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INTRODUCTION

In this two part study, we report detailed boundary layer and wake
measurements of the flow field about a double circular arc compressor blade
in cascade. The measurements were made at an incidence angle of 5 degrees and
a chord Reynolds number of 500,000. The study provides a well documented flow
field of some complexity which can be used to develop or test future
generations of computational codes.

In the first part of this study, we described the test facility and
experimental methods and provided an analysis of the data. This analysis
involves the presentation of the boundary layer and wake flow data in standard
graphical formats rather than in listings of raw data. We recognize that this
presentation, although best for studying the physics of the flow field, may
not be adequate for computational comparisons.

In this second part of the study, we make the data accessible to
computational comparison by presenting the raw data in tabulated form. We
also give, through example, a detailed description of our analysis procedure.
Data developed with this analysis procedure are also presented in tahulated

form. A computer tape containing the data is available.

F1LOW FIELD

The flow field through the cascade of double circular arc compressor
blades was established at a chord Reynolds number of 500,000. Figure 1
shows the blade geometry as well as the results of the inlet and outlet flow
measurements. The incidence angle of 5 degrees leads to the blade

static-pressure distribution shown in Figure 2 and tabulated in Tables 1



and 2. The reference static and total pressures used in defining the pressure
coefficients are p; = - 414.3 Pa and PTl = 246.1 Pa. Boundary layers
measured on a blade with this static-pressure distribution can include

layers that are laminar, transitional, turbulent, or separated depending on
the location of the measurement. These measurements are first treated
statistically and then analyzed to determine the boundary layer

characteristics. The techniques by which we chose to analyze the boundary

layer data is described in the following sections.

RAW DATA

The raw data is given in Tables 3 through 27. In general, we present
mean velocity, local turbulence intensity, skewness, kurtosis, and percent
backflow (reverse flow) as a function of position from the blade surface.
For positions from 2.6% chord to 53.6% chord on the suction surface, the
measurements were made using a laser Doppler velocimeter (LDV) with no
frequency shifting; and hence, no percent backflow could be measured.
Neither the skewness nor the kurtosis were calculated for these same
positions. The remaining boundary layer and near-wake measurements were made
using a frequency shift of 5 MHz. The far-wake measurements of Table 2/ were
made with a five-hole probe rather than a LDV. Each data point in Tables 3
through 27 is averaged over several (usually 6) experiments. The tables
include these average values and deviations based on 95% confidence bands
as determined by Student’s t test. Mean and turbulence quantities are

calculated in the usual manner; that is
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Local turbulence intensity is taken as u'/u and turbulence intensity is

taken as u’/U,, where U, is the boundary layer edge velocity.

NORMAL_PRESSURE GRADIENT

Surface curvature, blowing, or suction may induce significant streamline
curvature in a flow. Streamline curvature in turn causes a normal pressure
gradient which results in a cross streamline gradient in the inviscid velocity
profile. As shown in Figures 3 and 4, the freestream velocity does not reach
a constant value (the edge velocity, U,). Boundary layer analyscs, however,
assume that the location of the boundary layer edge is known and that a
constant freestream velocity exists outside the boundary layer. To use or
formulate a boundary layer analysis, the procedure must account for the effect
of the normal pressure gradient.

Mellor and Wood [1971] and Ball, Reid, and Schmidt {1983] outlined one
method which accounts for these effects. The method assumes that the measured
velocity profiles represent composite profiles. This implies that each of the
profiles has a region where the viscous effects predominate, a region in which
viscous effects are negligible, and an intermediate region in which the
viscid-inviscid results match. Mathematically, the measured composite profile
is the sum of a boundary layer profile and an inviscid profile, less what
appears in both. The last quantity is commonly called the boundary layer edge

velocity, Ug. That is

Uneas = Ubg, * Yinv - Ue

Clearly, both the boundary layer velocity uy and the measured velocity
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Upeas MUst go to zero at the wall, so that

Ue = (Uiny) wall

and the scheme reduces to finding the value of the edge velocity.

The validity of applying this procedure to velocity data is difficult to
establish. However, it does allow for a consistent method to analyze measured
velocity profiles provided that the inviscid region can be properly identified
from the data. There does not appear to be a rigorous way to do this, so that
as in the prior reported study (Deutsch and Zierke [1984]), a consistent
method which produces plausible results is adopted.

A least-squares technique is used to fit a polynomial to the inviscid
velocity profile. Since the inviscid profiles may have significant curvature,
the analysis provides an option of fitting the inviscid profile with a linear,
quadratic, or cubic polynomial. The difficulty lies in choosing the data
points to be included in the least-squares analysis. To minimize this
problem, the number of data points used in the polynomial fit was varied.
First, the maximum number of points, N .., which could possibly be within the
inviscid region was determined. For 8p/dy > O (as an example see Figure 3),
Npax is taken to be the number of points between the point furthest from the
wall and the point of maximum velocity. For 8p/dy < 0 (as an example see
Figure 4), the data point at which the profile slope changes by at least 50%
is used instead of the point of maximum velocity. For the data in Figure 3,
Nnhax Was determined to be 19, while N .. was found to be 24 for the data of
Figure 4. Many applications have shown that for the region of 0.55 Ny, <
Nipgy < 0.95 Ny.., the value of U, is relatively independent of the number of
points in the fit. This is clearly shown for the data of Figures 3 and 4 in
Table 28. Each polynomial was extrapolated to the wall to obtain U, and a

mean and a standard deviation of all values of U, were determined. The degree

of the polynomial was chosen to minimize the standard deviation of U,. These




standard deviations have been observed to be quite small (~ 0.5%). A u
profile was calculated using the mean value of U, and a polynomial fit of
Ujny. We used, Ny, = 0.75 N,.. as the number of data points in the fit to
determine U, as the Uy found in this way was consistently close to the average
Us. A smoothed spline fit of the boundary layer velocity profile was used to

calculate the boundary layer thickness, §. & is taken at the position at

which

u = 0.99 Uy

Figures 5 and 6 show the reconstructed boundary layer profiles (triangles)
corresponding to Figures 3 and 4. As might be anticipated, the effect of the
normal pressure gradient does not penetrate far into the boundary layer.
Deutsch and Zierke [1984] discuss the plausibility of this approach by
comparing plots of the shape of the resulting turbulence intensity versus
normalized distance from the wall (y/§) against classical measurements. They
conclude that the technique does indeed give reasonable results. It should be
noted that Kiock [1983] developed an alternate method of accounting for the
effects of the normal pressure gradient using the equations for the boundary
layer parameters. That technique was found here, however, to be too difficult

to employ.

SPLINE FIT

Comparisons between boundary layers are often made in terms of simple
integral thicknesses or their ratios (shape factors).

In order to calculate the boundary layer integral parameters, the
analysis must fit the wvelocity data peints with a mathematical curve. A
parametric cubic spline was used for the curve fit. This curve parametrically

develops the u and y ordered pairs as independent functions of the overall




arc length of the curve. Even this curve fit tends to oscillate when a cusp
appears in the profile. Therefore, a smoothing routine was added to the
spline fit. Near the wall, a parametric cubic spline was fit between the data
point nearest to the wall and the zero velocity point that would occur at the
wall. For boundary layer profiles not well resolved in the near-wall region,
this latter fit represents the largest potential error in the calculation o!
the integral parameters. Figures 7 and 8 show the calculated spline fits to

the boundary layer profiles of Figures 5 and 6.

BOUNDARY LAYER INTEGRAL PARAMETERS

The most common of the parameters which characterize the boundary layer
are integral thicknesses based on the conservation of mass, momentum, and
energy. In effect, the boundary layer acts to displace the streamlines in the
flow outside the boundary layer away from the wall. A displacement thickness,
§*, can be defined as the distance by which the solid surface would have to be
displaced to maintain the same mass flowrate in a hypothetical inviscid flow.

For steady, incompressible flow, §* can be defined as

§* is probably the most fundamental integral thickness and is commonly used as
a normalizing factor in presenting data since the alternative, the boundary
layer thickness, is difficult to measure. A momentum thickness, #, can be

determined from the steady, incompressible momentum equation as

6=/ = (1 -55a
0 Ue Ue 4

The momentum thickness represents the momentum loss due to the presence of the

boundary layer and is proportional to the drag when no streamwise pressure




gradient exists. Many empirical correlations use the momentum thickness.
Finally, a steady, incompressible energy thickness can be defined as
[s o}
u

u_ u_ 2
53=/O U, [1-(Ue)]dy-

Reynolds numbers can be formed based on all three of these integral
thicknesses using the boundary layer edge velocity. They are especially
useful in describing the boundary layers just before, during, and just after
transition.

Some parameters describe the shape of the velocity profile. The first

and second shape factors of the velocity profile are defined as

Q:lo;(_

Hyp =

and

H3p = %3_

Note that the definitions require that both shape factors be greater than
unity. For laminar boundary layers, the first shape factor lies between 3.5
and 2.3. Transition brings about a considerable drop in Hjp giving a
turbulent boundary layer in which Hyy lies between 1.3 and 2.2. Laminar
separation takes place at a value of Hjop near 3.5 while turbulent separation
takes place at a value of Hj) near 2.2.

In the current study, the integral parameters and shape factors were
found by integrating the spline fit using a trapezoidal rule with very fine
spacing. Values of these parameters and the associated Reynolds numbers are
given in Table 29 for each of the profiles shown in Figures 7 and 8. Based on
the work of Purtell, Klebanoff, and Buckley [1981} and Murlis, Tsai, and
Bradshaw [1982], one would anticipate that the Rey for the profile of Figure 8

is too low to support turbulence.




SIMITARITY SOLUTIONS FOR LAMINAR BOUNDARY ILAYERS

For a constant streamwise pressure gradient, laminar boundary layers can
be plotted in such a way as to collapse them all to the same curve. Such
laminar boundary layers are said to be self-similar and solutions to the
boundary layer momentum equations may be solved using a similarity solution.

A similarity solution reduces the number of variables in the equation by using
a coordinate transformation. The boundary layer momentum equation {or steady

flow can be written as
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Several different coordinate transformations have been used for similarity
solutions. One such transformation is the Levy-Lees transformation (scc
Cebeci and Smith [1974]) which is given as
)
x/ . .
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and
1 U —
n= —— G @ /R
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Re — ref
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These transformation variables are for an incompressible flow with a constant
value of viscosity. The variables Upef and £ refer to a reference velocity
and a reference length, respectively. A similarity function, £, can then be

defined from the streamfunction, ¥, as

v(x,y) = J26 £(&,n)

where




and

The boundary layer momentum equation for steady, incompressible flow can now
be transformed into the following differential equation

£ror o4 £E 4 B(L - £02) - 2E(£rfe - Fef'Y)

8 - 26 dUe

U, d¢
B is a streamwise pressure gradient parameter and must be determined from the
measured streamwise static-pressure distribution. These measurements are also
required to determine the values of £. When f has a prime for a superscript,
it refers to a derivative with respect to 5. A derivative with respect to £
is noted by a subscript £.

Falkner and Skan [1931] developed a similarity solution for laminar
boundary layers flowing over wedges with constant streamwise pressure
gradients. In terms of the Levy-Lees coordinates, the Falkner-Skan solution
involves no changes in the ¢ direction. Thus all derivatives with respect to
¢ (of f) are zero and the boundary layer momentum equation for steady,

incompressible flow reduces to the following ordinary differential equation.
f£rrr 4+ £ +ﬂ(1 _ f,2) = 0

The present boundary layer analysis solves this equation using the solution
scheme of Hoffman [1983]. The Falkner-Skan solution represents a very good
approximation of the laminar boundary layer solution in two cases: first, when
the streamwise pressure gradient changes only slowly in the streamwise

direction, and second, near the leading edge of the boundary layer surtace
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(since £ is very small and the Levy-lees transformed equation is approximated
quite well by the Falkner-Skan equation). In the previous cquation when g is
equal to zero, the Falker-Skan solution reduces to the original similarity
solution of Blasius [1908] for laminar boundary layers with no streamwise
pressure gradient. Separation of the laminar boundary layer will occur for a
B with a value of -0.199.

Figure 9 compares the profile of Figure 8 with a Falkner-Skan profile at
an equivalent B. Although the streamwise pressure gradient is not constant
here, the comparison is quite good. The profile of Fipure 8 (via Figures 4
and 6) is laminar. Integral parameters and skin friction values can be
computed from the Falkner-Skan solution. These are presented in Table 29;

where appropriate they are compared to the values calculated from the spline

fit.

WALL-WAKE VELOCITY PROFILE FOR TURBULENT BOUNDARY LAYERS

Turbulent boundary layers are commonly divided into different regions.
The innermost region is dominated by viscous shear and is self-similar for alil
turbulent boundary layers. This region is call the viscous sublayer and is

described by

u_ _ YYr

l.l,r 1%
or

ut =yt

+

where ut and y* are called inner variables. wu, is called the shear or

r
friction velocity. Outside of the sublayer but still very close to the wall,

the velocity is logarithmic with distance as

+ 1 1 .
u . In(y") 1+ C
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The viscous sublayer and logarithmic region overlap in a region called the
buffer layer. Collectively the sublayer, buffer layer, and logarithmic layer
are called the "law of the wall." Streamwise pressure gradients have
essentially no effect on this region. Outside of this wall region, the
streamwise pressure gradients are important and the velocity profile exhibits
a wake-like form. Coles [1956] developed an equation for the wake region
called the "law of the wake." His composite equation included a wake-like
function added to the logarithmic equation. This wall-wake equation can be

written as

+_ 1 + I..x
u xAﬂn(y Yy + C + . W(S)
where

W(%) = 2 sinz(gf) =1 - cos(E%)

W is called Cole's universal wake function and is normalized to be zero at the
wall and to be two at y = §. Coles’ wake parameter Il brings in the effect of
the streamwise pressure gradient and has a value of approximately 0.5 for a
zero pressure gradient flow. Coles and Hirst [1968] later examined the data
from a number of turbulent boundary layer experiments and determined that the
von Karman mixing length parameter, x, should be 0.41 and the law-of-the-wall
constant, C, should be 5.0.

The analysis of turbulent boundary layers should include a fit of the
data to the wall-wake equation. A least-squares fit of the data to the

equation was chosen with u, and II as the variables to be determined and §

r

considered to be a known quantity.* The error between each data point and the

wall-wake equation is

* An attempt to use all three variables (u,, II, and §) in a least squares
scheme produced inconsistent results.
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u u,ll nyi
) + u.C + —_‘K [1 - cos("‘”’b. Y- vy

Now the minimum error squared of all the data points must be found with
respect to both u, and II. Taking the partial derivative of the error squared

for each data point with respect to u, and II yields

2
dEj 1 yius 1 I nyi
au1= ZEi{n In( » ) + . + C + " [L - cos( s I
and
6E2 u y
o8i Ur i
am 2E5 (’C (1 - cos( 5 )1

Summing for all the data points and setting the two expressions equal to zero

gives two equations

2
JE{ -0
du,

and
2

dEj

an
which can be solved simultaneously for u, and II to give the minimum squared
error. A secant method is used to solve the simultaneous non-linear equations.
Sun and Childs [1976] presented a similar method for compressible turbulent
boundary layers using the velocity transformation of wvan Driest [1951].

In order to use the fit of the wall-wake equation, the range of data
points to be used in the fit must be considered. White [1974] states that the
logarithmic region does not hold for yt < 35 (corresponding roughly to
y/6 < 0.02). For a large wake component, Coles and Hirst [1968] state that
the region being fit should not include y/6§ > 0.9. They suggest that this
number should be reduced to 0.75 for a zero streamwise pressure gradient and

0.6 for a vanishing wake component. Here the region 0.05 < y/é < 0.75 was

used: Sensitivity to the specific range of data points was not large.
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Figure 10 shows the data of Figures 7 (via Figures 3 and 5) in inner
variables. Parameters determined from the wall-wake fit are given in
Table 29.

Streamwise pressure gradients can have a strong effect on the outer
region of a turbulent boundary layer. Typical profiles at an Rey of 5,000 for
values of I of -0.5, 0.5, 0.5, 2.0, and 5.0 are shown in Figure 11(a) for
illustration. We should note that the value of Rey controls the size of the
logarithmic region. Shown in Figure 11(b) are profiles for Rey of 500, 1,000,
5,000, and 10,000 and a I of 0.5. Note the difficulty in discerning a
logarithmic region for a Rey of 500.

Most analyses, short of direct computation, consider boundary layers in
which the pressure gradient is constant, so that the profiles are self-similar
with downstream distance--so called equilibrium layers. Clauser [1954, 1955]
conceived of a parameter

Qf dpe
Be Ty dx

to characterize equilibrium. Here 7, is the wall shear stress. A turbulent
boundary layer with a constant g, has outer region similarity and is called an
equilibrium turbulent boundary layer. All of the gross properties of that
boundary layer can be described with a single parameter. Clauser (1954, 1955]

chose the parameter G, where

co'/'Ue_u 2

1
G = y D dy
A 0 \ u,
and ‘
) /U - u \2
4 \ Ur }
AN /

G is called Clauser'’s shape factor and A is termed the defect thickness.

Values of G and A for the profile of Figure 7 are
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G = 19.47
and

A= 142.1 mm
The turbulent boundary layer profiles on the cascade blade are non-
equilibrium. In practice, one expects non-equilibrium to be the rule rather

than the exception.

SKIN FRICTION COEFFICIENT OF A TURBULENT BOUNDARY LAYER

Ludweig and Tillman [1949] developed an empirical expression for the skin
friction coefficient of a turbulent boundary layer. The curve-fit expression
from their experimental data is

Cf ~ 0.246 Ree-0.268 10-0.678 Hio

Skin friction coefficient (Cg), wall shear stress (ry,) and friction velocity

(u;) can be related by

Ce - —1-

and

The friction velocity calculated from the Ludweig-Tillman expression
agrees well with that calculated from the wall-wake fit for all the non-

separated turbulent profiles measured.

TRANSITION

Transition represents the region in which a laminar boundary layer
becomes turbulent. The length of the transition region depends strongly on,
among other parameters, the streamwise pressure gradient and the freestream
turbulence intensity. The incomplete transition of the pressure surface

profiles is shown in Figure 12. Here the transition is termed incomplete as
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the profile at 97.8% chord does not contain a logarithmic region. Also, Rey
is below that believed capable of sustaining full turbulence. Note the
comparison with the Falkner-Skan profiles, particularly the thickening of the

profile in the near-wall region.

WAKES

Initially, the analysis of the wake profiles proceeds in the same manncr
as the analysis of the boundary layer profiles. Since the static pressure is
normally constant across the wake, the analysis does not have to account for
a normal pressure gradient. A spline is used to curve fit the data points
from the point of minimum velocity to the last point in the freestream on
one side of the wake. 1Integral parameters can then be calculated for this
side of the wake. The analysis is repeated on the other side of the wake.
The integral parameters for the entire wake can be found simply by summing
the parameters for each side of the wake. One would expect llj) to decay
asymptotically to 1.0 as the wake mixes out.

Wake similarity requires different length scales on the pressure

side, Lp, and the suction side, Lg,

of the wake. Lp and L. arce the distances
on the pressure and suction sides of the wake centerline from the point of
minimum velocity to a point where the velocity defect is (U, - ugpy/2.

Lakshminarayana and Davino [1979] suggested a Gaussian distribution to

correlate the wake data,

Ug - u = -0.693n

Ue - ucL
where 5 is the distance across the wake normalized by the appropriate length

scale. One would expect that only far wakes would show similarity with this

type of correlation.
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ANALYSTIS OF CURRENT DATA

The analysis that has just been described was carried out on the
raw data of Tables 3 through 27. After accounting for the normal pressure
gradient, we computed the boundary layer edge velocity and the boundary layer
thickness for the boundary layers on the pressure surface. Table 30 shows
these values along with their standard deviations. The computed value of
6§ at 2.7% chord is doubtful. The measured velocity profiles were then
reconstructed to obtain the boundary layer velocity profiles as shown in
Tables 31 through 41. These tables also include the profiles of turbulence
intensity which were obtained using the values of U, given in Table 30.

The reconstructed boundary layer profiles on the pressure surface
were spline fit and integrated to obtain the various boundary layer
parameters. Table 42 shows these parameters. We note here that
throughout this analysis, the value of p was taken as 1.205 kg/m3 and
the value of v was taken as 0.150 cmz/sec. The boundary layers at 2.7%,
5.9%, and 14.4% chord were so small that the integrations to find ¢ and
69 are questionable. The Ludweig-Tillman equation was only evaluated at
97.9% chord since this was the only chord position where the boundary
layer is nearly fully turbulent. Table 43 shows the boundary
layer parameters for the pressure surface as obtained from the Falkner-

Skan solution.

We analyzed the suction surface boundary layers in a similar manner.
Table 44 shows the wvalues of Ue and § (and their standard derivations) while
Tables 45 through 55 show the reconstructed boundary layers. Table 56 shows
the boundary layer parameters obtained using the spline fit of the data while
Table 57 shows the parameters obtained using the least-squares fit of the data
to the wall-wake equation. The wall-wake equation is not valid for the

detached layers at 84.2% and 94 9% chord. Table %/ also shows values of Cp
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obtained from direct measurements within the viscous sublayer. In Part 1
of this report, we discussed the similarity defect law for turbulent
boundary layers developed by Perry and Schofield [1973]. The length and
velocity scales of this similarity law are given in Table 58 for the
boundary layers on the suction surface.

Tables 59 and 60 show the velecity and turbulence intensity profiles
in the near wakes. The far wake, shown in Table 61, has no turbulence
intensity values since we measured this wake with a slow response five-
hole pressure probe. After spline fitting each side of these wakes, we
determined the boundary layer integral parameters and the similarity length
scales. Table 62 shows these parameters for the pressure side of the wakes

while Table 63 shows these parameters for the suction side of the wakes.

CONCIUSIONS

We have presented a two-part report which describes measurements of
the flow field about a double circular arc compressor blade in cascade at
an incidence angle of 5 degrees and a chord Reynolds number of 500,000,
Part 1 of the report describes the facility, the measurement techniques,
and the physics of the flow field. In this, Part 2 of the study, both
the raw and analyzed data are presented in a tabulated form with the hope
of encouraging computational comparisons. Also in Part 2, we include the
details of the procedure which allowed us to analyze the raw data. Other
analysis techniques are possible and their results might usefully be
compared with what we have given here.

We have place this tabulated data on a computer tape and the tape is
available to other researchers. We should also note that similar

measurements at additional incidence angles are currently being completed.
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Nomenclature

aspect ratio

integral layer thickness in the Perry and Schoficeld [1973)]
theory

blade chord length

law-of-the-wall constant (

I

5.0)

skin friction coefficient

i

r /00l /2)

static-pressure coefficient = (p - pl)/(pvi/Q)

error between the data and wall-wake equation

similarity function

Clauser's shape factor

first shape factor = 6*/0

second shape factor = §4/0

incidence angle = g7 - xy

kurtosis

reference length

pressure and suction surface length scales from the point of
minimum velocity to a point where the velocity defect is
(Ue - uCL)/

laser Doppler velocimeter

data point index

number of data points

number of data points in the inviscid region

maximum number of data points that could possibly be in the
inviscid region

static pressure
static pressure at the boundary layer edge
total or stagnation pressure

radius
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Nomenclature (Continued)

reference Reynolds number = £ Uy /v

blade chord Reynolds number = cVq/v

momentum thickness Reynolds number = 6U,/v

blade spacing

skewness

streamwise velocity

root mean square value of the turbulent velocity fluctuation
dimensionless velocity in the fnner boundary layer = u/u,
boundary layer velocity

shear of friction = /7;75

inviscid velocity

measured composite velocity

velocity at the boundary layer or wake edge

velocity scale for the Perry and Schofield [1973] defect law
reference velocity

normal velocity

velocity

Coles’ universal wake function = 2 sinz( ) -1 - cos( )
streamwise coordinate

coordinate normal to the blade surface

dimensionless coordinate normal to the blade surface in inner
boundary layer variables

Falkner-Skan streamwise pressure gradient parameter; flow angle
measured from the axial direction

Clauser’s equilibrium parameter
stagger angle
boundary layer thickness (where u -~ 0.99 U.)

displacement thlckness
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Nomenclature (Continued)

Subscripts

CL

inv

LE

meas

energy thickness
deviation angle = B9 - x»
defect thickness

normalized distance across the wake; dimensionless normat
similarity variable

momentwn thickness

Von Karman's mixing length paramectcer (- 0.41); blade metal
angle

kinematic viscosity (0.150 cmz/sec for air)
dimensionless streamwise similarity variable
Coles’' wake parameter

fluid density (1.205 kg/m3 for air)

blade solidity = c¢/s

wall or surface shear stress

camber angle = k1 - kKo
streamfunction
total-pressure loss coefficient = (PT - PT Y/ (p V%/Z)

1 2

at the wake centerline
the ith data point
inviscid

leading edge

mean flow

measured

data point index

pressure




TE

wall

Superscript

!
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Nomenclature (Continued)

suction surface

trailing edge

axial direction

at the wall

derivative with respect to £

inlet (upstream five-hole probe measurement station)

outlet (downstream five-hole probe measurement station)

derivative with respect to 7

average over the blade passage
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BLADE GEOMETRY

C = 228.6 mm g=2.14 Ky = 53°
S =106.8 mm R =1.61 Ky = -12°
[o=ro . =914pm r=205 ¢ =65

LE 'TE

MEASURED FLOW CONDITIONS

Re_ = 500,000 Vy = 17.55 mlsec B, =39.9°
i=-5° B, = 4° 8= 54°
B = 58° V, = 17.59 m/sec B, =16
;= 311 misec Vm = 22.38 m/sec = =0.151
(_F,)2 = 0,463
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Figure 1. Blade Geometry and Flow Conditions
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Figure 2. Blade Static-Pressure Distribution (The Vertical Line
Segments Represent the Locations of LDV Measurements)
(P - Pressure Surface; S - Suction Surface)
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Figure 11. (a) Wall/Wake Composite Profile: [l Varies

(b) Wall/Wake Composite Profile: ROU Varies
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Pressure Surface
% Chord Cp Ue 7 Chord Cp Ue
(m/sec) (m/sec)
1.0 0.685 18.58 49.2 N.588 21.25 —
3.0 0.547 22.28 55.3 0.588 21.25
4.0 0.523 22.87 zg;j;A 1::;:;: 7”‘<~«”—2;;:é;;mm—
_ . AMTL_-_,__ i
5.0 0.508 23.22 67.7 .59/ 21.02
6.0 0.508 23.22 73.8 0.584 21.36 —
12.2 0.509 23.20 80.0 0.565 21.84
18.3 0.526 22.80 82.5 0.551 _ 21.19
24.5 0.545 22.33 85.4 0.54;~ 22.36
30.7 0.553 22.14 8.3 0,523 22.87
.8 | osre | oaner | oo | awen | o2vss
43.0 0.583 21.38 94.5 0.456 24 .42 R
97.3 0.400 25.65

Table 1.

Static Pressure Measurements on the Pressure Surface
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Suction Surface

7 Chord Cp Ve % Chord Cp e
(m/sec) (m/sec)
- i mat B B e
1.0 -1.346 5(0.72 49,2 0.153 30.48
e —
2.0 -1.302 50.24 55.3 N.196 29.69
3.0 -0.936 46,08 61.5 0.243 28.84
5.0 -0.481 40.30 67.7 0.260 28.51
6.0 -0.453 39.92 73.R% 0.292 27 .89
12.2 -0.349 38.46 80.0 0.301 27.71
18.3 -0.270 37.32 82.5 .309 27.55
24.5 -0.167 35.77 88.3 0.297 27.79
U N
30.7 -0.067 34,20 94.5 N.307 27.59
36.8 0.038 32.48 97.3 0.7308 27 .57
43.0 0.097 31.47
Table 2. Static Pressure Measurements on the Suction Surface
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Suction Surface Boundary layer at 53.6% Chord (dp/oy > 0)

Ninv‘ Ua, m/sec §, mm
11 33.64 11.30
12 33.74 11.42
13 , 33.83 11.54
14 34.00 11.77
15 33.84 11.55
16 33.76 11.46
17 33.64 11.32
33.78 £ 0.13 11.48 * 0.16

Pressure Surface Boundary layer at 57.2% Chord (3p/3y < 0)

Ninv Uo, m/sec §, mm
14 23.37 2.31
15 23.38 2.33
16 23.39 2.34
17 23.41 2.37
18 23.40 2.35
19 23,40 2.35
20 23.40 2.35
21 23.40 2.35
22 23.40 2.35

23.39 = 0.02 2.34 1 0.02

Table 28. Variation of Ug and § with the Numer of Parts used in the
Polynomial Fit of the Inviscid Region
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Suction Surface Boundary
Layer at 53.6% Chord

Precsure Surface Boundary
Laver at 57.27 Chord

(ap/3y > 0) (Op/3y < 0)
Parameters
Spline Fit Fit of Wall- Spline Fit Falkner—Skan
Wake Fq. Solution
8%, (mm) 3.50 3.46 0.23 0.5
& , (mm) 1.80 1.82 0.29 0.22
53, (mm) 2.88 2.91 /Y T it
Reé* 7881 7795 1225 8735
Ree 4041 4095 451 310
Reg 6489 6557 2 1 S B
3

.9 .90 2.8 2.7!
le 1.95 1.90 2.87 2

b . 5 - ————— e
H32 l.61 1.60 1.58
u_, (m/sec) 0.950(1) 0.8213 0.183<1) 0.337
e 4.496 e et
BC ———————— 7.362 et et T
S e e B - 0.0588

(1) Calculated from the Ludweig~Tillman Fquation.

Table 29.

Boundary layer Parameters
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Y u Turbulence
(mm) (m/s) Intensity
0.127 16.22 0.171
0.190 19.87 0.096
0.254 20.85 0.080
0.317 21.09 0.072
0.381 21.01 0.074
0.508 21.18 0.067
0.762 21.33 0.061
1.016 21.43 0.055
1.524 21.47 0.052
2.032 21.45 0.048
2.540 21.54 0.038
3.810 21.53 0.038
5.080 21.63 0.038
6.350 21.60 0.036
7.620 21.64 0.038
8.890 21.51 0.034
10.160 21.42 0.031
11.430 21.45 0.030
12.700 21.40 0.030
13.970 21.37 0.031
15.240 21.37 0.03C
16.510 21.34 0.030
17.780 21.32 0.028
19.050 21.39 0.029
20.320 21.38 0.029
21.590 21.34 0.028
22.860 21.37 0.028
24.130 21.45 0.028
25.400 21.46 0.028
26.670 21.49 0.027
27.940 21.50 0.028
29.210 21.56 0.026
30.480 21.51 0.028
31.750 21.55 0.02
33.020 21.54 0.02
34.290 21.53 0.029
35.560 21.45 0.029
36.830 21.41 0.029
38.100 21.24 0.031

Table 31. Reconstructed Boundary Layer at 2.77 on the Pressure Surface




Y u Turbulence
(mm) (m/s) Intensity
0.317 19.76 0.088
0.381 22.33 0.071
0.508 23.70 0.047
0.762 23.82 0.042
1.016 23.92 0.034
1.524 23.96 0.026
2.032 23.89 0.024
2.540 23.88 0.025
3.810 23.79 0.023
5.080 23.72 0.025
6.350 23.67 0.025
7.620 23.71 0.024
8.890 23.69 0.024

10.160 23.65 0.023
11.430 23.70 0.024
12.700 23.71 0.023
13.970 23.70 0.024
15.240 23.71 0.025
16.510 23.72 0.025
17.780 23.72 0.024
19.050 23.76 0.024
20.320 23.72 0.023
21.590 23.70 0.024
22.860 23.70 0.024
24.130 23.70 0.023
25.400 23.68 0.023
26.670 23.71 0.024
27.940 23.69 0.023
29.210 23.70 0.023
30.480 23.66 0.022
31.750 23.62 0.023
33.020 23.67 0.024
34.290 23.74 0.024
35.560 23.72 0.025
36.830 23.73 0.024
38.100 23.71 0.025

Table 32. Reconstructed Boundary Layer at 5.9%7 Chord on the Pressure
Surface



Y u Turbulence
(mm) (m/s) Intensity
0.254 9.70 0.075
0.317 13.59 0.074
0.381 17.24 0.080
0.444 20.26 0.069
0.508 22.17 0.056
0.762 24.52 0.020
1.016 24.64 0.020
1.524 24.70 0.019
2.032 24.69 0.019
2.540 24 .68 0.019
3.810 24.62 0.019
5.080 24 .59 0.019
6.350 24 .58 0.019
7.620 24.57 0.020
8.890 24 .57 0.020

10.160 24.53 0.020

11.430 24.53 0.021

12.700 24.54 0.020

13.970 24.50 0.021

15.240 24.50 0.021

16.510 24 .47 0.020

17.780 24.51 0.021

19.050 24.50 0.021

20.320 24 .48 0.021

21.590 24.54 0.021

22.860 24 .47 6.022

24.130 24 .47 0.021

25.400 24 .52 0.022

26.670 24.50 0.023

27.940 24 .51 0.022

29.210 24.48 0.023

30.480 24 .54 0.023

31.750 24 .50 0.023

33.020 24.47 0.023

34.290 24.51 0.023

35.560 24.52 0.024

36.830 24 .48 0.023

Table 33. Reconstructed Boundary Layer at 14.47 Chord on the

Pressure Surface
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Y u ‘Turbulence
(mm) (m/s) Intensity
0.254 5.58 0.050
0.317 8.21 0.053
0.381 10.52 0.064
0.444 13.57 0.083
0.508 16.02 0.090
0.571 18.48 0.074
0.635 20.10 0.060
0.762 22.29 0.052
0.889 23.50 0.029
1.016 24.02 0.022
1.270 24.25 0.021
1.524 24.28 0.021
2.032 24 .28 0.020
2.540 24 .34 0.020
3.810 24.29 0.019
5.080 24.27 0.020
6.350 24 .32 0.020
7.620 24 .31 0.020
8.890 24.34 0.020

10.160 24 .34 0.020
11.430 24.36 0.020
12.700 24.35 0.021
13.970 24 .31 0.020
15.240 24.35 0.021
16.510 24 .32 0.020
17.780 24 .35 0.020
19.050 24.35 0.020
20.320 24.36 0.021
21.590 24 .35 0.021
22.860 24.36 0.021
24.130 24.28 0.021
25.400 24.33 0.021
26.670 24.33 0.022
27.940 24.35 0.022
29.210 24.32 0.022
30.480 24.36 0.023
31.750 24.35 0.022
33.020 24 .36 0.022
34.290 24 .36 0.022
35.560 24.32 0.023
36.830 24 .34 0.024
38.100 24.33 0.023

Table 34. Reconstructed Boundary Layer at 25.1% Chord on the
Pressure Surface




Y u Turbulence
(mm) (m/s) Intensity
0.381 5.01 0.055
0.508 8.37 0.072
0.635 12.20 0.103
0.762 16.63 0.111
0.889 19.24 0.090
1.016 21.37 0.073
1.143 22.61 0.055
1.270 23.31 0.039
1.524 23.86 0.020
2.032 23.92 0.022
2.540 23.92 0.021
3.810 23.87 0.020
5.080 23.85 0.020
6.350 23.82 0.021
7.620 23.90 0.021
8.890 23.82 0.021

10.160 23.82 0.019
11.430 23.81 0.020
12.700 23.85 0.020
13.970 23.81 0.021
15.240 23.85 0.021
16.510 23.84 0.021
17.780 23.84 0.021
19.050 23.86 0.021
20.320 23.82 0.021
21.590 23.86 0.022
22.860 23.82 0.021
24.130 23.85 0.021
25.400 23.82 0.021
26.670 23.79 0.021
27.940 23.82 0.022
29.210 23.84 0.022
30.480 23.80 0.021
31.750 23.78 0.021
33.020 23.82 0.020
34.290 23.84 0.023
35.560 23.84 0.023
36.830 23.84 0.023
38.100 23.88 0.023

Table 35. Reconstructed Boundary Layer at 35.8% Chord on the
Pressure Surface




Y u Turbulence
(mm) (m/s) Intensity
0.254 2.23 0.039
0.381 5.20 0.062
0.508 7.69 0.095
0.635 10.60 0.142
0.762 13.53 0.169
0.889 16.23 0.179
1.016 18.88 0.167
1.143 20.78 0.137
1.270 21.99 0.113
1.397 22.78 0.083
1.524 23.02 0.081
1.651 23.37 0.055
1.778 23.50 0.049
1.905 23.55 0.042
2.032 23.61 0.037
2.159 23.58 0.043
2.286 23.61 0.033
2.413 23.62 0.036
2.540 23.65 0.026
3.175 23.62 0.033
3.810 23.67 0.021
5.080 23.64 0.021
6.350 23.66 0.020
7.620 23.64 0.021
8.890 23.59 0.021

10.160 23.62 0.022
11.430 23.67 0.020
12.700 23.62 0.023
13.970 23.62 0.021
15.240 23.64 0.022
16.510 23.63 0.022
17.780 23.62 0.021
19.050 23.64 0.022
20.320 23.62 0.022
21.590 23.62 0.022
22.860 23.63 0.022
24.130 23.65 0.022
25.400 23.67 0.022
26.670 23.63 0.022
27.940 23.60 0.023
29.210 23.63 0.024
30.480 23.62 0.024
31.750 23.58 0.024
33.020 23.65 0.025
34.290 23.63 0.024
35.560 23.64 0.024
36.830 23.62 0.024
38.100 23.65 0.024

Table 36. Reconstructed Boundary Layer at 46.57 Chord on the
Pressure Surface



(mm) (m/s) Intensity
0.254 2.25 0.067
0.381 5.61 0.112
0.508 7.87 0.149
0.635 9.71 0.180
0.762 11.83 0.206
0.889 13.56 0.222
1.016 15.77 0.232
1.143 17.23 0.236
1.270 18.91 0.220
1.397 20.19 0.204
1.524 21.17 0.178
1.651 21.54 0.170
1.778 22.17 0.141
1.905 22.59 0.114
2.032 22.73 0.105
2.159 22.94 0.089
2.286 23.02 0.080
2.413 23.17 0.057
2.540 23.36 0.026
3.175 23.37 0.027
3.810 23.41 0.025
5.080 23.34 0.026
6.350 23.36 0.024
7.620 23.38 0.024
8.890 23.43 0.025
10.160 23.41 0.025
11.430 23.38 0.025
12.700 23.39 0.025
13.970 23.40 0.025
15.240 23.38 0.025
16.510 23.37 0.024
17.780 23.42 0.026
19.050 23.40 0.025
20.320 23.40 0.026
21.590 23.39 0.027
22.860 23.36 0.026
24.130 23.39 0.025
25.400 23.37 0.026
26.670 23.41 0.026
27.940 23.37 0.026
29.210 23.39 0.027
30.480 23.40 0.026
31.750 23.40 0.027
33.020 23.39 0.026
34.290 23.37 0.027
35.560 23.40 0.027
36.830 23.40 0.027
38.100 23.39 0.028

Table 37. Reconstructed Boundary Layer at 57.2% Chord on the Pressure
Surface




v u Turbulence
(mm) (m/s) Intensity
0.317 6.81 0.138
0.381 8.24 0.158
0.508 10.80 0.189
0.635 12.52 0.201
0.762 14.04 0.202
0.889 14.92 0.200
1.016 16.12 0.207
1.143 17.18 0.207
1.270 18.23 0.206
1.397 19.20 0.198
1.524 20.20 0.187
1.651 20.82 0.175
1.778 21.46 0.160
1.905 22.05 0.140
2.032 22.33 0.129
2.159 22.76 0.106
2.286 22.90 0.094
2.413 23.05 0.084
2.540 23.20 0.071
3.175 23.50 0.033
3.810 23.55 0.027
5.080 23.55 0.026
6.350 23.52 0.027
7.620 23.54 0.026
8.890 23.55 0.027

10.160 23.52 0.029
11.430 23.54 0.028
12.700 23.54 0.027
13.970 23.54 0.026
15.240 23.54 0.027
16.510 23.57 0.028
17.780 23.59 0.029
19.050 23.57 0.026
20.320 23.56 0.027
21.590 23.55 0.027
22.860 23.56 0.029
24.130 23.54 0.029
25.400 23.54 0.026
26.670 23.55 0.027
27.940 23.51 0.029
29.210 23.55 0.028
30.480 23.57 0.029
31.750 23.54 0.029
33.020 23.57 0.027
34.290 23.59 0.030
35.560 23.56 0.030
36.830 23.56 0.030
38.100 23.59 0.030

Table 38. Reconstructed Boundary Layer at 68.07 on the
Pressure Surface



Y u Turbulence
(mm) (m/s) Intensity
0.317 11.68 0.179
0.381 13.05 0.183
0.508 15.29 0.181
0.635 16.67 0.165
0.762 17.38 0.159
0.889 18.23 0.150
1.016 18.6€8 0.153
1.143 19.23 0.147
1.270 19.51 0.148
1.397 20.11 0.145
1.524 20.69 0.138
1.651 21.31 0.125
1.778 21.64 0.119
1.905 22.16 0.107
2.032 22.49 0.097
2.159 22.67 0.094
2.286 22.96 0.080
2.413 23.14 0.075
2.540 23.32 0.067
3.175 23.69 0.046
3.810 23.86 0.031
4.445 23.91 0.027
5.080 23.91 0.023
6.350 23.95 0.024
7.620 23.99 0.024
8.890 23.99 0.024

10.160 24.03 0.024
11.430 24.02 0.024
12.700 24.03 0.024
13.970 24.04 0.024
15.240 24.07 0.025
16.510 24.08 0.024
17.780 24.06 0.025
19.050 24.08 0.025
20.320 24.10 0.026
21.590 24.10 0.026
22.860 24.10 0.025
24.130 24.06 0.026
25.400 24 .06 0.026
26.670 24 .04 0.025
27.940 24.10 0.026
29,210 24.09 0.027
30.480 24.11 0.027
31.750 24.08 0.026
33.020 24.07 0.026
34.290 24.11 0.027
35.560 24.06 0.028
36.830 24.05 0.027
38.100 24.08 0.027

Table 39. Reconstructed Boundary Layer at 78.67% Chord on the Pressure
Surface




Y u Turbulence
(mm) (m/s) Intensity
0.254 12.51 0.161
0.317 14.55 0.166
0.381 16.06 0.162
0.508 17.95 0.144
0.635 19.26 0.132
0.762 20.14 0.121
0.889 20.81 0.113
1.016 21.30 0.104
1.143 21.79 0.097
1.270 22.08 0.095
1.397 22.37 0.091
1.524 22.53 0.091
1.651 22.90 0.084
1.778 23.16 0.079
1.905 23.45 0.078
2.032 23.61 0.074
2.159 23.81 0.071
2.286 24.00 0.067
2.413 24.18 0.063
2.540 24.34 0.058
3.175 24 .86 0.043
3.810 25.15 0.031
4.445 25.20 0.026
5.080 25.29 0.025
6.350 25.29 0.024
7.620 25.38 0.025
8.890 25.44 0.025

10.160 25.42 0.025
11.430 25.47 0.024
12.700 25.52 0.023
13.970 25.52 0.024
15.240 25.55 0.025
16.510 25.53 0.024
17.780 25.53 0.025
19.050 25.54 0.026
20.320 25.50 0.026
21.590 25.50 0.026
22.860 25.47 0.026
24.130 25.53 0.026
25.400 25.52 0.026
26.670 25.53 0.026
27.940 25.53 0.026
29.210 25.54 0.027
30.480 25.52 0.026
31.750 25.49 0.026
33.020 25.57 0.027
34.290 25.53 0.028
35.560 25.54 0.029
36.830 25.49 0.029
38.100 25.50 0.027

Table 40, Reconstructed Boundary Layer at 89.37 Chord on the Pressure
Surface



Y u Turbulence
(rnm) (m/s) Intensity
0.063 17.76 0.148
0.127 19.57 0.140
0.254 21.75 0.120
0.317 22.38 0.112
0.381 22.73 0.107
0.508 23.47 0.099
0.635 23.96 0.092
0.762 24 .42 0.089
0.889 24.90 0.083
1.016 25.22 0.078
1.143 25.45 0.076
1.270 25.56 0.078
1.397 26.04 0.071
1.524 26.30 0.067
1.651 26 .44 0.068
1.778 26.69 0.064
1.905 26.79 0.064
2.032 26.96 0.061
2.159 27.15 0.057
2.286 27.29 0.053
2.413 27.46 0.053
2.540 27.57 0.049
3.175 27.99 0.038
3.810 28.24 0.027
5.080 28.27 0.024
6.350 28.23 0.024
7.620 28.18 0.023
8.890 28.17 0.024

10.160 28.14 0.024
11.430 28.13 0.023
12.700 28.14 0.024
13.970 28.14 0.023
15.240 28.11 0.023
16.510 28.06 0.023
17.780 28.07 0.023
19.050 28.08 0.024
20.320 28.05 0.024
21.590 28.05 0.023
22.860 28.00 0.024
24.130 28.04 0.024
25.400 28.02 0.024
26.670 28.01 0.025
27.940 28.03 0.024
29.210 28.03 0.026
30.4890 28.01 0.025
31.750 28.11 0.024
33.020 28.11 0.025
34.250 28.10 0.026
35.560 28.13 0.024
36.830 28.18 0.026
38.100 28.16 0.027

Table 41. Reconstructed Boundary Layer at 97.9% on the Pressure
Surface
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Y u Turbulence
(mm) (m/s) Intensity
0.254 20.02 0.088
0.381 21.41 0.100
0.508 23.59 0.116
0.635 26.35 0.129
0.762 28.50 0.135
0.889 31.13 0.146
1.016 34.89 0.150
1.143 37.87 0.157
1.270 40.68 0.156
1.397 43.30 0.150
1.524 46 .59 0.138
1.651 49.06 0.118
1.778 51.10 0.099
2.032 53.57 0.072
2.286 54.99 0.055
2.540 55.53 0.049
3.175 55.79 0.042
3.810 55.94 0.031
4.445 55.84 0.028
5.080 55.72 0.028
5.715 55.90 0.026
6.350 55.96 0.023
7.620 55.89 0.022
8.890 55.99 0.021

10.160 55.95 0.020
11.430 55.93 0.020
12.700 55.93 0.019
13.970 55.94 0.018
15.240 55.94 0.017

Table 45. Reconstructed Boundary Layer at 2.67 Chord on the
Suction Surface
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Table 46. Reconstructed Boundary Layer at 7.6%Z Chord on the Suction

Surface




Y u Turbulence
(mm) (m/s) Intensity
0.102 21.72 0.126
0.152 24 .49 0.123
0.203 25.85 0.120
0.254 27.10 0.116
0.317 27.96 0.114
0.381 28.74 0.112
0.508 29.92 0.114
0.635 30.83 0.115
0.762 31.53 0.116
0.889 32.21 0.118
1.016 32.80 0.117
1.143 33.69 0.119
1.270 34.36 0.119
1.397 34.94 0.121
1.524 35.49 0.122
1.651 36.20 0.120
1.778 36.70 0.122
1.905 37.68 0.118
2.032 38.15 0.117
2.286 39.56 0.109
2.540 40.65 0.101
2.794 41 .89 0.085
3.048 42 .52 0.081
3.302 43.40 0.061
3.556 43.77 0.051
3.810 44 .06 0.043
4.445 44 .55 0.029
5.080 44 .60 0.024
5.715 44 .70 0.021
6.350 44 .69 0.020
7.620 44 .67 0.019
8.890 44 .72 0.019

10.160 44 .69 0.018
11.430 44 .72 0.018
12.700 44 .77 0.018
13.970 44 .74 0.018
15.24¢ 44 .71 0.020
16.510 44 .72 0.018
17.780 44 .79 0.019
19.050 44 .72 0.018
20.320 44 .71 0.018
21.590 44 .71 0.018
22.860 44 .74 0.017
24.130 44.75 0.017
25.400 44 .75 0.018
26.670 44.70 0.017
27.940 44 .72 0.017
29.210 44 .73 0.017
30.480 44 .73 0.017
31.750 44 .74 0.017
33.020 44 .74 0.017
34.290 44 .72 0.017

Table 47. Reconstructed Boundary layer at 12.77 Chord on the
Suction Surface




Y u Turbulence
(mm) (m/s) Intensity
0.127 20.04 0.130
0.190 21.81 0.125
0.254 23.65 0.110
0.317 24 .54 0.105
0.381 25.50 0.103
0.508 26.58 0.098
0.635 27.39 0.098
0.762 28.08 0.097
0.889 28.80 0.098
1.016 29.45 0.097
1.143 29.91 0.099
1.270 30.55 0.097
1.524 31.58 0.098
1.778 32.63 0.099
2.032 33.40 0.098
2.286 34.36 0.098
2.540 35.46 0.095
2.794 36.29 0.094
3.048 36.99 0.091
3.302 37.84 0.087
3.556 38.59 0.082
3.810 39.31 0.074
4.445 40.67 0.051
5.080 41.20 0.041
5.715 41.59 0.030
6.350 41.73 0.025
7.620 41 .80 0.022
8.890 41.77 0.021

10.160 4]1.82 0.021
11.430 41.87 0.022
12.700 41.79 0.021
13.970 41.70 0.019
15.240 41.72 0.020
16.510 41.76 0.020
17.780 41.76 0.020
19.050 41.73 0.019
20.320 41.73 0.018
21.590 41.77 0.019
22.860 41.76 0.019
24.130 41.73 0.018
25.400 41.75 0.018
26.670 41.78 0.019
27.940 41.73 0.018
29.210 41.77 0.018
30.480 41.73 0.017
31.750 41.75 0.018
33.020 41.76 0.017
34.290 41.73 0.017
35.560 41.73 0.017
36.830 41.75 0.017
38.100 41.77 0.016

Table 48. Reconstructed Boundary Layer at 23.07 Chord on the
Suction Surface



Y u Turbulence

(mm) (m/s) Intensity
0.127 14.59 0.108
0.254 17.09 0.105
0.381 18.52 0.103
0.508 19.54 0.102
0.635 20.36 0.100
0.762 21.16 0.102
1.016 22.37 0.104
1.270 23.49 0.105
1.524 24.57 0.102
1.778 25.59 0.102
2.032 26.54 0.100
2.286 27.34 0.097
2.540 28.11 0.094
2.794 28.87 0.093
3.048 29.38 0.089
3.302 30.04 0.085
3.556 30.68 0.082
3.810 31.00 0.082
4.064 31.59 0.080
4.318 32.02 0.079
4.572 32.43 0.079
4.826 32.91 0.080
5.080 33.29 0.079
5.334 33.62 0.078
5.842 34.59 0.077
6.350 35.53 0.071
7.620 37.12 0.045
8.890 37.71 0.023
10.160 37.82 0.019
11.430 37.82 0.018
12.700 37.80 0.018
13.970 37.78 0.016
15.240 37.77 0.016
16.510 37.75 0.016
17.780 37.77 0.016
19.050 37.79 0.015
20.320 37.78 0.015
21.590 37.76 0.016
22.860 37.81 0.015
24.130 37.78 0.016
25.400 37.78 0.015
26.670 37.75 0.015
27.940 37.78 0.016
29.210 37.79 0.015
30.480 37.77 0.015
31.750 37.79 0.015
33.020 37.79 0.015
34.290 37.78 0.015
35.560 37.78 0.014
36.830 37.79 0.015
38.100 37.77 0.015

Table 49. Reconstructed Boundary layer at 33.27% Chord on the Suction
Surface




Y u Turbulence

(mm) (m/s) Intensity
0.127 10.77 0.104
0.254 13.03 0.101
0.381 14.40 0.097
0.508 15.13 0.095
0.635 15.79 0.094
0.762 16.36 0.093
1.016 17.35 0.094
1.270 18.34 0.098
1.524 19.09 0.099
1.778 19.97 0.100
2.032 20.74 0.100
2.286 21.67 0.103
2.540 22.45 0.104
2.794 23.29 0.102
3.048 24.06 0.106
3.302 24 .99 0.103
3.556 25.75 0.101
3.810 26 .60 0.100
4.064 27.32 0.098
4.318 27.95 0.097
4,572 28.65 0.094
4.826 29.23 0.093
5.080 29.85 0.089
5.334 30.36 0.085
5.842 31.23 0.080
6.350 32.08 0.074
6.985 32.95 0.068
7.620 33.67 0.060
8.255 34.31 0.049
8.890 34.88 0.038
9.525 35.16 0.030
10.160 35.30 0.023
11.430 35.42 0.019
12.700 35.41 0.019
13.970 35.38 0.018
15.240 35.36 0.018
16.510 35.35 0.018
17.780 35.39 0.017
19.050 35.34 0.017
20.320 35.30 0.017
21.590 35.32 0.017
22.860 35.33 0.018
24.130 35.31 0.017
25.400 35.28 0.017
26.670 35.35 0.018
27.940 35.31 0.017
29.210 35.28 0.016
30.480 35.31 0.017
31.750 35.31 0.017
33.020 35.31 0.017
34.290 35.31 0.016
35.560 35.32 0.017
36.830 35.32 0.017
38.100 35.30 0.017

Table 50. Reconstructed Boundary Layer at 43.37% Chord on the
Suction Surface



Y u Turbulence
(mm) (m/s) Intensity
0.381 9.67 0.088
0.508 10.24 0.089
0.635 10.77 0.089
0.762 11.20 0.092
1.016 12.12 0.091
1.270 12.84 0.094
1.524 13.50 0.096
1.778 14.06 0.096
2.032 14.89 0.098
2.286 15.46 0.096
2.540 16.17 0.098
2.794 16.83 0.101
3.048 17.61 0.101
3.302 18.20 0.100
3.556 18.99 0.104
3.810 19.60 0.104
4.064 20.37 0.107
4.318 21.13 0.103
4.572 21.82 0.105
4.826 22.53 0.107
5.080 23.17 0.107
5.334 23.77 0.107
5.842 25.10 0.105
6.350 26.49 0.102
6.985 27.91 0.098
7.620 29.24 0.090
8.255 30.39 0.082
8.890 31.39 0.072

10.160 32.86 0.045
11.430 33.41 0.031
12.700 33.66 0.025
13.970 33.73 0.021
15.240 33.74 0.018
16.510 33.75 0.017
17.780 33.73 0.017
19.050 33.76 0.017
20.320 33.76 0.017
21.590 33.81 0.017
22.860 33.79 0.017
24.130 33.78 0.016
25.400 33.77 0.016
26.670 33.76 0.016
27.940 33.80 0.016
29.210 33.80 0.016
30.480 33.77 0.016
31.750 33.77 0.015
33.020 33.80 0.016
34.290 33.77 0.016
35.560 33.77 0.015
36.830 33.80 0.015
38.100 33.77 0.015

Table 51. Reconstructed Boundary lLayer at 53.67% Chord on the Suction
Surface




Y u Turbulence
(mm) (m/s) Intensity
0.254 3.43 0.075
0.508 4.61 0.083
0.762 5.23 0.088
1.016 5.88 0.090
1.270 6.45 0.092
1.524 6.89 0.096
1.778 7.49 0.096
2.032 7.93 0.098
2.286 8.61 0.104
2.540 9.19 0.106
2.794 9.52 0.109
3.048 10.22 0.110
3.302 10.86 0.114
3.556 11.31 0.115
3.810 11.96 0.117
4.064 12.56 0.119
4.318 13.24 0.120
4.572 13.59 0.123
4.826 14.40 0.125
5.080 14.95 0.126
5.334 15.51 0.129
5.842 16.82 0.130
6.350 17.96 0.135
6.985 19.88 0.132
7.620 21.68 0.126
8.255 23.19 0.125
8.890 24 .61 0.116
9.525 25.92 0.114

10.160 27.29 0.100
10.795 28.22 0.100
11.430 29.22 0.089
12.065 30.01 0.077
12.700 30.60 0.065
13.335 31.03 0.053
13.970 31.29 0.043
15.240 31.60 0.028
16.510 31.74 0.022
17.780 31.71 0.017
19.050 31.75 0.017
20.320 31.79 0.017
21.590 31.76 0.017
22.860 31.74 0.017
24.130 31.76 0.016
25.400 31.73 0.017
26.670 31.76 0.016
27.940 31.80 0.015
29.210 31.77 0.015
30.480 31.79 0.015
31.750 31.78 0.015
33.020 31.77 0.015
34,290 31.79 0.016
35.560 31.78 0.015
36.830 1.77 0.016
38.100 31.73 0.016

Table 52. Reconstructed Boundary Layer at 63.27 Chord on the
Suction Surface




Y u Turbulence
(mm) (m/s) Intensity
0.254 0.90 0.056
0.508 1.58 0.073
0.762 1.93 0.078
1.016 2.03 0.080
1.270 2.39 0.087
1.524 2.76 0.091
1.778 3.02 0.087
2.032 3.28 0.092
2.286 3.56 0.092
2.540 3.80 0.094
2.794 4.28 0.095
3.048 4.65 0.093
3.302 4.84 0.097
3.556 5.18 0.100
3.810 5.59 0.099
4.064 5.73 0.101
4.318 6.26 0.103
4.572 6.45 0.107
4.826 6.89 0.105
5.080 7.17 0.110
5.334 7.56 0.109
5.842 8.57 0.110
6.350 9.13 0.111
6.985 10.40 0.116
7.620 11.45 0.123
8.255 12.88 0.126
8.890 13.78 0.128
9.525 15.10 0.135

10.160 16.82 0.130
10.795 18.13 0.132
11.430 19.42 0.131
12.065 20.63 0.132
12.700 21.97 0.132
13.335 23.28 0.126
13.970 24.56 0.126
14.605 25.81 0.114
15.240 26.70 0.110
15.875 27.74 0.102
16.510 28.42 0.097
17.145 29.29 0.078
17.780 29.91 0.063
19.050 30.80 0.041
20.320 31.06 0.029
21.590 31.11 0.024
22.860 31.16 0.019
24.130 31.19 0.019
25.400 31.24 0.017
26.670 31.27 0.016
27.940 31.27 0.016
29.210 31.30 0.016
30.480 31.30 0.016
31.750 31.26 0.015
33.020 31.26 0.016
34.290 31.26 0.016
35.560 31.24 0.015
36.830 31.28 0.016
38.100 31.25 0.016

Table 53. Reconstructed Boundary Layer at 74.0% Chord on the Suction

Surface
C -2




y u Turbulence
(mm) (m/s) Intensity
0.254 -0.05 0.006
0.508 0.00 -0.043
0.762 -0.02 0.101
1.016 0.00 0.103
1.270 0.02 0.108
1.524 0.21 ~-0.067
1.778 0.31 -0.088
2.032 0.25 0.045
2.286 0.41 0.136
2.540 0.54 0.104
2.794 0.86 0.094
3.048 1.05 0.106
3.302 1.39 0.103
3.556 1.44 0.101
3.810 1.51 0.104
4.064 1.76 0.098
4.318 1.95 0.100
4.572 2.07 0.104
4.826 2.37 0.103
5.080 2.55 0.106
5.715 3.12 0.108
6.350 3.95 0.109
6.985 4.50 0.108
7.620 5.05 0.110
8.255 5.77 0.112
8.890 6.49 0.117
9.525 7.20 0.118

10.160 7.97 0.118
10.795 8.88 0.124
11.430 9.27 0.126
12.065 10. 24 0.130
12.700 11.07 0.134
13.335 12.16 0.135
13.970 13.04 0.140
14.605 13.86 0.142
15.240 15.04 0.141
15.875 16.27 0.144
16.510 17.23 0.146
17.145 18.33 0.147
17.780 19.33 0.146
18.415 20.57 0.143
19.050 21.62 0.140
19.685 22.58 0.140
20.320 23.52 0.141
20.955 24.48 0.131
21.590 25.51 0.130
22.225 26.69 0.109
22.860 27.52 0.100
24.130 28.56 0.082
25.400 29.46 0.062
26.670 29.92 0.045
27.940 30.21 0.033
29.210 30.32 0.028
30.480 30.40 0.021
31.750 30.40 0.020
33.020 30.46 0.020
34.290 30.44 0.018
35.560 30.44 0.020
36.830 30.47 0.022 /
38.100 30.48 0.016

Table 54. Reconstructed Boundary Layer al 84.27 Chord on the Suction Surface
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39.370 30.49 0.016
40.640 30.48 0.017
41.910 30.47 0.022

Table 54. (Continued)




vy u Turbulence
(mm) (m/s) Intensity
0.254 -0.18 0.040
0.508 -0.32 0.066
0.762 -0.74 0.106
1.016 -0.90 0.127
1.270 -0.82 0.125
1.524 -0.75 0.848
1.778 -0.76 0.265
2.032 -0.36 -0.075
2.286 -0.46 0.020
2.540 -0.45 0.118
2.794 -0.51 0.009
3.048 -0.30 0.054
3.302 -0.36 0.033
3.556 -0.15 -0.094
3.810 -0.10 0.057
4.064 0.06 -0.019
4.318 0.20 ~0.044
4.572 0.17 -0.004
4.826 0.17 -0.002
5.080 0.39 -0.278
5.715 0.57 0.170
6.350 0.91 0.070
6.985 1.26 -0.138
7.620 1.51 0.179
8.255 1.85 0.173
8.890 2.06 0.138
9.525 2.38 0.125
10.160 2.71 0.118
10.795 2.96 0.128
11.430 3.45 0.125
12.065 3.71 0.123
12.700 4.18 0.119
13.335 4.96 0.122
13.970 5.24 0.122
14.605 5.98 0.125
15.240 6.30 0.124
15.875 6.73 0.125
16.510 7.11 0.130
17.145 7.77 0.128
17.780 8.21 0.130
18.415 8.79 0.135
19.050 9.31 0.139
19.685 9.99 0.141
20.320 10.53 0.142
20.955 11.58 0.142
21.590 12.41 0.147
22.225 13.10 0.151
22.860 14.05 0.147
23.495 14.73 0.152
24.130 15.77 0.152
24.765 16.63 0.152
25.400 17.50 0.156
26.035 18.33 0.155
26.670 19.33 0.153
27.305 20.36 0.152
27.940 21.24 0.153
28.575 22.29 0.148
29.210 23.50 0.141
29.845 24.48 0.136
30.480 25.14 0.127

Table 55. Reconstructed Boundary laycr at 94.97 Chord on the Suction Surface




31.
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32.
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34.
35.
36.
38B.
39.
40.
4]1.
43.

Table 55.

115
750
385
020
290
560
830
100
370
640
910
180

(Continued)
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Table 58.
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Perry~Schofield Similarity
% Chord B i

(mm) (m/s)
2.6 2.6h5 49.23
7.6 3458 24,78
12.7 4.713 19.68
23.0 A.09] 18.37
33.2 7.783 23.04
43,3 R.944 24.72
53.6 11.917 28.38
63.2 14.993 33.68

l

74.0 21.768 38.76 |

|

|

R4.2 30.988 41,76 ;

94.9 46494 41.01 }

Perry-Schofield Similiarity Variables for the Suction

Surface Boundary Layers




Y u Turbulence
(mm) (m/s) Intensity
~63.500 28.98 0.019
-62.230 29.00 0.019
-60.960 29.02 0.021
-59.690 29.11 0.020
-58.420 29.07 0.021
-57.150 29.01 0.020
-55.880 29.08 0.020
-54.610 29.11 0.021
-53.340 29.13 0.020
~52.070 29.16 0.022
-50.800 29.13 0.022
-49.530 29.27 0.023
-48.260 29.19 0.027
-46.990 29.26 0.027
-45.720 29.22 0.033
—44.450 29.28 0.036
-43.180 29.21 0.038
-41.910 29.05 0.051
-40.640 28.66 0.068
-39.370 28.05 0.082
-38.100 26.84 0.105
—37.465 26.16 0.117
-36.830 25.24 0.131
-36.195 24.32 0.140
-35.560 23.29 0.147
—34.925 22.06 0.151
-34.290 21.09 0.162
-33.655 20.05 0.167
-33.020 18.87 0.173
-32.385 17.84 0.169
-31.750 17.15 0.164
-31.115 16.07 0.168
-30.480 15.07 0.170
-29.845 13.97 0.167
-29.210 13.30 0.165
-28.575 12.37 0.163
-27.940 11.51 0.166
-27.305 10.56 0.166
-26.670 9.53 0.168
—-26.035 8.92 0.166
-25.400 8.32 0.165
-24.765 7.57 0.165
-24.130 6.87 0.167
—23.495 6.35 0.164
-22.860 5.54 0.165
-22.225 4.99 0.168
-21.590 4.33 0.167
-20.955 3.96 0.167
-20.320 3.37 0.168
-19.685 2.83 0.165
-19.050 2.22 0.161
-18.415 1.90 0.162
-17.780 1.5 0.15°¢
-17.145 1.08 0.165
-16.510 0.65 0.177
-15.875 0.40 -0.217
-15.240 0.11 -0.072
-14.605 -0.14 0.248
-13.970 -0.37 0.161
-13.335 ~0.63 0.187

Table 59. Wake at 105.47 Chord




-12.700
-12.065
-11.430
-10.795
-10.160
-9.525
-8.890
—-8.255
-7.620
-6.985
-6.350
-5.715
-5.080
-4.445
-3.810
-3.175
-2.540
-1.905
-1.270
-0.635
0.000
1.270
2.540
3.810
5.080
6.350
7.620
8.890
10.160
11.430
12.700
13.970
15.240
16.510
17.780
19.050
20.320
21.590
22.860
24.130
25.400
26.670
27.940
29.210
30.480
31.750
33.020
34.290

Table 59.

(Continued)
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.94
.29
.26
.45
.71
.93
.02
.08
.21
.19
.24
.88
.98
.17
.50
.65
.29
.46
.01
.55
.53
.62
.48
.44
.25
.19
.11
.05
.93
.93
.80
.75
.64
.56
.53
.54
.46
.49
.43
.37
.33
.28
.36
.22
.26
.25
.24

[elololololololololololololelolelaololofololololelofololololaololololololololololololololo oo ol o

.134
.148
.123
.119
.110
.108
.104
.101
. 094
.093
.089
.088
.102
.146
.136
.159
.183
.166
.118
.078
.062
.039
.031
.030
.025
.021
.020
.021
.021
.022
.022
.021
.021
.022
.021
.021
.021
.021
.020
.021
.020
.021
.021
.022
.021
.023
.022
.022




y u Turbulence
(m) (m/s) Intensity
-66.040 28.78 0.023
-64.770 28.82 0.023
-63.500 28.90 0.023
-62.230 28.88 0.024
-60.960 28.90 0.024
—-59.690 28.90 0.023
-58.420 28.87 0.025
-57.150 28.91 0.026
-55.880 28.98 0.026
-54.610 29.01 0.026
—-53.340 29.08 0.028
-52.070 28.95 0.027
-50.800 28.95 0.039
-49,530 28.94 0.042
—48.260 28.91 0.044
—-46.990 28.79 0.053
—45.720 28.30 0.071
—44.,450 27 .43 0.098
—-43.815 27.39 0.098
—-43.180 26.65 0.110
-42.545 25.87 0.127
—41.910 25.42 0.129
—-41.275 24 .41 0.143
—-40.640 23.87 0.152
-40.005 22.62 0.159
-39.370 21.47 0.169
-38.735 20.80 0.175
-38.100 19.53 0.176
—-37.465 18.90 0.175
—36.830 17.85 0.183
~-36.195 16.84 0.183
-35.560 16.11 0.187
—34.925 14.90 0.191
—-34.290 13.85 0.195
—-33.655 13.39 0.186
=33.020 12.33 0.195
—-32.385 11.51 0.190
—-31.750 10.57 0.197
-31.115 9.94 0.188
-30.480 8.91 0.191
-29.845 7.98 0.187
-29.210 7.52 0.187
—-28.575 6.65 0.191
—-27.940 6.34 0.190
-27.305 5.46 0.189
—-26.670 5.26 0.186
-26.035 4. .24 0.190
-25.400 3.86 0.193
-24.765 3.05 0.185
-24.130 2.81 0.185
-23.495 2.15 0.188
-22.860 1.57 0.179
—-22.225 1.25 0.187
-21.590 0.81 0.207
—-20.955 0.54 0.266
-20.320 -0.20 0.174
-19.685 -0.52 -0.359
-19.050 ~-0.59 0.241
-18.415 -0.79 0.173
~17.780 -1.28 0.145

Table 60. Wake at 109.6% Chord



-17.145
-16.510
-15.875
-15.240
-14.605
~13.970
-13.335
-12.700
-12.065
-11.430
-10.795
-10.160
-9.525
-8.890
-8.255
-7.620
-6.985
—-6.350
-5.715
-5.080
-4.445
-3.810
-3.175
-2.540
-1.270

0.000

1.270

2.540

3.810

5.080

6.350

7.620

8.890
10.160
11.430
12.700
13.970
15.240
16.510
17.780
19.050
20.320
21.590
22.860
24.130

Table 60.

(Continued)

.52
.86
.86
.10
.36
.44
.36
.46
.41
.31
.03
.39

.56
.14
.23
.61
.14
.56
.37
.54
.97
.46
.91
.24
.41
.45
.44
.31
.22
.20
.17
11
.04
.93
.93
.90
.75
.79
.73
.71
71
.61
.65
.59

[oYelelolololololololololololefololulololofolofolololofololaololofololofofolofe oo o fol )

.140
.137
.134
.126
121
111
.110
.109
.107
.102
.103
.105
.123
.442
.137
.141
.150
.162
174
.178
.169
. 142
.108
.081
.048
.043
.031
.024
.024
.022
.024
.024
.023
.023
.023
.022
.023
.023
.024
.023
.023
.024
.024
.023
.023




(mm) (m/s) Intensity
-134.137 26.26 -
-130.962 26.25 -
-127.787 26.15 -
-124.612 26.04 -
-121.437 25.79 - -
-118.262 25.38 ==
-115.087 25.02 - -
-111.912 24.60 - -
-108.737 23.77 -
-105.562 22.64
-102.387 22.12 — -

-99.212 20.81 -

-96.037 19.32 - -

-92.862 18.04

-89.687 16.33

-86.512 14.69 -

-83.337 13.17 .-

-80.162 11.84 - -

-76.987 10.74 - -

-73.812 9.69

-70.637 9.32 -

-67.462 9.16

-64.287 9.58

-61.112 10.60 R

-57.937 12.26 -

-54.762 14.20

-51.587 16.11 e

-48.412 18.33 N

-45.237 20.22 e

-42.062 22.08

-38.887 23.55 S

-35.712 24.78  —eeee

-32.537 25.43 .

-29.362 25.90 === —-

-26.187 26.0 —e——=

-23.012 26.1¢ -

-19.837 26.1»  ———-

-16.662 26.17 e

-13.487 26.14 .

Table 61. Wake at 152.67 Chord
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