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Experimental investigation of a 150/0 thick laminar flow airfoil section

with distributed suction,

Introductory remarks.

In the present chapter some experimeﬁtal work will be described which was
performed on a NACA 642-A-215 airfoil section with boundary layer suction
through a porous surface. The chord length of the model is 1.35 m; both
the upper and the lower surface are porous hetween the 300/0 and 900/0
chord positions.

The model was tested in the low speed wind tunnel of the Department for

Aeronautical Engineering at Delft. Measurements have been performed for

angles of attack from -6 to +6 degrees and at Reynoldsnumbers RC up till

8 x 106. The characteristics of the model without suction were determined

by séaling the porous surface with a thin sheet of self-adhesive plastic.

The aims of the investigations were as follows:

a) To collect data on transition of two-dimensional boundary layers with
suction. The results are to be used to check whether the method for
predicting the transition point - proposed in chapter 9 - is
applicable alsco for boundary layers with suction.

b) To obtain experimental data on the velocity distribution in & two-
dimensional laminar boundary layer with suction including & separation
point. These data are to be used for a comparison of boundary layer
theory with experiment in the case of suction.

¢) To collect some data on the amount of drag reduction obtained from

laminarisation by means of suction.

Section 11,2 describes the experimental apparatus; the test methods and
data reduction procedures are given in section 11.3 while results of the
investigations are presented in sections 11.4 to 11.8.

In 11.4 the results of pressure distribution measurements are given,
Section 11.5 describes the results of detailed boundary layer surveys

on the upper surface of the model at & = 00 and RC = 2,75 x 106. The
results are presented both for the no-suction case and for one case with

suction. The suction distribution for this case was chosen in such a way-

that laminar separation occurred in the suction region. Results of the
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measurements are compared with boundary layer calculations using the
momentumn method and the multimoment method.

In section 11.6 some data on transition position and drag of the
unsucked model are presented. Included are results of boundary layer
calculations obtained from the momentum method together with calculated
values of the amplification factor Ua. Similar results for some cases
with suction are discussed in section 11.7.

Finally, section 11.8 summarizes the results for the wake drag, suction

drag and total drag for the configurations tested.

Since the experimental work has been very extensive no attempt will be
made to describe it here in every detail. Only the main results will be
quoted and especially those which are of significance for a comparison
with laminar boundary layer theory and fof the verification of the

proposed method to compute the transition point.

Description of the experimental apparatus.

General.

The experiments were performed in the wind tunnel mentioned in section
10.2.1. The hot-wire equipment, described in section 10.2.3, was used
again for the present investigation. In what follows some additional

equipment will be described.

The model.

The airfoil section of the model is NACA 642-A-215 with a chord length
of 1.35 m; coordinates of the airfoil section follow from table 11.1.
The model was placed vertically between turntables in the ceiling and
floor of the test sectioni the span obtained in this way being 1.20 m
{see fig. 11.1),.

The model is built up from two heavy steel spars connected by means

of 10 ribs, in the suction region about 115 mm apart in the spanwise
direction.

Suction is Provided both for the upper and the lower surface between

the 300/0 and 900/0 chord positions; the spanwise extent of the porous
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surface is 0.B05 m. Pressure orifices are present in one chord 344mm
above the floor of the testsection (fig. 11.1); the positions of the
orifices in chordwise direction follow from table 11.2, Two additional
orifices (number 26 for the upper surfazce and number 25 for the lower
surface) are placed in the midspan chord close to the trailing edge

(see also table 11.2).

The inside of the model is divided into 40 different suction compartments,
each with its own suction line, flow-regulating valve and -measuring
device. A cross-section of the model is shown in fig. 11.2; the positions
of the compartments in streamwise direction -~ measured along the contour
of the model - have been given in table 11.3. In fig. 11.3 an
enlargement of a part of fig. 11.2 is presented to show more clearly

the construction of the porous surface. It consists of two layers of
filtering paper supported by a metal screen which in turn rests on the
rihs and hetween the ribs on wide-mesh paper honeycomb. Both the screen
and the honeycomb have such & large open area that they provide a
negligible resistance to the airflow and only act as support for the
filtering paper.

Since at the position of the ribs the metal screen is supported directly
on the ribs some obstruction to the suction flow is present here. However
due to the fact that some leakage occcurred bhetween the i{wo layers of
filtering paper the inflow velocity at the position of the ribs was not
s0 low as to cause important spanwise variations of the boundary layer
characteristics. In typical cases transition to turbulent flow occurred
on the ribs about 3 0/0 of the chordlength earlier than in sections
midway between two ribs.

Some photographs of the model in various stages of construction are
shown in figs 11.4-11.8. A schematic drawing of the suction compartments
with the related suction equipment is shown in fig. 11.7.

The top surface of the compartments consists of 7 brass plates each
containing 8 small metering holes (diameters ranging from 0.5 to 1 mm
for different compartments). The 56 holes in each compartment have

been drilled very accurately to the same diameter in order fto obtain

a constant inflow velocity over the span. The constancy is slightly

impaired by local variations in porosity of the filtering paper
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amounting to about 10 O/o. Since two layers of filtering paper have been
used and since the major part of the resistance is provided by the metering
holes, the actual variations in inflow velocity will have been far less
than 10 °/o.

Figure 11.7 shows that the suction fiow is measured at different stages.
First of all the pressure drop is measured over the 8 metering holes in
the plate covering the middle 1/7th part of the span of a compartment.
Then, from a calibration curve the suction flow into this middle section
is known. The total flow into the compartment is measured by means of

an orifice plate Pi and finally the flow into all 20 compartments in the
upper or lower surface of the model is measured by means of a large
orifice plate Pu or PL (fig. 11,7). All these orifice plates have been
calibrated individually before the tests.

Since the height of the compartments 19 and 20 in both the upper and
lower surface is rather small it was not possible to provide them with
plates containing metering holes.

The suction flow into individual compartments can be varied by means of
the regulating valves Vi (fig. 11.7); the total flow from the model may
be changed by means of a central valve VC in the suction line to the
pump . '

For the experiments without suction the two layers of filtering paper

were replaced by a large sheet of self-adhesive plastic.

From preliminary measurements of the pressure distribution on this model
it was found that near the leading-edge an irregularity in the pressure
distribution cccurred which was related to an oscillation in the
curvature of the model (fig. 11.8). Before starting the tests, described
in the present work, the irregularity was removed to a great extenit by
smoothing the curvature of the model. This was accomplished by adding

a thin plastic bump to the contour of the model. The largest thickness

of this bump was (.4 mm and occurred at s/c = 0,05 (see fig. 11.8).

11.2,3. Boundary layer traversing apparatus.

For the measurement of boundary layer velocity profiles the traversing

gear, mentioned in section 10.2.3. was used. For some measurements
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the hot-wire probe was replaced by & total head tube with a flattened

opening (0,4 mm high).

Instruments for transition detection.

For transition detection two different devices have been employed. For
measurements on the sealed model a small total head tube was used which
could be moved in chordwise direction along the surface of the model

by means of a small carriage. Transition from laminar to turbulent flow
is indicated by this device through a sudden rise in total head.

Tor transition detection on the model with suction a "stethoscope" was
used consisting of a total head tube connected to & microphone.
Pressure fluctuations in the turbulent boundary layer could be made
audible in this way. The device was mounted on a thin long pole which
was handied by the observer to put the tube in contact with the model
surface at different positions. In this way & guick estimate of the

transition position could be obtained.

Other equipment.

For the meésurement of wake drag a wake survey rake was used in combination
with an "integrating manometer" (see for instance Pankhurst and Holder
[112]).

For the pressure distribution measurements Betz-type manometers and
inclined tubes have been used. The large number of pressures determining
the suction distribution was measured on multiple type manomeier banks.

These pressures were recorded by photographing the manometers.

Test methods and reduction of data.

General.

Test methods and data reduction procedures have been - for so far
possible - equal to those described in section 10.3. Some other methods

will be described in the remainder of the present section.
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11.3.2. The pressure distribution and "free stream speed",

The surface pressure distribution was measured in the same way as
described in section 10.3.1, for the impervious model. The pressures
were reduced to the velocity U at the edge of the boundary layer using
equation (10.1). U was made non-dimensional with the "free stream speed"

Uy, defined by
gol,, = p. - P (11.1)

with pt indicating the total pressure of the pitét-static tube in the
test-section (fig. 11.1). The free stream static pressure pm is defined

by

p = 5 | (11.2)

where pW and pw are the static pressures, measured at two positions
+ -
in the side walls of the testsection opposite the model. (fig. 11.1}.

It should be noted that this definition of the free stream static pressure
differs from the one used in chapter 10.

The model is rather large compared with the dimensions of the testsection
and therefore the remarks about tunnel wail influence on pressure
distribution and free stream speed, made in section 10.3.1, apply also

to the present case.

11.3.3. Determination of the suction distribution and suction drag coefficient.

The suction distribution. All orifice plates have been calibraited before

the tests; the calibration curves were approximated by analytical
expressions in order to simplify the subsequent data reduction procedure.
The airflow into each compartment i was reduced to the suction flow

coefficient cq defined by

1
4. ST b e (11.3)

Q,
C =
i “3
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‘where Qi = the total flow into compartment number i (ma/sec)
U, = free stream speed (m/sec)
b = span of porous surface (0,805 m)
¢ = airfoil chord (1.35m).

Furthermore the total suction flow coefficients c and ¢ for the

u 4y
upper and the lower surfaces were found either from
20
S0 4
c or c =—:Z c (11.4)
9, W uvbe 1 Y

or from a direct measuvement with orifice plate Pu or R£ in figure 11.7.

The mean suction velocity into each compartment follows from

( :iQ) S h (11.5)
Uin _ - Umb(&s)i - (AS)i )

1
in which G&s)i denotes the width of the suction compartment given in
table 11.3.
A typical suction distribution is shown in fig. 11.9; the measured
points indicated in the figure are the mean suction velocities defined
by equation (11.5). Within each compartment a slight variation of v
may occur due the chordwise gradient of the surface pressure which gives
rise to a chordwise variation of the pressure difference across the
filtering paper. The resulting suction distribution is shown as a broken
line in fig. 11.9. The actual inflow distribution will have been smoothed
out due to leakage between the layers of filtering paper and between
the paper and the metal screen. Hence for subsequent boundary layer
calculations a continuous curve through the measured mean values

was used as an approximation to the actual suction distribution,

The suction drag coefficient. In appendix 1 it is shown that the power

reguired to induce the suction flow and to expell the air at free stream
total head can be expressed in terms of a "suction drag coefficient"

cd defined by
s

c =¢c c (11.8)
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Iin (11.86) cp is given by

_Ap
= 5 (11.7)

20Ues

p

where A\ p is the pressure rise, to be provided by the suction pump.

In practical applicatiens[l p will be the sum of the following pressure
lossess

a, the loss in total head of the air in the boundary layer

b. the pressure drop through the porous surface

¢, the pressure losses in the suction ducts inside the aircrafi.

In what follows an ideal suction drag coefficient will be used including
only the pressure drop mentioned under a. It will be assumed that the
boundary layer air will have lost all its dynamic head before entering
the porous surface.

For practical applications it certainly will be necessary to include

the pressure drops b and ¢ which will increase the suction drag. On the
other hand the simple expression (11.6) will have to be replaced by a
more accurate expression taking into account the difference in efficiency
of the suction pump and the prime propulsion system of the aircraft

(see appendix 1). This may lead to an apprecizble reduction in suction
drag and it may therefore be assumed that the ideal suction drag
coefficient (11.8) gives a reasonable approximation of the suction

drag to be expected in practice.

Iin analyzing the measurements a suction drag coefficient cd for each
5
compartment was determined from i
AN
ey =¢ c o= 5 C (11.8)
s, Py % 3oues U

In (11.8) ﬁl pi is the difference between the free stream total head
pt and the surface static pressure pi at the position of the ith

compartment. Hence

¢ = —__— =T (11.9)
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where Ui is the maximum value of U occurring at the outer surface of
compartment number i,

The suction drag coefficient for the whole upper or lower surface of the

model follows from a summétion of Cd for the 20 compariments related
to that surface and hence Si
20
¢ or ¢ = J ¢ {11.10)
d d . a
5 s i=1 s,
u L, i

A mean pressure loss coefficient for each surface follows from

20
R
c or ¢ = =1 & : 1 (11.11)
Py ) e
1=1 1

Determination of the wake drag.

gf?T-Y%%?-EE%Y?E??E' The drag of an airfoil without suction may hbe
determined from the momentum loss in the wake; see for instance
Pankhurst and Holder | 111], Pfenniger [112] and Schlichting ([7],
chapter 24). In appendix 1 the principle of this method is illustrated
for a flat plate. It is also shown that the drag coefficient in the case
of suction can not be found from the momentum loss in the wake only

but that a "suction drag coefficient" has to be added.

The part of the drag determined from the moméntum loss in the wake is
called "wake drag'". The wake drag is determined from the distribution
of total head and static pressure through the wake which is measured

by means of the wake survey rake. The results of the measurements have

been converted to the wake drag coefficient using Pfennigers method

)

Determination of the wake drag from the boundary layer velocity profile

drag coefficient of one side of a flat plate at zero angle of attack

follows from
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2 Qt e
g T ——F — (11.12)
W
where @ denotes the momentum loss thickness of the boundary layer at

t.e.
the trailing and c¢ is the length of the plate. Of course the drag

coefficient for both surfaces is found from (11.12) by adding the
momentum loss thicknesses at the trailing-edge for both surfaces,

Equation (11,12) also holds for an airfoil section if @ is replaced

t.e.
by &,, which is the momentum ioss thickness of the wake at an infinite
distance downstream of the trailing-edge. Due to the streamwise pressure
gradient in the wake 8¢, differs from @ . A relation between 8., and
Qt.e. was derived by Squire and Young [liS. using the momentum eguation
(2.15) and an empirical correlation between T and H in the wake. This
leads to the folliowing expression for the wake drag coefficient

Ht.e.+5

I (11.13)

which reduces to (11.12) for the flat plate at zero angle of attack

(Ut.e.
Schlichting ([7)], chapter 24).

= 1). The derivation of (11.13) may be found for instance in

The advantage of using (11.13) over the wake traverse method is that it
may be applied to the upper and lower surface of the model separately
so that changes in wake drag may easily be correlated with changes in

transition position or suction intensity for either surface.

For the experiments without suction the boundary layer at the trailing
edge was sufficiently thick to measure accurately the velocity profiles
with a small rake of ftotal head and statiec tubes fixed to the trailing-
edge., For the experiments with suction the bhoundary layer thickness

at the trailing-edge is greatly reduced (see fig. 11.17 for instance)
and hence measurements with a rake are not sufficiently accurate.
Therefore in all experiments with suction the velocity profiles at the
trailing-edge have been measured with the flattened total head tube in
combination with the traversing gear, described in section 11.2.3. No

corrections for displacement effect of the tube have heen applied. From



11.

- 157 -

the measured velocity profiles 5*, & and H were determined and
substituted in (11.13) to f£ind the wake drag coefficient.

The velocity profiles were not measured exactly at the trailing-edge but
at the position of the most rearward pressure orifice. Since this
orifice is placed at 98.50/0 of the chord the wake drag coefficient

found from equation (11.13) may be slightly too smail,
A comparison of the wake drag found from equation (11,13) and from the
wake survey method is shown in fig. 11.10 for some typical cases, In

general a good correspondence is obtained.

Results of the pressure distribution measurements.

Results of the pressure distribution measurements for the no-suction
case expressed in terms of U have been given in fig. 11.11 for different
values of the angle of attack and a Reynoldsnumber based on chord of
5.5 x 106. Similar results have been obtained at other values of RC
ranging from 1 x 106 to 8.7 x 106. No systematic changes of U with RC
have been noted except for R < 1.5 x 106. This change may be due to
an appreciable thickening of the boundary layer at low speeds. Since
in the subsequent experiments the main interest lies at the higher
Reynoldsnumbers it will be assumed that the pressure distributions
shown in fig. 11.11 can be used for boundary layer calculations at all
values of the Reynoldsanumber Rc'

Some experiments with different amounts of suction were performed at
O = 00. No systematic influence of suction on the pressure distribution
was found except near the trailing edge.

It may be noted that the suction velccities required to keep the
boundary layer laminar are of the order of 10_4U¢0 so that a direct
influence of suction on the pressure distribution is difficult to
imagine. An indirect effect of suction may have arisen as follows.

It was shown in chapter 10 that a discontinuity in the pressure
gradient may occur where laminar separation is followed by turbulent
reattachment. Since due to suction the positions of separation and
transition may change, also the corresponding irregularities in the

pressure distribution may change their positions. Since it was difficult
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to install a large number of pressure orifices in the porous surface,
the pressure distribution could not he determined very accurately and
possible irregulérities in the pressure distribution, referred to
above, were not noticed. It has therefore been assumed that for all
boundary layer calculatlons with and without suction the pressure

distributions, shown in fig. 11.11, may be used.

Results of boundary layer surveys on the upper surface with and without

suction.

Detailed surveys of the boundary layer in the midspan chord on the upper
surface of the model were made at & = 0° end Rc = 2,75 x 106. For
measurements in the laminar boundary layer with and without suction hot-
wires have been used. Velocity profiles in the turbulent boundary

layer, existing over the rear part of the surface in the no-suction
case, have been measured with the flattened total head tube.

The results of the experiments will be discussed in the present section
together with results of calculations using the momentum method of
chapter 5 and the multimoment method of chapter 7.

Details of the pressure- and suction distributions used for the boundary
layer calculations are shown in fig. 11.12 and table 11.4. For the

calculations with the multimoment method h 1 and A g Were approximated

by polynomial expressions of the form

)\1 or }\ g = Z e P (11.14)

The coefficients e have been listed in table 11.5. Results of the
measurements and calculations are shown in figs 11.13 to 11.19.
Velocity profiles at some stations are shown in fig. 11.13; it foliows
that the laminar profiles with and without suction are reproduced
reasonably well by the momentum method and the multimoment method. For
the momentum method the correspondence is better than for the
measurements discussed in chapter 10. It may be assumed that the better
results in the present case stem from the fact that changes in gg are
dx

more gradual than for the impervicus model.

The velocity profiles in the turbulent boundary layer without suction



- 159 -

are included in fig. 11.13. However, due to the large boundary layer
thickness they could not be shown completely. Therefore, fig. 11.14
presents the velocity profiles in this region to a smaller scale, It
is noticed that, as expected, a considerable reduction in boundary
layer thickness and skin friction results from the application of
suction.
Values of 5* and @ are shown in fig. 11.15 for the laminar boundary
layers; a good correspondence between theory and experiment is shown.
The experimentally determined values of the wall shear stress and
the shape factor H for the laminar boundary layers with and without
suction, are compared with the theoretical predictions in fig. il.1s.
Again a good agreement is shown. It has to bhe remembered that the
measured values of the wall shear stress were not obtained directly
but resulted from the data reduction procedure, outlined in section
10,3.3.
According to the experiments laminar separation occurs at X = 0.56
for the no-suction case and at s = 0,89 in the case of suction. It may
be seen that the momentum method predicts separation a bit early at
s = 0.55 and 0.88 respectively. As in earlier examples the multimoment
method gives no clear indication of separation in the no-suction case,
Howevey, a short extrapolation of the calculated shear stress upstream
of & = 0.50 indicates separation at s = 0.53 ., For the houndary layer
with suction (A 5 # 0) it follows from equation {(7.63) that g £ 0
and hence equation (7.61) shows that E;Q may assume & hon-zero value

X
near separation. This is confirmed bydfig. 11.17 from which it may be
seen that the multimoment method predicts separation at s = 0.88
It is remarkable that in both cases with and without suction no
difficulties were encountered in predicting the separation point.
This situation is gquite different from that for the boundary layer
on the impervious model discussed in chapter 10, Possible explanations
for this phenomenon are the following.
In the first place the better results may be due to the less accurate
determination of the pressure distribution for the present case. This

can best be explained by returning to fig.l0.6 which shows the pressure
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distribution in the separation region for the impervious model. If it
should have heen tried to determine this pressure distribution with a
small number of orifices, then it is very likely that a mean curve
would have been selected showing a more adverse pressure gradient
upstream of separation than the actual curve. This may help the
calculation method to predict separation.

Since in both cases with and without suction laminar separation was
followed by transition further downstream it may be expected that the
actual pressure distribution will appear like the one shown in fig. 10.5.
With the available orifices this could not be observed however.

A second explanation, only applicable to the case with suction, is the
following. The development of boundary layers with suction is not only
determined by the pressure gradient but also by the suction velocity.
Since the suction velocity is measured directly it can be determined
much more accurately than the pressure gradient. Therefore it can be
expected that the calculation of boundary layers with suction will

be less sensitive to experimental error than boundary layers without
suction.

In fig. 11.18 the results for 5% and © are replotted on a smaller
scale to accomodate the experimental results for the turbulent
boundary layer without suction. In this presentation BX and @ were

not made non-dimensional to give an impression of the actual
thicknesses invelved. It is shown that a considerable reduction of

the momentum loss thickness at the trailing-edge is obtained due to
suction. According to eguation (11.13) this implies a similar
reduction in the wake drag coefficient. A further discussion of

the drag reduction due to suction will be given in section 11.8.
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In chapter 5 the characteristics of the momentum method have been
discussed by means of the diagram in fig, 5.7. It was shown that known
exact solutions, for which the momentum method supplies good results,
are represented by the curves P3P1P4, P1P2 and P2P4 in the diagram. It
was therefore expected that the momentum method will give reasonably
accurate solutions for those cases, which are represented in fig. 5.7
This is

by a curve in the vicinity of P P1P2 and/or P_P

a*1P2 2'a
confirmed by the examples discussed in chapter 8 and 10 provided the
cases with large discontinuities in pressure gradient or suction
velocity are excluded.

Another curve can now be indicated in the vicinity of which the momentum
method can be used with some confidence. It is the path traced out in
the diagram by the boundary layer with suction discussed in the present
section. This path is shown in fig. 11.19; numbers on the curve denote
corresponding stations on the airfoil contour,

In view of the preceding remarks it seems justified to use the momentum
method in those cases for which the corresponding curves in the M_j\l
plane are above or only a small distance below the curve in fig. 11.19.
Since it was found that this requirement is fulfilled by most of the
boundary layer flows encountered in the further analysis of the
experiments with suction, it was decided only to use the momentum

method for this analysis.

Transition and drag of the unsucked airfoil.

General .

The results of drag measurements with the wake survey rake are shown

in fig. 11.20 for different values of the angle of attack ag functiom
of the Reynoldsnumber RC.

A cross plot of fig. 11.20 is given in fig, 11.2%; it shows the drag
coefficient as function of O for different values of RC. It can be seen
that a "low-drag bucket" appears in the curves at low values of & and
Rc' The drag rise at high values of I@l is caused by the fact that a
pressure peak develops near the leading-edge which tends to move the

transition forward. This is illustrated in fig. 11.22 where the results
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of transition measurements for different values of RC are shown,
In sections 11.6.2 and 11.6.3 some more detailed results will be given

for the upper surface of the model at & = O and 3 degrees.

Transition and drag for the upper surface at U = 0O without suction.

The itransition position and wake drag coefficient for the upper surface
of the model at @ = 0° are shown as function of the Reynoldsnumber Rc
in fig. 11.23. It is seen that transition moves forward rather slowly
with increasing values of Rc'

Calculations of the boundary layer characteristics including the
amplification of unstable disturbances were made in the same way as
described in section 9.8. Results are included in fig. 11.23 where
curves are shown for constant values of the amplification factor

(Ga) together with the calculated position of laminar separation
max _
{which is independent of the Reynoldsnumber), I£, as in chapter 9, it

is assumed that transition occurs for (Ua) = 9.2 - 11.2 it follows
max
that the method predicts the beginning of transition too early by an

amount of about 6 /o of the chord length at low values of R,. This
could be expected from the results shown for the REC 1440 airfoil in
section 9.8.

It will be found in more examples that cases where transition occcurs
downstream or a short distance upstream from separation are predicted
with less accuracy than those where transition occurs far upstream of
separation. Possible explanations for this feature have been given
already in section 9.8.

For the present case at higher values of RC transition moves forward of
the =eparation point (and of course separation is prevented then). At
the highest value of RC for which calculations have been made the
distance between the calculated and the measured position of the

beginning of transition is 2.5 /0 of the chord length.

Transition and drag for the upper surface at O = 3o without suction.

In the present section detailed results will be presented for the upper

surface at & = 30, They will clearly illustrate the influence of changes
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in the Reynoldsnumber RC on transition position.

Fig. 11.24 shows results of boundary layer calculations using the
momentum method; included is the critical Reynoldsnumber, according to
Lin's formulae, which is independent of the Reynoldsnumber Rc. The values
of %g depend on Rc according to the equation
2

— = U.6.(R)

> c (11.15)

obtained from the definitions of U, © and Rc. In equation (11.15) both
U and & are independent of RC.

The results, shown in fig. 11.24, reveal an unstable region near the
leading-edge caused by the adverse pressure gradient downstream of the
peak in U at 5 = 0.04 (see fig. 11.11). At Rc = 1.94 x 106 for instance,
the boundary layer becomes first unstable at s = 0.047, then becomes
stable again at s = 0.129 and definitely unstable at s = 0,189, Whether
or not the unstable region may provcke transition near the leading-edge
will depend on the value of the Reynoldsnumber RC. It can be expected
that only at high values of RC the amplification rate will be high enough
for this. This is confirmed by the results of further calculations
described below,

The®* values of the amplification factor Ga are shown in fig. 11.25a and b
for several frequencies at two different values of Rc. The envelope of

the curves for different frequencies gives the maximum amplification

factor (ca) . Similar calculations have been made for other values
max
of Rc, the resulting envelopes have heen collected in fig. i1.26. It

can be seen from this figure that for high values of Rc the amplification
factor reaches the critical value 9.2 very close to the leading-edge and
hence transition can be expected to occur very early. This is confirmed
by the experimental results shown in fig, 11.27. Included in the figure
are the calculated positions of separation and curves for constant

values of (Ua) . Again it is shown that, when transition is preceded
max
by laminar separation, the distance belween the measured and predicted

position of transition is of the order of 10°/0 of the chord. For
increasing Rc however, transition moves forward of the calculated

laminar separation point and the predicted separation position becomes
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6
more accurate. Even the rather sudden shift forward at RC - 6 x 10

is predicted with reasonable accuracy.

Transition and drag with suction at ¢ = Oo.

General.

In the present section (11.7) some data will be presented on transition
position, wake drag, ideal suction drag and total drag for 7 series of
measyrements at & = O with suction. Results of boundary layer
calculations will be presented and the measured transition positions
will be compared with results of amplification calculations. Scme
specific details of the 7 series have been given in table 11.6.

For series 1, to be described in section 11.7.2, the flow regulating
valves Vi (see fig. 11.7) have been set in such a way that the resulting
suction distribution - according to a very rough calculation - would be
sufficient to prevent transition. Then the setting of the central wvalve
(VC in fig. 11.7) was changed to collect data at different values of cq
for the same type of suction distribution. B
In series 2 (section 11.7.3) all valves Vi were left open and hence the
suction distribution was determined by the built-in resistances of
orifice plates and suction ducts, Again the total amount of flow was
changed by means of the central wvalve VC.

For series 3 (section 11.7.4) the valves have been set in such a way
that the pressure underneath the filtering paper was the same for all
compartments in the upper surface. Hence a continuous suction
distribution was obtained. The constant pressure was given such a

value that transition occurred at the end of the porous surface.

In the experiments, mentioned above, it was found to be impossible to
keep the boundary layer laminar at values of RC above 3.5 x 106. At
higher speeds the inherent surface roughness of the filtering paper
became. supercritical causing transition due to roughness. Therefore,

in some further experiments, the filtering paper was covered by a sheet
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of tightly stretched fine mesh nylon (see fig. 11.6). In this way it
became possible to keep the boundary layer laminar up till Rc = 6.9 x 106.
Some measurements on the upper surface, with the nylon present, have heen

described as series 4,5,6 and 7 in section 11.7.5. For these series the

valves Vi were set by trial and error in such a way that transition
occurred at the end of the porous surface with the smallest possible
amount of suction. Once this was achieved the total amount of flow

was changed by means of the central valve,

Finally in section 11.7.6 a comparison will be given between the

calculated and measured transition positions for series 1-7.

Transition and drag with suction; series 1.

Values of the wake drag, ideal suction drag and total drag for the upper
and lower surfaces combined are shown in fig. 11.28. The wake drag
decreases and the suction drag increases with increasing values of c

The total drag shows a minimum value at cq = 7.5 x 10—4; this corresponds
to the situation when transition occurs close to the trailing-edge, This
is shown clearly in figs 11.29 and 11.30, where the drag has heen given
for the upper and lower surface separately and a comparison is made

with the measured transition position.

The suction velocity distribution for the upper surface is shown in -
fig. 11.31 for some values of cq . Included as a dotted 1ine is the
suction distribution required atu this value of RC to keep the boundary
Iayer neutrally stable downstream of the beginning of the porous region
(5 = 0.32), This suction distribution is easily found from the momentum
method and Lin's formulae (section 9.4) if the requirement is made

that %? and (%?) are equal.

crit
Fig. 11.31 shows that in the beginning the suction velocity at all values

of cq is much higher than required for stabilisation. Further downstream
the stiction intensity is less than required for stabilisation.

Results of houndary layer calculations using the experimentally
determined suction distributions for different values of cq are plotted
in the M-J\l plane shown in fig. 11.32. It is seen that in 211 cases

the path traced out in the diagram ends up on the left-hand-side
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boundary. This implies that eventually the laminar boundary layer
geparates from the surface unless transitien occurs earlier. Indicated
in the figure are the values of M and J\l corresponding to the measured

transition positions. It follows that only for cq = 0 and for very
u
high values of c separation is actuaslly reached. For intermediate

suction guantities laminar separation is prevented by transition.

10 Ui
log C%?) are ghown in fig. 11.33 for

erit
different values of ¢ . It can be seen that for c = 0 the boundary
dy Ay
layer becomes unstable at s = 0.33 coinciding zimost with the beginning

Values of lolog gvg-and

of the porous surface. For the non-zero values of ¢ the suction in
u
the first part of the porous region is so intense that a strong

1 4]
stabilising influence occurs. ( Olog (g?) >> 1Olog 27 . However,
crit
downstream of the pressure minimum at 8 = 0.42 (see fig. 11.31) the

adverse pressure gradient rapidly compensateé the effect of suction
and the boundary layer becomes unstable. Only at very high values of

cq would the boundary layer remain stable as far as the trailing-edge.
u
An interesting feature follows from a comparison of fig. 11.31 and

11.33, It is noticed that the houndary layer hecomes unstable very close
to the position where |vol falls below the value needed to obtain a
neutrally stable boundary layer over the full length of the porous
surface. This implies that boundary layer stability - at least

according to the momentum method - has a very poor memory for its
upstream history. This may be explained by observing that the influence
of suction on stability lies principally in the change of the critical
Reynoldsnumber while the changes in 2? are much less. (fig. 11.33}.
Since gg depends on the history ©f the boundary layer but the shape of

the velocity profile - and hence (%?) - is primarily determined by
crit :
the local pressure gradient and suction velocity, it is clear that the

upstream history is of secondary importance only. Therefore it is clearly
not economic to apply suction to early; the most economic suction
distribution will be obtained by carefully tailoring the suction velocity

distribution to the local needs of the boundary layer.
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Using %? and (%?) from fig. 11.33 for different values of c

crit qu
amplification calculations have been made for different freguencies. The
resulting envelopes, denoting the maximum amplification factor, are shown
in fig. 11.34. It follows that only for cq_<< 3.39 x 10_4 the critical

value 9.2 is reached in the porous region.u This implies that transition
can only be expected to occur in the suction region for Cq < 3.39 x 10_4.
u

In figure 11.35 the measured transition region is compared with the

calculated positions for which (Ua) = 9.2 and 11.2. Although the
max
calculated positions are a little further downstream than the measured

transition position, a satisfactory prediction of the {ransition region

-4
will be obtained for cq < 3.5 x 10 if it is assumed that transition
u
occurs as soon as {a,) ax reaches the values 9.2-11.2. At higher values
1T

of Cq transition is caused by a preceding separation in which case the
u
proposed method for the prediction of transition can not be expected to

provide accurate results. This is confirmed by the results shown in fig.

11.35.

Transition and drag with suction; series 2.

For this series t{he same measurements and calculations have been performed

ag for series 1; resulis are presented in figs 11.36 - 11,39,

Transition and drag with suction; series 3,

This case is included since it shows one of the examples for which the
distance between the measured and calculated transition positions is
rather large. Final results are shown in fig. 11.40; it follows that

transition is preceded by laminar separation for all values of c
u
explaining the unsatisfactory agreement hetween theory and experiment.

]
Transition and drag with suction: series 4-7: O = O upper surface only;

filtering paper covered with nylon.

For series 4-7 the filtering paper was covered with a sheet of fine mesh
nylon, In the present section some results of measurements and

calculations for the upper surface will be presented. For series 4-7
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the valve settings were found by trial and error. It was attempted to
obtain, with the minimum amount of suction,a boundary layer for which
transition cccurred at the end of the porous surface.

The suction distributions obtained in this way for different values of
Rc are shown in fig. 11.,41. Also shown for two values of RC is the Voo
distribution required to keep the boundary layer neutrally stable
throughout the suction region. It can be seen that in all cases too
much suction hasg been applied in the forward part of the porous region.
This may be explained as follows. If the suction velocities are chosen
very low it is possible that - inadvertently - local ocutflow occurs
giving rise to premature transition. Apparently the suction velocities
used in the experiments were chosen on the safe side.

Near the trailing-edge the suction intensity is in general less than
that needed for stabilisation.

Boundary layer calculations, using the momentum method, have been made
for the experimentally determined suction distributions shown in fig.
11.41. Results of the calculations have been plotted in the M-JLl
diagram (fig. 11.42) where also the measured transition position is
indicated. It follows that in all cases transition near the end of the
porous surface is caused by laminar separation. It is interesting to
note that for RC = 3.37 x 106 the boundary layer nearly separates at

5 = 0.68 but downstream of this point the suction intensity is increased
which postpones separation to a position further downstream,

Measurements at other values of cq have been made for all values of Rc
u

by changing the setting of the central valve VC (see fig. 11.7). At

the lower values of c transition may be preceded by laminar separation.
u
This is shown in figs 11.43 - 11.46 where ryesults of transition

measurements have been compared with calculated positions. It can be
seen that transition is predicted within 5 or 10°/0 chord accurately
except when transition is preceded by separation. Especially at

RC = 3.37 x 106 large discrepancies between theory and experiment occur
(fig. 11.43). However, fig. 11.42 shows that in this case for the suction
distribution obtained by trial and error the boundary layer is on the
verge of separation over a long distance and hence an inaccurate result

may be expected.
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6
A similar remark applies for other values of ¢ at RC = 3.37 x 10",

u
Finally figures 11.47 - 11.50 show the drag coefficients and transition

positions as function of c for series 4 to 7. There is a good
u
correlation between drag and transition position, This is shown more

clearly in fig. 11.51 where the total drag coefficient for the upper
surface is plotted as a function of the position where transition
starts.,” It is noticed that the minimum value of the total drag
coefficient is obtained when transition occurs near the end of the

porous region.

Summary of the comparisonshetween the measured and calculated transition

positions,

Fig. 11.52 has been prepared to summarize all results obtained in the
preceding comparisons of the measured and predicted transition positions.

The figure shows the position where (Ua) reaches the critical value
' max
9.2 as function of the beginning of the experimentally determined

transition region. Where transition is preceded by laminar separation a
full symbol has heen used. Data are shown for all values of cq for which
in the preceding figures a measured transition region has been indicated
by the symbol —— . Experiments in which transition occurred
downstream of the porous region have been omitted.

It may be concluded from the figure that the beginning of transition is
predicted within + 10°/0 0f the chord length when transition is not
preceded by laminar separation. Where separation is the cause of
transition the distance between the predicted and actual beginning of
transition may hecome larger.

It should be remembered that in most of the experiments with suction
transition moves downstream very rapidly with increasing cq. For these
cases a satisfactory agreement between theory and experiment may have
been obtained although fig. 11.52 shows a large distance between the
measured and predicted transition positions., OFf course a better
correlation will be shown for these cases if a comparison is made between
the theoretically and the experimentally determined value of cq which

is required to bring transition back to a certain position.
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Summary of the drag coefficients obtained with and without suction.

In the preceding section some resulis of drag measurements at & = 0o with
suction have been presented. It was found that the minimum total drag is
obtained wher transition occurs near the end of the porous surface. In
the present section results will be presented for an extended series of
measurements including values of G # 0. The presentation will be confined
to those wvalues of Cq for which transition occurred at the end of the
porous surface. It may be assumed that these situations correspend to the
condition with minimum total drag at the given value of ¢ and Rc'

Fig. 11.53a and b show the results for the upper surface covered with
nylon (series 4-7) both in the familiar logarithmic presentatiocn and to

a linear scale. A comparison is made with the drag of a flat plate with
constant suction velocity :ﬁg = 1.18 x 10—4 discussed in section 9.8.1.
It may be seen that the drag of the airfoil decreases with increasing Rc
in the same way as for the flat plate. An appreciable drag reduction due
to suction is obtained; the amount of the reduction is plotted vs RC in
fig. 11.54. At the highest value of Rc for which measurements have been
made (6.16 x 106) the reduction in total drag is 63°/0.

Although a comparison with the flat plate results is not entirely
justified due to the differvence in pressure distribution, it may be

seen that the drag reduction with increasing RC shows the same trend

for the airfoil as for the flat plate. Extrapolating the results of the
experiments to full scale values of Rc (=225 x 106) shows that the drag
reduction obtained may be of the order ol 750/0. This agrees with results
obtained in different experiments mentioned in chapter 1.

Results for the upper and lower surface combined, for the experiments
without the nylon covering, are shown in fig. 11.55 for different

values of Rc £ 3.37 x 106. Included in the figure is the drag of the
model with the sealed porous surface. It may be seen that drag reductions

of the order of 500/0 are obtained at these low values of Rc.

Coneluding remarks on the experiments with suction.

From the results discussed in the present chapter it follows that both

the momentum method and the multimoment method provide a good agreement



Table 11.1: Coordinates of suction model (NACA 642‘A-215) Table 11.2; Position of bressure orifices in
impervicus model,

[~ y s
L4 p b no upper surfaced lower surface
upper lower -0 _o -0 o
mm mm iy X Jo s fo X fo s /o
0 0 o 0 o
0 0.13 s 1 0.49 1.45 0.50 1.21
10 23,91 16.80 2 1.02 2,16 1.01 1.89
20 29.57 23.42 3 1.42 2.68 1.16 2.07
50 45.62 35.08 4 2,03 3.40 2.00 3.03
75 55.50 43,32 3 2,50 3.94 2.47 3.56
100 63.63 49,28 6 3.01 4.50 2.98 4.09
150 77.01 58,81 7 2.04 5.63 4.00 5.17
200 87.94 66.16 8 5.03 8.70 5,01 6.22
250 96,65 71.97 9 6.36 8.10 5,22 6.44
300 103.59 76.48 10 7.11 8.81 7,02 8.30
350 109.13 79.91 11 7.52 9.33 7.50 8.87
400 113.40 82.38 12 10.04 11,93 9.94 11.33
450 116.40 83.84 | a3 15,02 17.06 | 13.20 14.51
500 118.06 84.28 14 15.16 17.19 | 14.97 16.39
550 118.24 83.59 5. 20.01 22.14 | 18.89  21.45
800 116.77 81.44 15 28.92  32.12 | 29,93 31,39
550 113.87 78,21 17 39,95 42.16 | 39.97 41 .44
700 110.03 74,12 18 49.99  52.23 | 50.05 51.56
750 105,13 69.30 19 60.02 62,31 | 60.06 61.63
800 99,27 63.928 20 65.00 67.33 | 70.02 71.68
850 92.68 o 21 70.01  72.39 | 73.28 74.96
900 85.34 =% 3 2z 78.18 80.82 | 80.01 81,72
950 77.38 §8 4 23 80.02  82.70 | 86.84 88,40
1000 68.89 Zon, i 24 89.40 92.28 | 89.82 91,59
1050 60.02 -2 25 90.03 92.92 | 28.55 100.34
1100 50,68 N2y 26 98.54 101.58 —
1150 40.80 nhn o8 tr.edge| 100.00 103.07 {100.00 101.81_J
1200 30,82 e -
1250 20.75 ooy
1300 10.56 mowow
1350 0.43 0.43

Table 11.3: Dimensions of suction compartments

uppe; surface lower surface T
no s s s A 5 s s PAY:
beginning mean end beginning mean end
1 0.3210 0.3362 0,3513 0.0303 0.3151 0.3293 0.34458 0.0295 ;
2 ©.3513 G.3662 0.3811 0.0298 C.34486 0.3597 0.3748 0.03062
3 0,3811 0.3860 0.410% 0.0298 0.3748 0.3895 0.4041 0.0283
4 0.4109 0.4257 0.4405 0.0296 0.4041 0.4189 0.4338 0.0205 5
5 0.4405 0.4555 0.4705 0.0300 G.4336 0.4480 0.4624 0.06288 ;
8 0.4705 0.4854 0.5003 0.0298 0.4624 0.4775 0.4925 0.0301
7 0.5003 0.5150 0.5297 00,0294 0.4825 0.5074 0.5222 0.0297
8 0.5237% L 0.5448 G.5588 ©.0301 C.5222 0.5373 C.55623 ¢.0301 i
9 0.5598 0.5748 Q.5883 0.0295 0.5523 2.5671 0.5818 0.0285
10 0.5893 0,6044 0.6195 0.030z2 0.5818 0.5970 0.6122 0,0304
11 0.6185 0.6343 0.6490 G.0295 G.g122 0.6270 0.6417 0.0295
12 0.6490 0.8644 0.6798 0.0308 Q.8417 0.8570 0.86723 0.0306
13 0.6798 C.6948 0.7094 0.0296 00,6723 0.6871 0.7018 ©.0295 {
14 C.7054 0.7247 0.73989 0.0305 0.7018 0.7170 0.7321 0.0303 !
13 0.7399 0.7526 0.7682 Q.0263 0.7321 0.7467 0.7613 0.0292
16 0.7692 0.7845 0,.7998 0.0306 0.7613 £.7764 0.7915 ©.0302 ;
17 0.7998 0.8141 Q.8283 0.0285 0.7915 0.8053 0.81%0 0.0275 ;
18 0.8283 0.8463 G.8643 0.0350 0.81%0 0.8370 0.8550 0.0360 ;
18 0.8643 0,.8837 G.9030 0.0387 0.8550 ¢.8737 0.5924 0.0374
20 0.9030 Q.9217 0.9404 0.0374 0.8824 0.9110 0.9295 0.0371




Table 11.4: Details of the pressure- and suction distributions used in the boundary iayer calculations
of section 11,5,

: § & xy Ly = 1ot
dx «s

0 9.110000 56.,48276 0.95480

0.01 0.61520 34.20576 0.62835

0.02 0.82390 14,54562 0.37600

0.03 0,93920 7.53191 0.25104

0,04 0.99240 - 4.06891 0.16935

0.05 1.02470 2,57748 0.12903

0.06 1.04787 1,93405 0.11316

0.07 1.06526 1.56981 0.10507

C.08 1.07944 1.28452 0.09675

0.08 1.09133 1.07362 0.08881

0.10 1.10127 0.95110 0.08565

0.11 1.11031 0.83970 0.08417

0.12 1.11840 0,77081 0.08360

0.13 1.12582 0,71542 0.08344

0.14 1.13271 0.66286 0,08269

0.15 1.13507 ©.60924 0.08092

0.16 1.14492 0.56052 0.07897

0,17 1.15031 0.51390 0.07653

0.18 1.15528 0.47010 0.07377

0.19 1.15980 0.42976 0.07088

©.20 1.16391 0.39348 0.06805

¢.21 1.1677C 0.36357 0.08579

0,22 1.17119 0.33529 0.06335

0.23 1.17442 0.30938 0.06093

0.24 1.17738 ©.28395 0.05819

0.25 1.18010 0.26091 0.05556

©.26 1.18262 0.24333 0.05376

0.27 1.18488 0.22948 D.05254

0,28 1.18721 0.21576 0.05112

0,29 1.18930 0.20472 0.0501%

0.30 1,18130 0.19514 0.04836

0.31 1.18320 0.18500 0.04828

0.32 1.19500 0.17500 0.04705 0.08405 ©.745

0.33 1.,18670 0,16500 0.04568 0,10513 1.205

0.34 1,19830 ©.15500 0.04415 0.15061 1.702

0.35 1.18880 ©.14600 0.04275 ©,19567 2.181

0.26 1.20121 C.13514 0.04065 0.23643 2.600

0.37 1.20249 0,12000 0.03705 0.27409 2,975

0.38 1.20360 0.10129 0,03200 0.30083 3.320

0.39 1.20451 0.08124 0.02839 0.34398 3.640

0,40 1,20520 0.05581 0.01858 0.37838 3.955

0.41 1.20360 0.02185 0.00748 0.41275 4,262

0,42 1.20560 -0.02391 -0.00835 0,44713 4.562

0.43 1.20508 -0.07981 -0,02856 0.48157 4.855

0.44 1.20401 -0.13481 -0.04941 0.51554 5.135

0,45 1.20239 -0,18552 -0.06963 ©.54914 5,408

0.48 1,20031 -0.23052 -0.08859 0.58250 - 5,668

0.47 1.19779 -0.27052 -0.10644 0.61486 5.910

0.48 1.19491 . ~0.30552 -0.12306 0.64820 6.160

0.49 1.19169 -0.33567 -0.13839 0.67978 5,202 6- 4’00

0.50 1.18821 -0.36024 -0.15198 0,71509 6.640

0.51 1,18450 -0.38180 -0.156485 0.74 19 6.850

0.52 1.18080 -0.40230 -0.17764 0.78444 7.120




Table 11.4: Continued; Details of the pressure- and sucticn distributions used in the boundary layer
calculations of sectiom 11.5,

s [ij % Ay Mg Mo ot
dx Ye
0.53 1.17650 -0.42114 -0.,19018 0.81911 7.357
C.54 1.17219 -0.43986 -0.20312 0.85402 7.580
0.55 1.18772 -0,43576 -0.21517 0.88859 7.800
¢.56 1.18308 -0,47076 -0.22719 0.92351 8.018
©.57 1.15831 ~0,48486 -0.23914 0.95620 8,212
G.58 1,15340 -0,49614 -0 . 25005 0.9852¢ 8.370
G.58 1.14840 -0.50620 -0,26064 1.00783 5.472
C.60 1.14330 -0.51529 -0,27100 1.02565 8.530
.61 1.13809 -0,52120 -0.27995 1.03712 8.535
G.62 1.13281 -0,53C1¢C -0.29074 1,04483 8.510
.63 1.12751 -0.53460 -0.29932 1.05057 8.468
0.64 3.12191 . -0.53930 -0,30827 1.05623 8,426
Q.65 1.11679 -0.5431C ~(.31673 1.06041 8.375
G.68 1.3113% -0.54640 -0.32514 1.04411 5.320
0.67 1.10580 -G,54980 -G.33377 1.06602 3.252
©.68 1.1C030 -0,55330 ~-0.34260 1.06694 8,178
Q.69 1,09481 -G.55670 -0,35152 1.06681 8.098
G.7C 1.08929 ~0.560G50 ~0.38086 1.06534 5.008
.71 1.08369 -0.56520 -0.37098 1,06252 7.910
.72 1.07802 -C.56990 -0:38132 1,05865 7.805
0,73 1.07228 -0.57452 -0.39183 1,05430 7.700
0,74 1.06652 -0.58C10 -0,40321 1,05111 7.600
Q.75 1,06069 -0.58614 -0.41517 1.04776 7,508
0.76 1.05479 ~0.39080C -0.42641 1.04446 7.415
G777 1.04881 -0,59580 -0.43816 1.04220 7.330
0.78 1.04281 -0, 60030 -0.44976 1.03975 7.245
.79 1.03678 ~0.80238 -0,45975 1.03813 7.167
0.80 1.03072 -G.50924 | -0.47363 1.03676 7.092
9,81 1.02459 -C.61414 -0, 48630 1,03630 7.024
Q.82 1.01841 -0.82371 -0.50299 1.03302 6.938
0.83 1,01209 -C.63886 -0.52474 1.03531 6,890
Q.84 1.00561 -0,65886 -0.95121 1.03577 6.830
0.85 ©.99889 -.68371 -0.38270 1.03745 6.778
0.86 0.99121 -G.71414 -0.62011 1.03978 6,730
0.87 G.98458 ~-0.75024 -0.66395 1.04266 6.685
0.88 C.97691 -0,78438 -0.70761 1.04645 6.645
0.89 0.96890 -0.81529 -0.74998 1.,05114 6.610
0,90 ©.96060 -0.84486 -0.79270 1.05586 B6.375
0.91 G,95200 -0, 87600 -0.83855 1.06247 6,543
0.82 0,94309 -0.90514 -0.88423 1.08778 6.516
0.83 0,93381 -0.92910 -0.92651 1.07322 G.482
0.94 0.92450 -G.95100 -0.96828 1.07993 6.455
0.95 0.91490 -G,97260 -~1.01130 1.C8710 6.430
0.96 0.90510 -G, 99230 -1.05391 1.09357 6,400
0.97 0.8951C ~1,01100 -1.09707 1.10019 6,370
0.98 0ﬁ88490 -1.02750 -1.13945 1.10686 6.340
0.99 0.87451 -1.04120 -1,18025 1,11388 6.310
1.00 0.86400 -1.0560C -1.,22381 1,12081 5.280
1,01 0.85340 -1.0G6500 -1.26205 1.128656 6,250
1.02 0,84270 -1.07500 -1.30284 1.13549 6,221
1.03 0.,83190 ~1.08500 -1.345086 1.14363 6.185
1.04 0,82100 -1.09500 -1,38882 1.15115 6,165
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FIG, 11.4: INTERIOR OF MODEL
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FIG. 11.6: MODEL INSTALLED IN TEST SECTION AND COVERED WITH NYLON
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Fi5.11.45: MEASURED TRANSITION REGION AND CALCULATED
AMPLIFICATION FACTORS FOR THE UPPER SURFACE,

SERIES B.
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