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Experimental investigation of the laminar boundary layer on an impervious

280/0 thick airfoil section.

Introductory remarks.

In section 8.13 the experiments of Schubauer on the laminar boundary layer
of an elliptic cylinder have heen discussed. It was mentioned that some
controversy exists about these measurements since it was definitely shown
in the experimental investigation that separation of the laminar boundary
layer occurred while some boundary layer calculation methods fail to
predict separation using the measured pressure distribution.

It was shown by Hartree that a slight modification of the measured pressure
distribution is sufficient to obtain separation. However, it is not known
for certain whether or not the change assumed by Hartree remains within
experimental error.

Due to the uncertainty about the exact pressure distribution to be used,
this experiment failed to definitely answer the question whether boundary
layer theory is capable of predicting laminar separation using the
measured pressure distribution.

Therefore it was thought worth while to undertake an independent
investigation to provide additional - and possibly still more accurate -
material to be used for a comparison between bhoundary layer theory and
experiment.

A disadvantage of Schubauer's investigation is the small size of the
model (I1.78 inch chord) and the low speed (11.5 ft/sec) at which the
measurements were performed, resulting in the low value of 72000 for the
Reynoldsnumber RC based on chord. Due to this low Reynolds number a fully
separated laminar boundary layer occurred without subsequent turbulent
reattachment.

Since the Reynoldsnumbers in aeronautical practice are much higher than
72000 it was thought worth while to perform the new investigation at a
much larger value of RC. The measurements were made on the upper surface
of a 280/0 thick symmetrical airfoil section with a chord length of 1
meter. All measurements were made at zero angle of attack and a wind
speed of 28 m/sec corresponding to Rc = 1.37 x 106. This value of Rc

was selected to ensure that a separated laminar boundary layer occurred
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with subseguent turbulent reattachment.

Details of the test set-up and the apparatus used are mentioned in
section 10.2; the test methods are described in section 10.3. Results
of the measurements and a comparison with boundary layer theory are

given in sections 10.4 and 10.5 respectively.

Description of the experimental apparatus.

The wind tunnel.

The experiments were performéd in the low speed wind tunnel of the
Department for Aeronautical Engineering'at Delft Technological
University. The test section of the wind tunnel has an octagonal cross
section, 1.80 m wide and 1,25 m high; the maximum windspeed is 120 n/sec.
At the speed employed for the present investigation (28 m/sec) the degree
of turbulence is about 0.040/0. Further details of this wind tunnel may

be found in [108] and [109].

The model.

The wing model was not built for the present investigation but happened
to be available. It had earlier been used by the N.L.L. at Amsterdam
for some drag measurements.

The model is built up from two wooden spars and a number of wooden ribs
spaced 140 mm apart., Furthermore the 2mm thick multiplex skin is,
at 135 mm intervals, supported by spanwise stringers.

The airfoil section used is NACA028-643 the dimensions of which are
given in table 10.1.

The model was placed vertically between the floor and ceiling of the
test section; the geometric span obtained in this way being 1.25 m. A
sketch, showing the test set-up is given as fig. 10.1.

Two rows of pressure orifices were provided in the upper surface of the
model extending for some distance around the Ieading-edge to the lower
surface, Positions of the orifices are given in table 10.2; those
numbered 1-34 have been present during the whole series of measurements;

the numbers 35 to 41 were added later during the investigation.
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Hot-wire equipment.

Mean velocity profiles of the laminar boundary layer were measured with
hot-wires at different positions in chord number IIT (fig. 10.1).
Platinum wires, 0.003 mm @ and about 2.5 mm long were used together
with some trangistorized equipment cperating in the constant temperature
mode. This equipment has been described in detail in [}1Q].

The probe holding the hot-wire could be traversed across the boundary
layer by meens of a screw spindle (pitch 1 mm) runniﬁg through a2 stream-
lined tube and ektending through a hole in the sidewall of the wind
tunnel. A dizl at the end of the spindle enabled the displacement of the
hot-wire, from an arbitrary reference position ocutside the boundary
layer, to be read within 0.01 mm, The distance bhetween this reference
position and the model surface was determined hy a special technique to

be described in section 10,3.3.

Other apparatus.

The free stream speed U¢n in the test section was measured by means of
a pitot-static tube mounted some distance above the floor of the test
section {(fig. 10.1).

For all pressure measurements inclined tube manometers were used,
frequently calibrated against a Betz—t}pe manoneter,

Besides the orifices in the model surface a small static tube - which
could be taped to the surface - was used'ior the pressure distribution
measurements., Total pressures inside the Boundary layer at a fixed
small distance from the wall were measured with a small f£lattened total
head tube which could also be taped to the surface. Both tubes were
soldered to a common hase plate to form one instrument as shown in fig.

10.2,

Test methods and reduction of data.

Pressure distribution measurements.

At a free stream speed U,; = 28 m/sec the pressure distribution around

the model was measured relative to the free stream total head pt. Since
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for subsequent boundary Ilayer calculations the velocity U at the edge of
the boundary layer is needed, the measured surface pressures px were
converted to U. Using the assumption that the difference in static
pressure between the wall and the edge of the boundary layer can be

neglected, U follows from

2
30U = py - b, : (10.1)

The values of U obtained in this way were made non-dimensional with the
free stream velocity Ug, . _

It was found that inserting the hot-wire probe and the streamlined tube
had some influence on the pressure distribution.rTherefore some
measurements were repéated with the hot-wire placed at two different
chordwise positions in the lower chord with orifices.

Since the size of the model is rather large compared with the dimensions
of the test section there must be an appreciable tunnel wall effect on
the pressure distribution. Moreover the speed at the position of the
pitot-static tube can not be regarded as true free stream speed since
it will he influenced by the presence of the model and the walls. These
effects present no real problem since it is the only object of the
present investigation to compare boundary layer theory and experiment
for the same - but otherwise arbitrary - pressure distribution. The
"free-stream speed" Uy, is only used as a reference speed to obtain

non dimensional guantities,

It is clear however, that the present investigation will neot predict

the free-flight characteristics of the airfoil section,

Hot -wire measurements,

All hot-wire measurements were made in the mid-span chord. During these
measurements frequent calibrations were obtained using the following
procedure. The hot-wire was placed in the midspan position well outside
the boundary layer at the same chordwise position as orifice number 23.
Agsuming two-dimensional flow and constant static pressure across the
boundary layer the speed U.at the position of the hot-wire follows Irom

épU2 = P, - Dygr Where p,, is the static pressure at the position of
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orifice number 23 and pt is the free stream total head. By varying the

2
tunnel speed and recording both $pU” and the output of

apparatus a calibration curve is easily obtained.

the hot-wire

Once the calibration is known a velocity profile can be measured by

moving the hot.wire in small steps from well outside the boundary layer

to about 0.10 mm from the model surface. There is no point in measuring

closer to the wall since the corrections to be applied

to hot-wire

readings obtained near a wall are uncertain. Fortunately it is not

necessary to perform measurements near the wall since the velocity

profile in this region can easily bhe calculated as soon as the pressure

distribution is known (see section 10.3.3.).

Although the displacement of the hot-wire can accurately be measured

with reference to an arbitrary starting position, its absclute distance

from the wall can not so easily be determined directly,

It was found

however that the compatibility conditions of the boundary layer equations

provide an easy method to find this distance. This procedure will be

described in the next sub.section.

Determination of the position of the hot-wire relative

to the wall.

From the hot-wire measurements and the subsequent data
non-dimensional velocity u = u/U in the boundary layer

function of the distance ¥y measured from an arbitrary

reduction the
is found as

reference position

outside the boundary layer (fig. 10.3). A problem remaining to be

solved is to determine the distance between this reference position

and the wall. This was done as follows using the compatibility

conditions (2.10) and (2.11).
Ju du P
vo (Zr_ =T I + Y -1
vl ¥

azu) v(a3u)
v —s | = —

% %
Equations (10.2) and (10.3) show that(’———) and.(-———)

?y°

.3
Y%

(10.2)

(10.3)

can bhe

P
calculated when vo, 1) %g and,(wg) are known. This implies that in the

oy
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Taylor series expansion of the velocity near the wall

9 3 3
_Y_+(&) Y_+(D_“) Yoh ... (10.4)
1! 3!

2 3
the coefficients of ¥ and y are known if - apart from the pressure- and

suction distribution - the coefficient (%%) is given.
o
The procedure sdopted now is to calculate the velocity profile near the

wall from egquation (10.4) for some assumed values of (%%) . These
O .
velocity profiles are then piotted on a sheet of transparant paper

which is placed on the measured curve in such a way that one of the
calculated profiles coincides with the measured profile over some
distance near the wall. Using this procedure not only the position of
the wall is found but also a value for the wall shear stress is obtained.
It may be noted from equation 10,2 and 10.3 that for the present case of
impervious walls (v0 = 0) the derivatives(‘gzﬂ) and (éjﬂi) follow

yz Bys
directly from [o] o
D2
u U 4au
(5;5) = -3 &= (10.5)
ls) .
33
(—%) = 0 (10.6)
dy o _

10.3.4. Measurements with the surface tubes.

From the difference in pressure indicated by the flattened total head
tube and the static tube, shown in fig. 10.2, the value of %puz at a
small distance from the wall is found. This device may then be used to
obtain a rough estimate of the wall shear stress and the position of
separation. It is not possible to get accurate values in “this way due
to the fact that the distance between the wall and the effective center

of the total-head tube is not known.

10.3.5. Flow visualization experiments.

it was attempted to determine the separation point of the laminar
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boundary layer by means of the oil film technigue and using smoke. No
sharp indication of separation could be obtained in this way. The
position of reattachment of the turbulent boundary layer, however, was

clearly indicated by the oil film,

Results of the experiments.

The pressure distribution.

Detailed results of the pressure measurements have been collected in
table 10.3. Fig. 10.4 shows U as function of x for the lower chord with
orifices without the boundary layer traversing gear present. Values of
U obtained with the static tube are consistently about 0.50/0 lower than
those determined from the orifices. Therefore the results of the static
tube have been used only as an aid to draw z proper curve through the
points resulting from the orifigps. The full curves drawn in fig. 10.4

give the relations between U, Qg and x which finally have been adopted
dx
for the boundary layer calculations (See also table 10.4). Near the

leading-edge (-0.04 € % < +0.04) the measurements may be approximated
by

T=21.887 % - 2218.8 5 + 221907 %° (10.7)

In the interval 0,12 < X < 0.18 an irregularity in U(x) occurs; this
region is shown to a larger scale in fig. 10.5. It is possible that the
oscillation in ﬁg is caused by inaccurate manufacturing of the model

dx
but it may equally well originate from the procedure by which the
airfoil sections are desigﬁed. It is usual to compute the coordinates -
of a limited number of points of a section which in general is not
sufficient to fix the shape in every detail. Especially in the region
near the leading-edge, where rapid changes in curvature occur, the
pressure distribution may be very sensitive to small deviations from
the desired contour. Support to this idea is given by the fact that for
the suction model, to be described in chapter 11, a similar irregularity
occurred,

There is a sharp discontinuity in the pressure distribution near

X = 0,713 this is caused by transition of the separated laminar
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boundary layer and subsequent turbulent reattachment. Separation occurs
upstream of this point at about X = 0.64 (see section 10,4.2).

The region from x = 0.40 to 0,80 is shown to a larger scale in fig. 10.6.
This figure reveals a second discontinuity in the slope of the curve
near x = 0.635. It will be shown in section 10.4.2. that this
irregularity corresponds to the separation point of the laminar boundary
layer.

Results for the upper row of orifices are very nearly the same as those
for the lower row (see table 10.3); therefore in what follows it will be
assumed that the pressure distribution is two-dimensional.

Inserting the boundary layer traversing gear in the wind tunnel lowers
the values of U upstream of the hot-wire by about 0.50/0. The shape of
T(x) however remains essentially the same. The values of T, with the
traversing gear present, can be made equal torthose without it by
decreasing Uc¢ns by about 0.50/0; this implies adopting a 0.50/0 lower
value of thg_Reynoldsnumber Rc' Remembering that the boundary layer
parameters 6*, 6, H and the non-dimensional wall shear stress {/only
depend on the function U(x), and not on the value of R, it is clear
that changing Rc will have no influence on the position of sep?ration.
The boundary layer thickness is inversely proportional to (RC)E and
hence the houndary layer thickness will increase 0.250/0 due to the
presence of the boundary layer traversiﬁg gear, It can not he expected
that this difference will be noticed in the experiments.

Therefore in all subsequent analyses of the experimental results and
boundary layer calculations the pressure distribution as determined

for the lower chord, without the traversing gear present, has been

used (table 10.4). _

The values of U guoted in table 10.4 have been oEtained from large scale

versions of fig. 10.4 to 10.6; the derivatives a have been found by
dx
numerical differentiation. It is emphasized at this point that slight

=,— au
changes in U(x) may produce large variations in —. There is scope for
dx
a different fairing of the experimental results, especially near the

irregularity at X = 0.15 and near separation. This may have an

appreciable effect on the boundary layer calculations.
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10.4.2. Results of the boundary layer measurements.

The measured velocity profiles are shown in fig. 10.7; the values of u
as determined from equation 10.4 have been included to show how this
equation fits the measurements. Some points measured very near the wall
should be disregarded since these results may have been influenced by
some disturbing factors. In the first place the calibration of the hot-
wire is not valid when measuring very near a wall. In the second place
the prongs holding the wire may have been in contact with the wall
leading to an extra heat loss of the wire. Moreover - and this is probably
the most important factor - the prongs may bhend, leading to an erroneous
value for y. Included in fig. 10.7 are the velocity profiles determined
from the boundary layer calculations to be discussed in section 10.3.
Fig. 10,8 shows a comparison between the experimentally determined and
calculated values of 5*, 6 and H. The wall shear stress, obtained from
the procedure outlined in section 10.3.3, is shown in fig. 10.9 where
the results of boundary layer calculations are also given. The
measurements seem to indicate that zero skin friction, and hence
geparation, will occur near X = 0.64,

Included in fig. 10.9 are the results of measurements with the combined
total head- and static tubes. For comparison the values of u at constant
distances from the wall, as obtained from a cross plot of Iig. 10.7, have
also been given. The results indicate that the effective distance of

the total head tube from the wall is nearly constant at a value between
0.25 and 0.30 mn for x & 0.44. For x 3» 0,45 the effective distance in
general increases in the downstream direction ezpecially when separation
is approached. The velocity indicated by the tube tends to zexro for

X—> 0,665 implying that the tube enters the region with backflow for

X > 0.655.

It has been shown by Goldstein [84] (see also section 8.9) that near a
separation peoint T, should behave like (X - ES)% where Es denotes the
separation point. Therefore it is appropriate to plot 102 versus x
near separation. This has been done in fig. 10.10; it is found indeed
that a straight line can be drawn through the measured points.

Extrapolating to zero shear stress indicates separation at X = 0.637;
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this is s0 close to the value X = 0.635 where a discontinuity in Eg
occurs, that it may be assumed that the irregularity in U(x) is diz to
the presence of the separation pubble.

Also shown in fig. 10.10 is Eﬁz; where ﬁ? is the value indigated by the
total head- and static tube combination. It follows that up becomes
zero at x = 0.635; remains negative until x = 0.716; rises very fast
downstream of X = 0.716 and levels off again at about x = 0.80. It is
noted that sz is not to be interpreted as the sguare of a velocity
when negative; since the total head tube will not indicate total head
but nearly static pressure when placed in a reversed flow.

Combining the information obtained from all the measurements described
above suggests the following descriptioﬂ of the flow near separation
(see also fig. 10.11). Separation of the laminar boundary layer occurs
at X = 0,635 - 0,637 causing a small kink in the U(X) curve. At

X = 0.655 the effective center of the total head tube passess through
the upper boundary of the region with reversed flow. Near x = 0.71
transition of the separated layer occurs resulting in a sudden decrease
of the displacement thickness and consequently in a large discontinuity
in the curve for U{x). Near x = 0.716 reattachment of the turbulent
layer sets in while at X = 0,80 a fully attached turbulent boundary

layer occurs.

Results of the flow visualisation experiments.

Qgé_iilyutggggzggg. Pue to the low speed at which the experiments were
performed the zerodynamic forces on the oil were véry small especially
near separation. On the other hand, since the model surface was vertical,
there was a strong influence of gravity forces on the direction of the
oil flow. Therefore no reliable indication of separation could be
cbtained; from various trials it was conjectured however that separation
occurs at x = 0.65 + 0.01. Turbulent reattachment was shown very clearly

to stari at X = 0,71 while a fully reattached turbulent boundary layer

flow appeared to occur downstream of x = 0.74.
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§@9§§”EEQEEEEQE. As the results of the oil film experiments were not
conciusive it was tried to find the separation point by introducing smoke
into the downstream end of the separation bubble. A very thin layer with
reversed flow became clearly visible due to forward movement of the smoke
in the bubble. Due to its small thickness the forward edge of the bubble

was difficult to estimate; it was certainly upstream of X = 0.86 however.

Boundary layer calculations using the measured pressure distribution.

The momentum method.

The pressure distribution used for the boundary layer calculations has
been defined by equation (10.7) for 0K E_g 0.04 and by table 10.4 for
0,04 £ x € 0.70, From x = 0 to 0.04 equation (5.40) was employed with
;1 = 0, al = 0.415 and bl = 4,84; a step by step solution starting from
x = 0.01 gave essentially the same results at x = 0.04. At x = 0.04 a
step by step calculation was started using steps of 0.0l; from x = 0.12
to 0.18 and 0.46 to 0.51 also calculations have heen made using half the
original step iength without changing the results,

Comparisons of the theory with the experimental results have been given
in figs 10.7 to 10.10. A good correspondence is shown in the interval
0.28 € X £ 0.47, The differences between theory and experiment in the
interval 0.15< x < 0.25 may be due to different reasons. In the first
place it is possible tEgt the momentum method overestimates the effects

of an c¢scillation in QE since - for cases without suction - it is
dx
egsentially a one-parameter method. In the second place it is very

difficult to obtain accurate values for Eg in this region; the wvalues
dx
given in table 10.4 and fig. 10.4 for .15 < %X < 0.25 may be appreciably

in error. .
Between X = 0,46 and 0.58 the momentum method produces values for 8*
and H which are too high while thg_wall shear stress is too low. From
¥ = 0.58 to 0.635 the values for 6* and H are predicted too low and
the wall shear stress is overestimated. Consequently the theory does

not show separation., However, if the calculation is extended downstream

of X = 0.635 suddenly separation is obtained; this can easily be seen



- 144 -

as follows, _
. J\_ —2 dU

In the momentum method separation occurs at 1= 6 — = -0.0871 for
dx

the no-suction case {(see table 5.3). Directly upstream of X = 0.635 the

calculation gives & = 0,45 and-A~l = .0.0525 with ﬁg = .0,26. Since in
dx

the theory 6 is assumed ito be continuous, even when discontinuities in

the boundary conditions occur, 8 = 0.45 also directly downstream of

X = 0.635. At this position table 10.4 indicates that g = -0.7255 and
! dx
hence4ﬂh1 = -0,147; which is already far beyond the separation value of

-0,0871.

It is interesting to investigate whether a small change to U(x) may be
made upstream of X = (.835 which remains within experimental error -and
for which the momentum method predicts separation at X = 0.835.

If only & very local modification is made it is easy to indicate a
function U(x) which produces the desired result; this may be seen as
follows.

First it is noted that due to a small change in U(x) the value of 0 at
X = 0.635 will not change in first approximation whiie Eg and hence

A = 62 Eg may change considerably. Therefore it may dx be assumed

1
_ &
that 6 at x = 0.632 keeps the value 0.45 so that to obtain separation
at this position Eg should assume such a value that_A_l = 52 gg = -0,0871.
av & o
This leads to — -0.43. Since for the pressure distribution given in
' dx 0T
table 10.4 and fig. 10.4 the derivative -— changes discontinuously from
. dx
-0.26 to -0.7255 at X = 0.635 it is not difficult to imagine a function

(%) which produces the desired vesult. It is sufficient to round off

the kink in U(x) at x = 0.635 (see fig. 10.13). Such a modification is
certainly within experimental error.

Sinee a local modification of U(x) does not impreve the agreement between
theory and experiment further upstream it is interesting to solve the
more general problem of finding the fumction U(x) for which the momentum
method reproduces the experimentally determined wall shear stress
throughout a certain interval. Such a function will be indicated in the

remainder of the present section.
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Fig. 10.13 shows the values of £ = ;%— which have been determined from
the experimental results. In what follows the function U(x) will be
derived for which the momentum method exactly reproduces these experimental
values. Since in the momentum method for the no-suction case there is
only one free parameter (see table 5.3) the known function-{(g) directly
determines /hl and M as function of x. Then the definition of—f\l and

the momentum equation (5.18) lead to the following differential egquations

for @ and U
= A (x)
Eg -1 (10.8)
dx 62
45> MEXD
= - :—ﬁ_ (10.9)
dx U(x)

These equations have been solved with initial values for U and 6 at

X = 0.46 determined from the earlier cslculation with the momentum method.
The resulting function U(X) is shown in fig. 10.13. It may be seen that
the difference with the original curve is certainly larger than
experimental error.

However, if a similar calculation is made starting at X = 0,59 the
momentum method may be made to accurately predict the measured wall shear
stress with a resulting change in U{x) which might be less than

experimental error.

The multimoment method.

Near the stagnhation point (0 < X ¢ 0.04) eguation (10.7) supplies a good
approximation of ‘the measured pressure distribution. Hence the pressure
gradient parameter )\ 1 mey be approximated in 0L X £ 0.04 by

Kl = 1 - 201.83 X2 + 20003 X+ + 4055600 X° + 207380000 X° + .... {10.10)
Using (10.10) the series method has heen used to calculate the boundary
layer for 0% x £0.03; the step by step method was employed for

x > 0.03. To be able to perform the calculations with variable step length
the values of A 3 from table 10.4 were approximated by analytic
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expressions of the form (8.49). The coefficients e, are collected in
table 10.5.

Results for N = 5,6 and 7 are included in figs 10.7 - 10.12; in general
a good agreement between theory and experiment is shown. It follows

that the multimoment method is slightly superior to the momentum method.
For instance it may be noted that a better prediction of the wall shear
stress is obtained for 0.48< x £ 0.58. However, the deviation from the
experimental values downstream of x = 0.58 is very similar to the
behaviour shown by the momentum method. Again no separation is indicated
upstream of X = 0.635. If however the calculalion is extended beyond

X = 0.635 suddenly separation occurs.

Again small changes in U(x} upstream of X = 0.635 are sufficient to let
the theory "predict” the wail shear stress with good accuracy in the

interval shortly upstream of X = 0,635.

Concluading remarks on the experiments without suction.

From the comparisons between theory and experiment for the bhoundary layer

without suction the following conclusions may be drawn.

1, Both the momentum method and the multimoment provide results which are
in good agreement with the experiments except close to separation.
The multimoment method is slightly superior to the momentum method.

2, Both methods fail to predict separation if the pressure distribution
from fig. 10.4 and table 10.4 is used., Both theories may be forced
to approach separation with the right shear stress distribution by
changing U(x) with & small amount. Although this change might be
within experimentai error no firm conclusion has been reached on this
point,

3, To provide a definite answer to the gquestion whether boundary layer
fheory ig valid near separation the exXperiments should be performed
with greater accuracy than hag been achieved in the present

investigation.



Table 10.1: Coordinates of impervious airfoil section.

e

¥

Ojg/c 0/(1:/0 °/§/c °/:/c DZp/c o/gz’c:
o] o] 20 12.25 70 10.32
0.5 2.58 25 12.98 75 8.10
1 3.69 30 13.48 80 7.70
3 5.03 35 13.82 85 6.08
3 6.07 40 13.82 a0 4.32
4 6.89 45 13.80 95 2.41
5 7.55 50 13.50 100 0.26
7.5 8.90 35 13.60
10 9.83 60 12.30
15 11.21 65 11,41
Table 10.2: Position of pressure orifices in the impervious model.
Chord 1 Chord i1 Chord I Chord II
no e yP/C s/cC s/c no xp/c yp/c s/c s/c
i s % % # % % o
1 1,84 -4.92 -5.42 -5,41 22 32.30 13.65 37.85 37.87
2 .46 -2.53 -2.88 -2.70 23 35.585 13.82 40.97 —-
3 Q.25 -2.00 -2.20 - 24 43,18 13.90 48.61 ——
4 Q.16 -1.50 -1,58 - 25 48,58 13.63 54,04 54.02
5 0.08 -1.03 ~1.09 -1.08 26 53.91 13.18 56.42 -
5 0.03 -0.50 -0,48 -0,49 27 59.25 12,44 64.82 £4.81
K 0 Q 4] 4] 28 65.13 11.43 70.83 --

8 ¢.03 +0.50 +0,63 +0.49 29 69.85 10.37 75.62 75.62
2} G.1¢ 1.10 1,11 - 30 75.10 9.1L 81,04 -
10 0.28 1.68 1.61 —— 31 80.25 7.83 86,44 86.41

1i 0.40 2,18 2,21 - 32 85.42 5.28 91.79 -
i2 .53 2,59 2.72 2,72 33 90.35 4.23 97.20 97.22
13 0.74 3.08 3.24 - 34 95,41 2.25 102.83 ——
14 1.31 4,03 4.32 - 35 - - 48.51 -
15 2,75 5,78 6.52 6.49 36 - -— 53.47 -
15 4,75 7.44 9.19 - 37 - -= 54.97 -
17 6,20 .29 10.88 10,83 38 -— —- 38.77 --
18 10.87 1¢.06 15.64 —= 39 - - 61.27 -
19 16.35 11.55 21.67 21.83 40 - - 65.36 —
20 21.18 12.45 25,52 - 43 - - 67.35 -
21 26.85 13.20 32,41 32.44 tr.edge] 100 0.26 107.20 107.75




Table 10.3. Results of pressure distribution measurements on-the

impervious model

T from orifices U from surface tubes in chord I
{in the same order as measured)

no |chord I chord II x U x i)
1 [-0.9713 ~-0,9665 0,780  1.2101 0,449 1.3628
2 [-0.5670 -0.5659 C.757 1.2222 427 1.36807
3 [-0.4718 - G.734 1.2367 408 1.3576
4 |-0.3454 - ©.728 1.2407 387 1.3543
5 |-G.2411 -0.2416 725 1.2456 368 1.3524
6 |-0.111C ~0.1196 718 1.2534 328 1.3480
7 B0.0575 +0.0648 709 1.2806 288 1.3447
8 [0.1196  ¥0.1273 699  1.2963 266 1.3417
9 w0.2416 - 690 1.2279 248 1.3405
10 0.3415 - 679 1.3001 328 1.3487
11 0.46351 - 669 1.3027 229 1.3379
12 0.5513 +0.5582 659 1.3063 209 1.3311
13 0.6424 - 649 1.3081 189 1.3258
14 0.8078 - 644 1.3118 189 1.3232
15 1.0693 +1.0742 8395 1.3135 168 1.3170
16 1.2340 - 6335 1.3162 142 1.3146
17 1.2866 1.2803 609 1.3233 149 1.3154
18 1.3224 - 618 1.3204 139 1.3163
18 1.3432 - 378 1.3324 128 1.3154
20 1.3487 - 338 1.3444 128 1.3162
21 1.3576 1.3585 519 1.3540 118 1.3039
22 1.3631 1.3678 4985 1.3629 107 1.2778
23 1.3649 - 487 1.3649 097 1.2504
24 1.3735 - 479 1.3656 083 1.0490
25 1.3553 1.3602 488 1.3858 199 1.3276
28 1.3350 - 449 1.36835 178 1.3197
27 1.3187 1.3167 158 1.3158
28 1.2881 -

29 1.2221 1.2276

30 1.1855 -

31 1,1371 1.1413

32 1.0751 -

33 0.9950 0.9970

34 0.8983 -

35 1.3722 -

d6 1.3579 -

37 1.3512 -

38 1.3392 -

39 1.3318 -

4C 1,3156 -

41 1,3085 -




Takle 10.4: Pressure distribution used in the boundary layer caiculations for the impervious model.
® v = =2 * v o xf%g
dx U dx dx U dx
0.04 0.?610 14.180 0.7453 0.35 1.35825 0,0995 0.0256
0.05 G.9070 11.770 0.G488 0.36 1.35925 0.1015 0.0269
.06 1.0194 9.565 0.5830 0.37 1.36025 0.1055 0.G287
0.07 1.1046 7.541 0.4779 0.38 1.36135 0.1115 G.0311
.08 1.1720 5.988 0.4087 0.3¢ 1.36255 0.,1200 0.0343
.09 1.2251 4.643 0.3411 0.40 1.36375 0.1305 0.03383
G.10 1.2853 3.4224 0,27056 0.41 1.38510 0.1430 0.0428
C.11 1.2839 2.3027 0.1958 0.42 1.346855 0.1540 0.0473
0.12 1.3120 1.4777 0.1356 0.43 1.36815 0.1610 0.0506
.13 1,32235 0.6082 0.0598 0.44 1.36975 0.1640 0.0627
0.14 1.32465 -0.1057 -0.6112 0.45 1.37135 0.1530 0.0535
0.15 1.32270 -0.1421 -G.0i61 0.46 1.37285 0,1600 0.0503
0.16 1.32235 +0.0623 +03,0075 0.47 1.37385 0.0700 0.0239
0.17 1.3239 G.2394 0,0308 0,48 1.37425 -0.0192 -0.0067
0.18 1.3269 0,3565 - 0.0484 0.48 1,37325 ~-G.1806 -C.0644
Q.19 1.3308 G,4133 0.0580 0.50 1.370%5 -0.3152 -0.1150
0.20 1.33485 0.4089 0.08613 0.51 1.36730 -0.3709 -0.1383
0.21 1.3388 0.3476 0.05645 0.52 1.36340 -C. 4050 -0.1556
0.22 1.3418 0.2587 0.0424 0.53 1.35930 -0,4111 -0.1803
0.23 1.3441 0.2030 0.0347 0.54 1.35520 -0.4059 -0.1617
0.24 1.3459 0.1630 0.0291 0.585 1.35125 -0.3799 -0.1548
0.25 1.3474 - 0.1405 0.0261 0.56 1.34765 -0.3452 -0.1434
0.26 1.34875 0.1275 0.0246 0.57 1.34430 -0.3240 -0.1374
0.27 1.34985 0.1170 0.0234 0.58 1.34115 -0.3048 -0.1318
0.28 1.35115 0.1090 0.0226 0.59 1.33819 -0.2800 -0.1279
0.29 1.35225 0.1041 0.0223 0.60 1.33534 -0.2723 -0.1254
G.30 1.35325 0.1005 0.0223 0.61 1,33260 -0,2709 -C.124
0.31 1.35425 0.0930 0.0227 0.62 T,32991 -0.,2648 -0,1234
0.32 1.35525 0.0980 0.0231 CG.63 1.32730 -0.2608 -0.1238
0.33 1.36625 0.0980C 0.0238 0.635 1.32800 -0.2600 -0.1245
.34 1.35725 0.0980 0.0245 0.635 1.32600 -C.7255 ~0.34743
6 o
Table 10.5: Coefficients in equation (8.49): kl=:£: e, X for the impervious model (0.543 4+ 2 d?nctes 2
n=0 0.343 x 1075

a
n

for

¢.04% X<0,14

0.14% x <0.24

0.24 € X< ¢.456

0.456 $ X< 0.54

0.54€ £ < 0.635

AR WO

+0.4%77781+0
+0.472599242
-0.1847334+4
+0.33197324+5
_0.2968925+8
+0.1349858+7
_0.2467063+7

+0,468318718+2
-0.108846502+4
+0.903893722+4
-0.267304210+5
-0.319871088+5
+0.332606988+5
-0.498304818+6

+0.28314252442
~0.521724645+3
+0.396976398+4
-0.159384857+5
+0.355911081+5
-0.418994924.5
+0.203208638+5

-0.441984929+3
+0,27581251644
~0,492329408:4
-0.,458252779+3
+0.667308127+4
+0.6047444914+3
-0.544276543+4

+0.62235306+2
-0.343104183+2
+C 6217906743
-0.46537777+3
+0.60353487+3
-0.12214455+4
+0,79281632+3
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