.0184 
215.9 8.5 0.0367 0.0276 
228.6 9 0.0550 0.0415 
254.0 10 0.1101 0.1014 
279.4 11 0.2339 0.2350 
304.8 12 0.3670 0.3641 
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TABLE 3a.- STATIC-PRESSURE DISTRIBUTION ON STATIONARY CYLINDER 
FOR DIFFERENT LOCATIONS OF 25.4-mm STEP 

Step at Step at Step at Step at 
Distance, x x = 52.4 mm x = 77.6 mm x = 103.2 mm x = 115.9 mm 

in. 
Cp Cp Cp Cp 

mm No spin Spin No spin Spm 
Cp 

No spin 
Cp 

SplO 
Cp 

No spin 
Cp 

Spln 

3.2 0.125 0.2340 0.2279 0.1403 0.1087 0.0722 0.0514 0.0562 0.0371 
6.35 0.25 0.2490 0.2447 0.1530 o. 1251 0.0827 0.0564 0.0664 0.0473 
9.55 0.315 0.2115 0.2651 0.1637 0.1400 0.0909 0.0643 0.0713 0.0538 

12.7 0.5 0.2872 0.2923 0.1753 O. 1520 0.0911 0.0716 0.0762 0.0567 
19 0.75 0.3062 0.3304 0.2025 0.1800 0.1101 0.0872 0.0853 0.0663 
25.4 1 0.3255 0.3614 0.2342 0.2145 0.1239 0.1063 0.0959 0.0779 
31.7 1.25 0.3373 0.3836 0.2653 0.2528 0.1473 0.1253 0.1120 0.0925 
38 1.5 0.3336 0.3900 0.2956 0.2967 0.1748 0.1522 0.1305 0.1108 
44.4 1.75 0.3156 0.3837 0.3189 0.3393 0.2055 0.1825 0.1528 0.1312 
63.5 2.5 0.3383 0.3855 0.2981 0.2967 0.2369 0.2206 
69.8 2.75 0.3252 0.3778 0.3231 0.3351 0.2684 0.2572 
76 3 0.4119 0.4207 0.3301 0.3615 0.2969 0.2953 
82.4 3.25 0.3432 0.3816 0.3201 0.3321 
89 3.5 0.3437 0.3843 0.3367 0.3579 
95.3 3.15 0.3266 0.3827 0.3448 0.3774 

101.6 4 0.4117 0.4207 0.3476 0.3820 
114.3 4.5 0.4096 0.4219 
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TABLE 3b.- STATIC-PRESSURE DISTRIBUTION ON STATIONARY CYLINDER 
FOR DIFFERENT LOCATIONS OF 25.4-mm STEP 

Step at Step at Step at Step at 
Distance, x x = 128.6 mm x = 154 mm x = 204.8 mm x = 306.4 mm 

Cp Cp 
mm in. No spin Spin 

Cp 
No spin 

CI? 
Spm 

Cp 
No spin 

Cp 
Spm 

Cp 
No spin 

Cp 
Spm 

3.2 0.125 0.0360 0.0210 0.0251 0.0075 0.0099 -0.0141 0.0047 -0.0118 
6.35 0.25 0.0458 0.0318 0.0295 0.0155 0.0027 -0.0138 0.0094 -0.0047 
9.55 0.375 0.0508 0.0386 0.0340 0.0165 0.0040 -0.0120 0.0118 -0.0047 

12.7 0.5 0.0539 0.0407 0.0367 0.0194 0.0171 -0.0081 0.0118 -0.0047 
19 0.75 0.0606 0.0461 0.0389 0.0224 0.0161 0.0074 0.0118 -0.0047 
25.4 1 0.0694 0.0525 0.0409 0.0255 0.0146 0.0084 0.0118 -0.0047 
31.7 1.25 0.0788 0.0632 0.0457 0.0313 0.0152 0.0016 0.0118 -0.0047 
38 1.5 0.0922 0.0754 0.0525 0.0378 0.0219 -0.0031 0.0118 -0.0024 
44.4 1. 75 O. 1100 0.0912 0.0627 0.0486 0.0266 0.0127 0.0150 0.0000 
63.5 2.5 0.1768 0.1616 0.1031 0.0870 0.0310 0.0321 0.0165 0.0047 
69.8 2.75 0.2052 0.1858 0.1187 0.1015 o 0347 0.0347 0.0165 0.0047 
76 3 0.2336 0.2175 o. 1396 o. 1183 0.0301 0.0359 0.0165 0.0047 
82.4 3.25 0.2633 0.2577 0.1605 0.1362 0.0377 0.0339' 0.0165 0.0047 
89 3.5 0.2918 0.2895 0.1817 0.1642 0.0408 0.0393 0.0165 0.0047 
95.3 3.75 0.3205 0.3348 0.2131 0.1935 0.0482 0.0444 0.0165 0.0047 

101. 6 4 0.3339 0.3606 0.2418 0.2232 0.0578 0.0566 0.0165 0.0047 
114.3 4.5 0.3469 0.3763 0.3028 0.3031 0.0872 0.0782 0.0189 0.0047 
127 5 0.4149 0.4194 0.3385 0.3572 0.1248 0.1112 0.0236 0.0094 
139.7 5.5 0.3405 0.3772 0.1715 O. 1576 0.0259 0.0142 
152.4 6 0.3923 0.4086 0.2285 0.2186 0.0307 0.0189 
165.1 6.5 0.2916 0.2988 0.0377 0.0237 
177.8 7 0.3269 0.3563 0.0472 0.0332 
190.5 7.5 0.3400 0.3725 0.0590 0.0450 
203.2 8 0.4047 0.4049 0.0755 0.0640 
215.9 8.5 0.0991 0.0877 
228.6 9 0.1321 0.1185 
254.0 10 0.2406 0.2227 
279.4 11 0.3349 0.3507 
304.8 12 0.3962 0.3981 
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TABLE 4.- SKIN-FRICTION DATA ON STATIONARY CYLINDER 
(WITHOUT STEP) OBTAINED FROM SURFACE-FENCE GAGE 

Distance, x No spin 
Cfx x103 

With spm 
mm in. Cfx x103 Cfz x103 SW' deg 

6.35 0.25 3.50 3.93 2.42 31.6 
12.1 0.5 3.01 3.59 1.68 25.1 
19 0.15 3.04 3.31 1.38 22.6 
25.4 1 2.91 3.48 1.38 21.1 
38 1.5 3.09 3.54 1.25 19.4 
16 3 3.00 3.62 0.81 13.4 
89 3.5 3.04 3.69 0.15 11.5 

101.6 4 3.03 3.56 0.68 10.8 
121 5 3.03 3.41 0.54 8.9 
152.4 6 2.98 3.32 0.51 8.1 
203.2 8 2.92 3.20 0.41 1.3 
304.8 12 2.93 3.14 0.30 5.4 
406.4 16 2.97 3.08 0.24 4.4 
508 20 3.18 3.31 0.23 4.0 
609.6 24 3.12 3.23 0.19 3.4 

TABLE 5.- SKIN-FRICTION DATA ON STATIONARY CYLINDER 
(WITH 25.4-mm STEP LOCATED AT x = 154 mm) 

OBTAINED FROM SURFACE-FENCE GAGE 

Distance, x No spin 
Crxx103 

With spm 
mm In. Cfx x103 Cfz x103 SW' deg 

6.35 0.25 3.32 3.66 2.34 32.7 
12.7 0.50 2.82 3.32 1.12 21.4 
19 0.15 2.75 3.01 1.32 23.1 
25.4 1 2.14 3.10 1.29 22.6 
38 1.5 2.65 3.17 1.21 21.0 
16 3 2.12 2.69 0.81 16.1 
89 3.5 1.11 2.36 0.15 11.5 

101.6 4 1. 11 1.14 0.68 21.4 
127 5 0.30 0.36 0.47 52.4 
152.4 6 -1.30 -1.25 0.21 -9.31 
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TABLE 6.- SURFACE-FLOW ANGLE DATA ON STATIONARY CYLINDER 
OBTAINED FROM OIL-FLOW PATTERNS 

Distance, x Surface flow angle Sw' in deg 
mrn in. No step 25.4-m step at x = 154 mrn 

3.2 0.125 37.5 38.5 
6.35 0.25 32 33 

12.7 0.5 25 27 
19 0.75 23 25 
25.4 1 20 23 
38 1.5 18 20 
50.8 2 16 17 
63.5 2.5 14 15 
76 3 18 
89 3.5 12 21 

101. 6 4 10 25 
114.3 4.5 9 40 
127 5 8 60 
133.3 5.25 :::90 
139.7 5.5 -75 (reverse flow) 
152.4 6 7 -11 (reverse flow) 
203.2 8 6.5 
254.0 10 6 
304.8 12 5.5 
406.4 16 4.5 
508 20 
609.6 24 3.5 
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Figure 10.- Surface-flow direction on stationary cylinder without step 
and with 25.4-mm step located at x = 154 mm from spinner. 
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and wIth 25.4-mrn step located at x = 154 mrn from spInner. 
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Figure 12.- Skin-friction coefficients on stationary cylinder without step. 
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Figure 14.- Measured and extrapolated pressure dlstrlbutions on stationary cyllnder 
(wlth 25.4-mm step located at x = 154 mm from splnner and without rotation) 
used as input to the spin code. 
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step located at x = 154 mm from spinner. 
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Figure 16.- Comparison between experimental data and spin-code estimates of skin 
frictions based on measured pressure dlstribution with 25.4-mm step located at 
x = 154 mm from spinner. 
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