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THEORETICAL AND EXPERIMENTAL STUDY OF A NEW METHOD

FOR PREDICTION OF PROFILE DRAG OF AIRFOIL SECTIONS

By S. H. Goradia and D. E. Lilley
Lockheed-Georgia Company

SUMMARY

This report describes theoretical and experimental studies which were con-
ducted for the purpose of developing a new generalized method for the prediction
of profile drag of single component airfoil sections. This method aims at solu-
tion for the flow in the wake from the airfoil trailing edge to the large
distance in the downstream direction; the profile drag of the given airfoil
section can then easily be obtained from the momentum balance once the shape of
velocity profile at a large distance from the airfoil trailing edge has been
computed. Computer program subroutines have been developed for the computation
of the profile drag and flow in the airfoil wake on UNIVAC 1108 computer. The
required inputs to the computer program consist of free stream conditions and
the characteristics of the boundary layers at the airfoil trailing edge or at
the point of incipient separation in the neighborhood of airfoil trailing edge.
The method described in this report is quite generalized and hence can be ex-
tended to the solution of the profile drag for multi-component airfoil sections.

Experimental measurements of velocity profiles and static pressure dis-
tribution in the wake of sharp trailing edge test airfoil were obtained by use
of a pitot static tube. Shear stress profiles in the airfoil wake were computed
by the indirect method. A hot-wire anemometer was used for the measurements of
velocity profiles in the wake of the blunt trailing edge test airfoil. The
above measurements were obtained for a 15 percent thick modified NACA four digit
airfoil section which was modified near the leading edge for the purpose of
increasing the maximum 1ift coefficient.

A physical flow model for the wake flow was developed from the experimental
data. This fiow model is divided into regions and layers depending upon the
characteristics of velocity profiles. Parameters for velocity profile similari-
ty functions were developed from experimental measurements in different regions.
Integral equations were derived for the solution of wake flow and these equations
are coupled, ordinary nonlinear and nonhomogeneous differential equations.
Parameters, such as shear and static pressures at the edges of various layers:
appear in the above equations as coupling terms. Functional representation of
these parameters in terms of dependent variables, arranged in dimensionaless
groups, was accomplished with the help of the principle of local dynamic
similarity.

The numerical solution of the above equations was accomplished by the
modified Euler method with repeated iterations. Results of computations of the



computer program subroutines for the flow in the wake and profile drag were
compared with experimental data for three airfoil sections. Reasonable agree-
ment was obtained between measured and calculated flow quantities in the wake
and profile drag corresponding to the occurrence of incipient separation on the
upper surface of airfoil.

(. [INTRODUCTION

With the recent energy crisis and shortage of fuel, it has become impera-
tive to search for ways of reducing the drag of aircraft operating in the low
and high subsonic speed regime, for their economical operation during cruise.
The reduction in the drag of an aircraft, and hence saving in the fuel consump-
tion, can be accomplished by proper design of the wing section. The effective
design of wing sections, however, requires an accurate and reliable method for
predicting profile drag. The trade-offs between aerodynamic and structural
characteristics of airfoils must consider profile drag as a merit factor. A
prediction method, which is based on theoretically sound principles consistent
with real flow phenomena, can be used to evaluate candidate wing sections with-
out resorting to the elaborate, expensive and time consuming wind tunnel tests.
Moreover, the development of airfoils for special applications, such as minimum
drag at specified 1ift conditions, requires a method with general applicability.
The development of such a method was aimed during this study contract with NASA,
Langley.

In order to estimate the drag of a body or to design a body for minimum
drag, it is necessary to understand the origin and mechanism of the aerodynamic
drag produced by a body. D'Alembert's paradox states that in an inviscid fluid
a body can experience no drag. This can be proved relatively easily by use of
the momentum theorem. Why then does a body experience drag in a real fluid? In
the case of two-dimensional bodies, e.g. airfoil section at a positive angle of
attack, the induced drag associated with 1ift is nonexistent, but profile drag
or parasite drag of such bodies have a finite value depending upon free stream
conditions and geometrical shape of two-dimensional bodies. The above mentioned
profile drag of a two-dimensional body is composed of two parts, namely, the skin
friction drag and the form or pressure drag. These parts may be of equal magni-
tude or the one may completely overshadow the other, depending upon the shape of
the body. The skin friction drag is the result of the shearing stresses in the
fluid as it passes over the surface of the body. The form drag results from the
unbalance in normal pressure forces around the body due to the presence of
attached or separated boundary layer around the surface of a body. These state-
ments are exemplified by the use of Figure |-1; this figure shows the cases of
flat plate at 0° and 90° angles of attack and an airfoil at an angle of attack
corresponding to the desired 1ift condition.

In Figure i-1(a) the drag is entirely the result of skin friction, whereas
in Figure I-1(b) it is entirely form or pressure drag. |f some means could be
used to prevent the separation of the flow at the edges of the plate shown in
Figure I-1(b)}, the drag could be reduced to zero. The total or profile drag for
the airfoil section of Figure I-1(c) depends upon geometrical contour of the



(b) Flat Plate at 90°
Angle of Attack

[ ]
s) Flat Plate at 0
(=) Angle of Attack

u:;mm?

(¢) Airfoil at an Angle

of Attack _ o
Case (a) =~ Presence of Skin '

Friction Drag only
Case (b) — Presence of Pressure
Drag only
Case (c) = Both Skin Priction

and Pressure Drag
Constitute Total Drag

FIGURE I-1 - EXAMPLE SHOWING PRESENCE OF VARYING PROPORTION OF SKIN FRICTION
AND PRESSURE DRAG CONSTITUENTS OF TOTAL PROFILE DRAG
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body and free stream conditions such as Reynolds number, angle of attack, and
Mach number. Combination of the above factors affect physical parameters, such
as location and value ‘of pressure peak on the upper surface of airfoil, exis-
tence of laminar boundary layer separation or transition, and conditions and
growth of turbulent or taminar boundary layer on the upper and lower surfaces
of the airfoil near its trailing edge. These physical parameters then determine
the total profile drag of a given airfoil section and also the ratio of its con-
stituents, namely, skin friction and pressure drag. The relation between
pressure and friction drag of an axially-symmetric afterbody behind a long cir-
cular cylinder is of interest both from the point of view of practical applica-
tion in design and the theoretical studies. Available experimental data for
the drag coefficient, Cp, for blunt and sharp afterbodies, which are shown in
Figures 1-2(a) and 1-2(b), reveal an interesting phenomenon. Figure [-2(a)
shows the plots of measured drag coefficients, Cp, versus Lg/R, for blunt and
sharp afterbodies; in this Figure LR denotes the length of the afterbody and

Ro denotes the base radius of the afterbody. The experimental data shown in
this figure reveal that blunt or thicker afterbody has a lower drag coefficient
than the sharp afterbody. This result is quite surprising because it is known
from available experimental data on airfoil sections (for example NACA four
digit series) that thicker sections have higher values of profile drag than
lower thickness ratio airfoil sections. The above-mentioned discrepancy of
experimental results of Figure I-2(a) can be explained with the aid of detailed
analysis of experimental results shown in Figure 1-2(b). This figure shows the
breakdown of the.local total drag into local integrated values of skin friction
drag and pressure drag. Values of integrals 1; and Il,, which are shown plotted
as a function of X/Lp in Figure 1-2(b) for both thicker and sharp afterbodies,
represent local integrated values of skin friction and pressure drag, respec-
tively. The algebraic sum of I; and I, at particular X location on the after-
body is equal to the total drag of afterbody up to that X location. The local
integrated value of the pressure drag |, for blunt afterbody increases up to
X/LR =0.75 and then starts decreasing up to the tail end because of better
pressure recovery; this better pressure recovery is due to the absence of flow
separation. For the sharp afterbody, however, the value of 1, increases con-
tinuously up to the tail end because of flow separation at X/Lg=~0.8. Thus,
the sum of |, and [, at the tail end, which represents the total drag co-
efficient, is higher for the sharp afterbody than for the blunt afterbody.

The total drag of an arbitrary airfoil section, at least in theory, can be
computed from the knowledge of pressure distribution and airfoil geometry. From
the knowledge of either experimental or calculated pressure distribution on the
surface of the airfoil and the airfoil geometry, the pressure drag can be cal-
culated from the Cy, versus Z/C relationship of that airfoil, where Z/C is the
nondimensional ordinate of the given airfoil section, the determination of the
algebraic sum of the familiar thrust and drag loops gives the resultant pressure
drag. The boundary layer characteristics and hence the skin friction drag can
be calculated for the given pressure distribution by the use of pertinent
boundary layer theories. In actual practice, however, it is extremely difficult
to obtain accurate drag level by the above mentioned which is defined as the
Direct Method. Slight errors in pressure distribution, while not significantly
affecting the boundary layer characteristics, 1ift and pitching moment, can
create errors in the thrust and drag loops that are seriously magnified when
calculating pressure drag by taking the difference of these two loops. Hence,

S

B



10,

Blunt Afterbody

| | Ao
) — — \Shrp Afterbody

-

I 0.06[

0.02—

: FIGURE 1-2(a) - COMPARISON OF MEASURED DRAG COEFFICIENTS FOR BLUNT
: AND SHARP AFTERBODIES



l] = Local Integrated Value for Skin Friction Drag
A "

ol
]

Local Integrated Value for Pressure Drag

_2 x/ L
=f 2x C dx)
o LR LR

.04 ~

e (1) Blunt Afterbody

= ==(2) Sharp Afterbody

® Flow Separation for @ ,
i.e., Sharp Afterbody

.03}

FIGURE 1-2(b) - BREAKDOWN OF THE TOTAL DRAG OF BLUNT AND SHARP
AFTERBODIES INTO INTEGRATED VALUES OF SKIN FRICTION

AND PRESSURE DRAG



{
;

the use of the Direct Method is not recommended either for the purpose of data
analysis or for the optimization study for the development of an airfoil con-
figuration.

The profile or total drag of the airfoil section is usually calculated by
some form of the Indirect Method. The calculation of the profile drag of a
given airfoil section by use of the Indirect Method is dependent upon the abili-
ty of this method to reliably calculate the shape of the velocity profile at a
very large distance downstream of the airfoil trailing edge. This very large
downstream distance corresponds to the distance behind the trailing edge at
which location static pressure is essentially constant and:its value is equal to
free stream static pressure. The drag of the given airfoil can then be calcu-
lated by substracting the flow momentum corresponding to the above velocity
profile at the large downstream distance from the corresponding momentum of the
free stream air.

Use of the Indirect Method for the calculation of the profile drag, however,
requires knowledge of the characteristics of the boundary layer on both upper and
lower surfaces of the given airfoil in the vicinity of its trailing edge. These
boundary layer characteristics, known as initial conditions, can be calculated,
for example, for attached flow conditions by the use of methods in Reference 1.

The Indirect Method for calculations of profile drag, which is available up
to the present time, is the Squire & Young's method. of Reference 2. The simpli-
fied solution for the profile drag by the above method is obtained, however, at
the sacrifice of making some assumptions which are inconsistent with physical
reality. For example, logarithmic relation of velocity profile in wake, namely,
the assumption of constancy of the ratio Log,(U,/Ug)/H-1 along the wake, is,gon-
tradicted by several experimental measurements in airfoil wakes. Moreover?iﬁﬁe
Squire & Young approach can be used to advantage in some instances, its limita-
tions prevent reliable application to many problems of practical interest.

It is thus desirable to develop a generalized theoretical prediction method
for the calculation of profile drag of an arbitrary airfoil, which is free from
restrictions and limitations, such as discussed in the above paragraphs. Speci-
fically, the method should be valid at high and low angles of attack and
applicable to either single or multi-component airfoil. Specific objectives to
be accomplished under the present studies are:

(1) To obtain measurements of velocity profile and pressure distributions
, in the wake of a single component airfoil for the purpose of develop-
ing a physical wake flow model.

(2) To derive the equations to provide a generalized mathematical model of
airfoil wake and to develop a numerical method and a computer program
for the solution of these equations.

(3) To determine the validity of the method by correlation with measure-
ments of the viscous flow in the airfoil wake and profile drag
measurements.



I'l. THEORETICAL STUDY

11.1 General Discussion

' The profile drag or total drag of the airfoil section is made up of two
parts, namely, skin friction drag and pressure drag. Thus

(11-1)

chrofile - CDpressure + cDskin friction

In the Direct Method, the total drag of the airfoil section is computed by
evaluating the two components of the right-hand side of equation (!1-1) separate-
ly, namely, (a) calculation of pressure drag and (b) skin friction drag. A brief
description of this method was given in Section . In the Indirect Method, the
total drag is computed without evaluating the two components of the right-hand
side of equation (l11-1). This is accomplished from the knowledge of boundary
layer parameters on.the upper and lower surface in the vicinity of the trailing
edge.

Figure 11-1 illustrates the basic principle behind the indirect Method for
the purpose of calculating the profile drag of single or multi-component airfoil
section. From“the knowledge of the characteristics of the boundary layer on the
upper and lower surfaces in the vicinity of the trailing edge, the Indirect
Method is used for the purpose of calculating the velocity profile in the wake,
at ‘a large downstream distance behind the airfoil trailing edge, where static
pressure distribution has stabilized to the freestream value. The expression
for the profile drag of the two-dimensional airfoil section can then be written
as

+ o
Total Drag = sp f U(UQ0 - u) dy (11-2)
whére s = span of airfoil
u = local velocity in the wake boundary layer
u_ = freestream velocity
p = density.

The drag of the airfoil can then be determined if it is possible to use
known velocity profile characteristics at the trailing edge of the airfoil to
calculate the far downstream wake velocity distribution, U(x->w,y)' point 4,
Figure 11-1.

U(x >, y) = FilU(xo7.E., y)» P1s P22 P53 oon Pp) (11-3)

where P;, i=1 ... n are n different parameters required for the functional
representation of equation (11-3). For example, in the case of a single compo-
nent airfoil with a blunt trailing edge and with boundary layer separation ahead
of the trailing edge in its vicinity, P; may be free stream velocity, P, may be
local outer flow velocity at separation, P3 the trailing edge thickness and Py
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may be the distance between separation point and the trailing edge. Each pair
of parameters are also related to each other through the general velocity dis~ .
tribution U y) at any point in the wake. For example, if Ue( is the
velocity at the edge of the boundary layer in the wake, and U°° 15 the free
stream velocity, then it is found from experimental data that it is possible to
express the functional relationship as follows 2

Ve = F (U, @) . (11-4)

u=—1—
8

where 8
J u dy = average velocity in the wake boundary layer.
0

Thus, (n-1) auxiliary equations, such as equation (ll1-4), are required for the
complete solution of equation (11-3). .

In the case of a single component airfoil with a sharp trailing edge, which
does not exhibit any separation ahead of the trailing edge, only two parameters
in equation (l1-3) need to be considered. These parameters are U_ and the
pressure distribution or Ug along the wake. Squire and Young proposed the
following empirical relat:o‘ )for the purpose of obtalnnng an analytic expres-

sion for the drag of a single component airfoil, i.e.
(—U°° ) (———Um )
Loge Log
Ue ey
b . _2(E) . constant (11-5)
(x) ~ "T.E.
where
H(x) = wake boundary layer form factor

Ue(x) = velocity distribution at the outer edge of the wake.

By making use of equation (I1!-5) in the von Karman momentum integral
equation, Squire and Young were able to derive an analytic expression for the
total drag coefficient of a single component airfoil with a sharp trailing edge.
This expression, which is theoretically valid only in the absence of boundary
layer separation ahead of the airfoil trailing edge, is given by

Uer g (HT.E. * 5)/2
Cd = 2(8y + 8) (—5—) . (11-6)

oo

It may be pointed out here that the above simple analytic expression for
drag coefficient is obtained at the sacrifice of making some simplifying assump-
tions which are inconsistent with physical reality. For example, experimental
data in the wake behind airfoils indicate that the empirical relation of equa-
tion (11-5) used by Squire and Young does not hold. Figure 11-2 shows the plot
of experimental data for the ratio (Loge(U /Ug))/(H-1) at various distances aft
of the trailing edge for a Joukowski airfoil. These results show that
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assumption implied by equation (11-5) in the Squire and Young method is un-
realistic. Specifically, Squire and Young's approach is unable to deal
directly with the following situations:

(1) Blunt trailing edge airfoils.
(2) Airfoils composed of two or more components.

(3) High or low angles of attack when boundary layer thickness on the
upper and lower surfaces of the trailing edges are very difficult.

(4) Incipient boundary layer separation in the neighborhood of the
trailing edge on either the upper or lower surface or both.

11.2 Description of the Present Theoretical Method

Figure 11-3 shows the curvilinear system of coordinates in which x denotes
the distance along the locus of minimum velocity and y the distance normal to it.
The radius of curvature of the lower edge of the wake will be denoted by R; and
of an equidistance line by R. It is assumed in this theoretical development that
R; is large in comparison with the width of wake, but not very large in compari-
son with typical wake layer width. Defining curvature K as

1

K=-ﬁ (||"7)
then one has
R
o1 -
R 1 £ Ky (11-8)

The complete Navier-Stokes equations for the orthogonal directions, when
local curvature in flow is taken into account, can be written as follows:

RI oy su . w1 Riap |R1oa2y g2y
—_—y = L +- =2y
R X 3y R p R ox RZ px2 8y2
3 a1 3
R 3 (7 R
. R
S _R”du e 1 R 18 Ty (11-9)
R -2 ax R 3y g2 R2 9x r3 ox 'Ry

X ~ Momentum Equation
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Brojav,yav w2 1oe R a2y a2y
R =~ ax 3y R  p 3y R? ax2  ay?
3 3 )
R R R
1 3 dydv_ 13 _ v _ 1 3 1y _ ., 13u -
5V 5% (Ff) X TRoy w3 Y (R1) 25 ax:l (11-10)

[————> Y Momentum Equation

The equation of continuity, considering effects of curvature, can be
written as

ou . 3 (R .y o : -
— (R1V) 0 (11-11)

By performing time averaging operation on the terms of equation (11-9) and
§||—1o), the equations for the mean turbulent flow in the wake behind the trail-
ing edge of the airfoil can be derived. These equations can be further simpli-
fied from the consideration of the order of magnitude analysis. The following
time averaged equations can be written after appropriate simplification for the
presently considered wake flow.

-9, R -8 , 1 __ 1 8P . R 1 3Txy 1
—_— e — —_— — = = e — —_— -
U R v y + Ry v S o + Ry » By + Ry P Txy (11-12)
1P _uZ 1y _ R 3Txy i
* oo SR TER TR ox (11-13)
ou ) R =y _ -
ax T 3y (EIV)—O' (11-14)

In the above equations, terms of the order 8/R and of higher magnitude are
retained and the terms of the order smaller than §/R; are eliminated; here§ is
the characteristic width of the wake boundary layer. The shear stress T(x,Yy)
which appear in above equations is the algebraic sum of laminar and turbulent
shear stress contributions, i.e.

T(x,y) = n 'g—;‘DVL'V' . (11-15)

In the further derivation of equations for the wake flow the bar above
qualities, such as u, v, p, etc., will be omitted; however, it will be implied
that they represent the time averaged value at any point in the flow behind
airfoil wake.

Physical Flow Model: Figure |l~-4 shows the physical flow model of the wake
aft of blunt base multi-component airfoil. This flow model was derived from
available experimental data. The success of predicting the complex viscous flow,
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such as shown in:Figure 11-4, for an arbitrary airfoil case by direct solution
of simplified Navier-Stokes equation (il-12), (11-13) and (i1-14) would be
highly improbable, if not impossible. For this reason, the flow model of
Figure 1I-4 is divided into various regions and layers in which the flow be-
havior has certain physical characteristics. For example, experimental
measurements in the channel flow suggest that Region | can be divided into
three Zones L1, L2, and L3. In Zone L1, the maximum circulatory flow is
present as the pressure is almost constant, whereas in Zone L2, pressure in-
creases rapidly to near stagnation value at the point of confluence. In Zone
L3, which is infinitesimally small, pressure decreases at a rapid rate and the
changes in velocity profile shape are quite abrupt. '

From the present experimental measurement in the wake of a sharp trailing
edge airfoil, it is observed that velocity profiles in the individual layers
of Region IV of Figure lI-4 become ''similar! or '"one parameter family' if
appropriate parameters are chosen. |If the characteristics of the flow are
such that it is possible to derive similarity parameters for all layers in
different regions of Figure -4, then sets of ordinary differential equations
for this wake flow can be derived from the governing partial differential equa-
tion such as (11~12), (11-13), and (11-14). These sets of ordinary differential
equations, however compliex, can then be solved by presently available numerical
methods for the solution of the flow in the wake of an arbitrary airfoil. The
discussion of similarity parameters for velocity profiles and generalized
physical parameters for shear stress and pressure distributions in the wake be-
hind single component airfoil will be given in Section IV. However, in the
following derivations of theoretical equations for wake flow behind thin trail-
ing edge single component airfoil section, it will be assumed that such simi-
larity or generalized physical parameters do exist for the considered viscous
flow.

1.3 Theoretical Derivations

Equations for Zone L3 of Region 1: As the presently considered case is for
single component airfoil with the sharp trailing edge, Zones L1 and L2 are
absent; solution for the flow is thus required for Zone L3 only of Region 1 for
this case. Schematic representation for Zone L3 for single component airfoil is
shown in Figure I1-5. Initial conditions for the boundary layer quantities on
upper and lower surfaces of airfoil are specified at Section AA, shown in this
figure; this Section AA corresponds to either trailing edge location or is
situated at the point of incipient separation on the airfoil which is in the
neighborhood of airfoil trailing edge. The Section BB, shown in Figure 11-5,
corresponds to the end of Zone L3 of Region |I. This Section BB is located at an
infinitesimal distance from Section AA; however, due to rapid mixing of boundary
layers of upper and lower surfaces of an airfoil in Zone L3, characteristic
viscous flow quantities such as static pressure, displacement and momentum
thickness and magnitude of minimum velocity U, change at much faster rates in
Zone L3 than in downstream regions of flow. A starting value of U, is obtained
by making a momentum balance at the trailing edge. The use of momentum
integral equation in the following form is made:
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do 8 d Ue
-a;‘*' (H+2) Ug dx

= 0. (11-16)

The parameter and function for the similarity of velocity profiles in Zone L3
are assumed to have the following form, namely,

For Upper Half Wake:

Y - Y2 () Ug, - U ( )
np = 3 n,d =7/ =17

L vy, 17 Uey ~ Uiy

For Lower Half Wake:
Y -y Ue - U
2 L

= ——— f = -18
"2 %Y, o, (n,) Uep - Uy (11-18)

1

By making use of equations (11-17) and (11-18) in the usual definitions for
momentum and displacement thickness, the expressions for these quantities for

upper and lower wakes in Zone L3 can be derived in terms of parameters of equa-
tions (11-17) and (11-18). Thus,

1

Uy
eUpper _ _ 1 _
Wake "‘(Yg YZ) [(Ue ]) J
u
o]

1

Uy '

f(nl)dnl + (-@i- 1)2 Jf(nl)zdnl] (11-19)
Q

1 1

u \ U
8Lower _ _ _ Viy Wy y2 2 -
wake = - rz2-vi) [(———UeL 1) J fn,)dn, + (—-—UeL 17 | £ )%dn, | (11-20)
(o] (o]
U 1
§*Upper _ _ - Wy -
wake = (a-=vo) (1 —Ueu) Jt’(ﬂl)dn1 (11-21)
(]
u 1
§*Lower _ _ _ v _
vake = -y @ UeL)J f(n,)dn, (11-22)
o)

By making use of equations (11-17) through (11-22) in equation (11-16) and
performing needed mathematical manipulations, the following quadratic equation
can be derived for computing the ratio (le/Uea) at the end of Zone L3.

Uy, 2 Uy '
Ay (=97 + A, (D + A, = 0. (11-23)
1 Uea 2 Uea 3
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Where the values of coefficients are determined from following equations,
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and

1 1
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(o]
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1 1
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The variation of the width of the upper and lower wakes in Zone L3 is ex-
pressed by the following growth rate equations,

le

1 ~ =—
U,
Uw,

1+Ue—— s

d—dx- (ya—yz) = C]u . (II'Z‘!)

and,

where Cl, and Cl  are constants and initial values of (y;=-y,) and (y, -y;) for
equations (11-24)and (11-25) correspond to values of boundary layer thickness at
Section AA on upper and lower surface of ‘the airfoil, respectively. The implied
assumptions for the validity of equations (I1~24) and (11-25) are that growth
rate of these layers is controlled by the transverse perturbation velocity and
that the transverse perturbation velocity is proportional to the average gradi-
énts of velocity for upper and lower wakes in Zone L3. Simultaneous solutions
of equations (11-23), (11-24), and (11-25) give the starter values for (Uy. /Ug, )
(y3-vys) and (y, -y;) at the end of Zone L3 of Region 1. In the case of o
single component airfoil, the Regions Il and 11} of Figure I1-4 are not present;
and, thus, these starter values form the initial conditions for Region IV in the
wake behind singie component airfoil.

Equations for Region IV: For single component airfoil, the Region IV ex-
tends from the end of Zone L3 of Region | for a distance very far downstream of
the airfoil trailing edge where the pressure has stabilized to the free stream
value. Experimental data of the velocity profiles for layers 8-5 and 1-8 in
Region [V indicate that velocity profiles in these layers become ''similar' if
the similarity parameters and similarity functions are defined in the following
manner:

For layer 1-8:

Y = Y £(na) Ug - u (11-26)
n3 = o———-—; fn3) = g———g— b=
Y8 Y C UeL Uwe
where U= velocity at any point y in layer .1-8
Ug = velocity at lower edge of wake boundary layer
Uyg = minimum velocity on the locus of Y8 (x)
Yo = distance y in the layer 1-8 where u'="1/2 (Uy, + UeL)
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and for layer 8-5 define:

Y~ VYg Ueu"u

ny = —; f(ny) = ————— (11-27)
y8c YG “. Ueu UWB
' Qhere u = velocity at_any point y in layer 8-5

Ue, = velocity at upper edge of wake boundary layer
ygc = distance y in the layer 8-5 where u = 1/2 (Ue, * Uys) -

In the definition of similarity parameters nj3 and n,, as given by equations
(11-26) and (11-27), the distances Y,c and ygc are used because it is difficult
to determine the exact values of boungary layer thickness from measurements at
large distances downstream of the airfoil trailing edge. The Euler equation at
the upper edge of the wake can be written as:

dp d Ue
=0 e, dx“ (11-28)

whereas for the lower edge of wake, the Euler equation is written as:

d Ug,

Ve, —gx (11-29)

The expression for the transverse velocity V(y) at any point in the layer
1-8 or layer 8-5 can be derived from the continuity equation (I1-11) as follows,

vy) B - y(yey B2

Ju
R1 ax 3 (11-30)

O

Y

radius of curvature of stream line in wake boundary layer at any
point y : ]
R2 = radius of curvature for the locus of minimum velocity y = Y8 (x)
R1 radius of curvature for lower edge of wake boundary layer
V(y8) transverse velocity on the locus y = Y8(x) of minimum velocity

U8(x)'

Applicable boundary layer conditions for the layer 8-5 and layer 1-8 are:

where R{y)

aty =ys: u=Ug, f(ny) = 0, ny = Kiu Cp = Cp(ys), t = t(ys) = 0,

d Pe d Ue
1. u u
and B" ax Ueu "——-dx

at y = yg: u = Ueg, f(ny) = f(nz) = 1, n3 =ny =0, Cp = Cplys),

and V(y) = V(ya)
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and at y = y;: u =Ug, f(ng) =0, Ny 1L

d Pe du
= ¢pyy)s = tly;) = 0, and % == - Ve —. (11-31)

In order to obtain momentum integral equation for layer 8-5, individual
terms of equation can be integrated from y=yg to y = yg. During the mathe-
matical manipulations, use is made of equations (11-30), (11-29), (I11-~26),

boundary conditions (11-31) and Leibnitz's rule. Radius of curvature R for the
wake flow boundary is assumed large compared to the thickness of boundary layer
for the purpose of analytical simplification. Integration of the term
Vs
J'—l-luv d
R Y
Yg

needs some mention at this time. " inorder to perform this integration, the
information regarding variation of integrand in the layer 8-5 is necessary.
Experimental data indicate similarity in-velocity profile for longitudinal
velocity u; however, such generalized information regarding transverse compo-
nent-y. is not available-at the present time. .Under this circumstance, :the
results of analytical solution for Tollmien's (Reference 3) plane turbulent
source are used for the purpose of evaluating this integral. Figure II- 6(a)
shows the schematic representation of Tollmien's plane turbulent source.
_Tollmien investigated the veIOC|ty distribution in the free jet flow which is
formed when the flow of fluid emanates through the narrow rectangular slit. The
x-axis coincides with the axis of symmetry and the y-axis is perpendicular to
x-axis at the exit of the slit. The results of analytical solution, obtained by
Tollmien for the flow conditions of Figure I!1-6(a) are used for the present
purpose as follows: . = .

Yg
1
h, = J ﬁ; uv dy (11-32)
Yg
Let

Ue = U y = y

U '} 8
= ————: g,(f) = ————— and { = ————— (11-33
gl(g) Ueu — Uw8 g2 g) Ueu _ UwB ysc — YB )

when vy =vyg, £ =0, v =y5, & =K, .

Substitution of (11-33) in (11-32) and simplifying,
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S et g =SS

Koy

1y = A (ey) (Uey = Uue) (vsc - ve) J o, () dt
Q

K2u

B R‘—l (e, = Uwg)? (vge = vg) f g,(€) 92(&) d& (11-34)
i

Figures 1i-6(b) and 11-7 show the plots g,(&) and g;(g). g,(&) versus (&);
these curves are obtained from theoretical results for Tollmien's plane turbu-
lent source solution. From the above figures, the values of integrals can be
written as:

K2U K2 u

J g2(g) dg = - .0214  and J 91 (8) go(g) dg = .0065 (11-35)
[¢]

o]

Thus, the momentum integral equation for the layer 8-5 can be derived as

- ag; (YBC = Ya) (Ueu) (Ueu = UWBJ' {. J f(ﬂq)dnl&}
- o}

K]u

-
+ % (Yo = Vg) = (Ug, - UWB)ZJ{ J £2(ny,)dny, }
o]

dyg d Ue
(G (Vug) (Uey = Uyg) + Vey —g— (vs5 = vg)

Ky

due, RS

dx (Yac Ya)'(Ueu' Uwg) { J f(mt)dm;} + V(ysg) Rl (Ueu‘ UWB)
0

Koy

2
A W) (ay=tis) (rae-vy) § | 92(e) ac}
o

+

Koy
- Rr Wy = W) Ugc - ve) | 91() 50)
0
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Uoo2 d 2 2 8
uiha il s [J Cpdy{-——¢Cp (Y8) 3 5~ Cplyg) 3
Ys
(y,) s '
R t(y.) Ty o
8-5 5 8 a1 T -
R1 o ) R J o dy. . (11-36)
YS

ry

If we assume that the rate of growth of the layer 8-5-is controlled by the
transverse perturbation velocity, and — as experimental evidence indicates —
similarity of velocity profile for this layer, then this growth rate can be
expressed by the following equatlon

Uyg
1 - g

4d 4y -y)y=c, — (11-37)
dx 8C 8 2u Uy
1+3 —2
Ue,

where C,, is an empirical constant.

In the manner similar to the derivation of equation (I11-36), the momentum
integral equation for the layer 1-8 can be derived as:

. KiL
- ?:Id7 [(Yg - ch) . (UeL) (UeL- .UWB):I J f(n3)dns}
4

KyL

d |
+ 'a;' [(Ys - le) (UeL_ UWB)Z] J fz(n3)dn3
[o]
d UeL
+ G22) (Uye) (Vep - Ug) + Vo, —t (vg - vy)
du M ’ 8
e o v o -3 “ia
- D) (vg - v,¢) (Uey - Uyg) {J F(n3)dng} + V(yg) o5 (Ue. = Uyg)
(o]
2L 2
+ 3 (o) Wy = Uyg) (Vg = vy0) € [ 9,(6) e
(o]
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Y1
R (ve)  tlyy) Vs
_ =g [Ts T\Yy 1 T
S ) HELY P X dey (11-38)
Y1

Rg_5 and Ry_g, appearing in equations (11-36) and (11-38) can be approxi-
mated as the arithmetic mean values of radii of curvature for the layers 8-5 and
1-8 respectively. The growth rate equation for the layer 1-8 can be written in
a manner similar to that for layer 8-5, as follows:

dﬂ; (vs = ¥,0) = € ———— (11-39)

where ch is an empirical constant.

Thus, equations (11-36), (11-37), (11-38) and (11-39) are four equations
for the simultaneous solution of four variables y;, y,, y3 and Uwg in the Region
IV, which is shown in Figure II-4. These equations can be arranged in a manner
to form the Initial Value Problem. Various single-step or multi~step methods
can be used for the solution of this initial value problem. The most commonly
used methods are the single step Euler method, the single-step modified Euler
method, the multi-step predictor corrector method, the Runge-Kutta method, and
a few others. The choice of a method depends upon the particular problem and
is governed by the desired accuracy, time of computation, core size available in
a particular computer, and other factors.

Equations (11-23), (11-36), and-(ll-38) contain terms such as

S| Ky Ko
J f(n)dn, J £2(n)dn, [ g, (€)gy (E)dE,
(o] 0 ’ [¢]

shear stress terms, terms containing shear and pressure integrals and CP dis-
tributions at the edges of various layers. In order to be able to solve these
equations, however, the values of the above quantities either have to be known
priori and/or more auxiliary equations are required which express the above
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quantities as the functional relationships in terms of dependent variables. As
the viscous flow under consideration is turbulent wake flow, theoretical expres-
sions for the above quantities are not available as in the case of laminar
boundary layers. Recourse is then made to experimental measurements to obtain
empirical expressions for the above parameters by the use of experimental data
for the partlcular flow which is being |nvest|gated This matter is further
d|scussed in Sections |l and IV. '

11}, EXPERIMENTAL WORK

In order to facilitate understanding of turbulent wake flow, which exists
behind the trailing edge of airfoil model, for the purpose of developing an
analytical model and also to check the validity of theoretical predictions, an
experimental program was conducted in the research wind tunnel facility at
Lockheed-Georgia Company. In this section, a brief description is given for
airfoil model, the experimental facility, probes for measurements of velocity
and static pressure profiles, and types of tests. Detailed description of
instrumentation, side wall blowing requirements in tunnel working section, and
data acquisition and reduction is given in the appendices.

t11.1 Description of Airfoil Model

Airfoil model is 15 percent thick and is symmetrical airfoil section. It
is basically the NASA four digit airfoil section with slight modification near
the leading edge. Figure ll1-1 shows the geometry of the test airfoil configu-

ration; the difference in geometry near the leading edge of the test airfoil
from NACA 0015 is also indicated in this figure. Computer program of Reference
1 indicated the existence of laminar stall on the original NACA 0015 airfoil at
a Reynolds number of approximately 1 million. The leading edge geometry for
the test airfoil was arrived at by the use of the computer program of Reference
1 such that turbulent separation near the trailing edge was predicted before
the occurrence of laminar stall prediction on this test airfoil. The above
_phenomena then makes it possible to conduct systematic studies for the flow in
the wake behind the airfoil trailing edge.

~Figure 111-2 shows the comparison between predicted C -, curve of the test
airfoil with experimental measurements. |t can be seen from this figure that
viscous prediction agrees quite well with experimental measurements up to an
angle of attack of a =9° to 10°. Experimental measurements of boundary layer
velocity profiles indicate that turbulent boundary layer separation on the
upper surface of the test airfoil near the trailing edge appears for angles of
attack o greater than 9° to 10°. Theoretical methods which are used in Refer-
ence 1 for computations of aerodynamic characteristics of airfoils are not valid
in the presence of separated flow on the airfoil surfaces. For this reason,
theoretical predictions of lift coefficients differ from experimental measure-
ments for angles of attack o greater than approximately 9° to 10°.
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Pressure distribution for the test airfoil at various angles of attack
are shown in Figures 111-3(a), 111-3(b), 111-3(c) and 111-3(d). Computed
results for potential and viscous pressure distributions are shown in the above
figures and experimentally measured pressures at various chordwise locations on
test airfoils at various angles of attack are shown plotted for comparison
purposes. Comparison shown in Figures !l1-3(a) and 111-3(b) indicate that
theoretical predictions agree quite well with experimental measurements for
angles of attack o equal to 0° and 8°; however, for angles of attack o of 12°
and 14°, agreement between computed and experimental pressure distributions is
not so good because of the existence of turbulent boundary layer separation on
the upper surface of the airfoil. ' :

Figures 1l11-4(a) and 11l-4(b) show the plots of computed boundary layer
development on the upper surface of the test airfoil for angles of attack of 8°
and 12°, respectively; experimental measurements of boundary layer quantities on
the airfoil surface aft of X/C of 0.8 are also shown in these figures. For the
case of angle of attack of 8°, shown in Figure 1l1-k(a), incipient separation
may be present aft of X/C of 0.96 near the trailing edge of the airfoil (as
indicated in this figure by the computed value of the turbulent boundary layer
form factor H which becomes greater than 2.0 near the trailing edge). In this
case the computed values of boundary layer displacement and momentum thicknesses
and form factor agree reasonably well with experimental data. However, when the
angle of attack is 12°, the results of computations of boundary layer quantities
do not agree very well with experimental measurements on the upper surface of
the airfoil because of the presence of appreciable region of flow separation on
it. The boundary layer separation takes place at X/C 2> 0.8 at an angle of
attack of 12° approximately, and for this reason measured boundary layer thick-
nesses are much larger than computed values aft of X/C = 0.8.

The model was mounted vertically in the working section of the tunnel
spanning the 76.2 centimeters test section. The chord of the airfoil model is
29.2 .centimeters. Total of 16 static pressure orifices are provided on the
upper surface and 10 orifices are provided on the lower surface of the model
along Butt Line 0.00, i.e. along the center span of the model. In addition, a
total of 15 additional static pressure orifices are provided on the upper and
lower surfaces at Butt Lines +3.00 for checking the two dimensionality of the
flow on the airfoil model. Table 3-1 gives coordinates and Table 3-2 shows
the chordwise locations of the static pressure orifices on the model.

Forward of chordwise location X/C of 0.7, the model is comprised of a
central load-carrying beam covered by a contoured maple sheli. The shell con-
sists of a solid maple leading edge and upper and lower surface ''skins''. The
leading edge is bolted to the front of the beam. Aft of X/C of 0.7 the model
is made of solid aluminum. A tolerance of +.0127 centimeters is maintained on
the airfoil contour across the span.

I11.2 Wind Tunnel Facility

Experiments for the studies of the wake flow behind the single component
test airfoil were conducted in the Lockheed Research Wind Tunnel facility which
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Table 3=1 = COORDINATES OF THE TEST ATRFOIL

Station,
Percent Chord
X/C x 100

0.00
0.23
0.57
1,14
1,72
2,29
3.43
4.58
5.72
6.87
8.01

10,30
12.59
14.88
17.17
20.60
25,18
30,00
34.33
38,91
43049
48,07
52,65
57,22
62,95
68,67
T14.39
80,11
85.84
91.56
96,14
100.00

SECTION (SYMMETRICAL ATRFOIL)
Airfoil Chord, C = 29.2 inches
Airfoil Section Ordinate

Percent Chord
7/G x 100

0.00
, 1.45
- 2.20
2.87
3,36
3. 76
4.33
4.73
5.00
5.32
5.45
5.90
6.32
6.64
6.93
7.21
T-46
T-50
T-44
7-29
7.04
6.72
6.33
5.90
5.38
4.78
. 4,08
3.35
2.52
1.60
0.77
0.00
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Tube
Number Surface Butt Line _Ig_/c

Table 3-2 - LOCATION OF PRESSURE ORIFICES
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Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upperxr
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper
Upper

Upper

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
+3.0
+3.0
+3.0
+3.0

+3.0

ON THE AIRFOIL MODEL SURFACES

0.00
0.01
0.05
0.15
0.40
0.60
0.65
0.69
0.74
0.78
0.82
0.86
0.90
0.93
0.96
0.985
0.05
0.40
0.69
0.93
0.985

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

41

Number Surface Butt Line X/C
Upper -3,0 0.05
Upper -3,0 0.40
Upper -3,0 0.69
Upper -3.0 0.90
Upper -3.0 0.96
Lower 0.0 0,02
Lowex 0.0 0.04
Lower 0.0 0.10
Lower 0.0 0.35
Lower 0.0 0.50
Lower 0.0 0.74
Lower 0.0 0.80
Lower 0.0 0.90
Lover 0.0 0.95
Lower 0.0 0.985
Lower +3.0 0.35
Lower +3.0 0.985
Lower -3.0 0.35
Lower -3.0 0.90
Tiower -3,0 0.985



is located in the Aerospace Scliences Laboratory of the Lockheed-Georgia Company.
The cross-section of the test section is rectangular having an area of 0.836
square meters with a height to width ratio of 0.7; this results in a test séc-
tion of approximately 76.2 x 109.2 centimeters with a length of 122 centimeters.
This wind tunnel is a closed circuit, single return, low speed wind tunnel and

Js powered by a 400 horsepower synchronous speed induction motor driving a 183
centimeters, 10-bladed, single stage axial flow fan. The fan speed can be varied
over the range from 0 to 1150 revolutions per minute by means of an eddy current
clutch. A standard friction brake rated at 103.7 meters kilogram torque will
bring the fan to rest from full speed in less than 15 seconds.

The velocity range of the tunnel with an empty test section is 0 to 91.5
meters per second resulting in a maximum dynamic pressure of 508.3 kilograms
per square meter. The dynamic pressure variations in the test section can be
maintained within approximately 0.1 percent during a boundary layer survey
which typically takes about ten minutes in this test facility. With the present
screens, the turbulence factor is less than 1.3 based on turbulence sphere
measurements. At a dynamic pressure of 293 kilograms per square meter, the
nominal Reynolds number is .%39 x 10% per meter of chord length. A general lay-~
out of the test facility is shown in Figure 111-5.

Figure 111-6 shows the variation of static pressure along the test section
centerline at various free stream dynamic pressures. This figure shows that
the static pressure at the location of the quarter' chord of the model is within
about 3 percent of the static pressure at any other location on the model center-
line. The calibration done at the location of the model quarter chord was used
in reducing data from these tests. This calibration is shown in Figure I[1-7.

The test section is equipped with blowing boundary layer control slits on
the ceiling floor. The auxiliary air, for boundary layer control on the test
section side walls, is provided from the storage tanks which are capable of
delivering alr at a maximum pressure of 22.73 kilograms per square centimeter.
A regulator reduces this pressure to 11.23 kilograms per square centimeter, a
few meters from the test section. This air is further throttled to a desired
pressure in the plenums for boundary layer control slits.

The boundary layer control slits, which are located on the ceiling and the
floor of the test section, are 77.2 centimeters wide and .0635 centimeters high.
These slits are located approximately one chord length upstream of the model
leading edge. The heights of the blowing slits can be varied from .0254 to .25k
centimeters. Relatively high velocity air is introduced through the slits into
the tunnel floor and ceiling boundary layers such that boundary layer separation
Is prevented on these side walls when the given model is in the tunnel at a
given angle of attack with respect to the free stream. When the angles of
attack for a given two-dimensional model in the tunnel is increased from low
values to high values corresponding to CLMAX condition, the boundary layer sepa-
ration on the tunnel side walls occur upstream of the model leading edge due to
the presence of adverse pressure gradient in the flow direction. |If the above
. flow separation is present, then the reliable two-dimensional data cannot be
obtained, especially near the CLMA conditions. The method used to determine
the proper amount of blowing and tée desired pressure ratio required to elimi-
nate this boundary layer separation on wind tunnel side walls is discussed in
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Appendix A. Figure 111-8 shows the details of the boundary layer control
system used for the present study contract.

I1§-3 Special Instrumentation - Pressure Probe, Hot Wire
Anemometer and Probe Drive Mechanism

Measurements of flow in the wake as well as on the upper surface of the
test airfoil in the vicinity of the trailing edge were performed by the use of
pressure probe and hot wire anemometer probe. In the case of sharp trailing
edge airfoil, flow measurements in the airfoil wake were performed by use of a
special type of pressure probe, whereas in the case of test airfoil with 1
percent thick trailing edge, hot wire anemometer probe was used for wake flow
measurements. In the case of blunt trailing edge, the velocity profiles have
reverse flow or negative velocity associated with them up to some distance
downstream of the trailing edge. Hence, in this case, pressure probe alone can-
not be used for determination of flow quantities in this region and hence addi-
tional instrumentation, such as hot wire probe is necessary for the determination
of flow associated with reverse fiow velocity profiles. The following paragraphs
give the brief description of these two types of probes used during the experi-
mental program of the present studies. The details of the additional instrumen-
tation, used for acquisition and reduction of experimental measurements is given
in Appendix B.

111.3.1 Pressure Probe: Measurements of static and total pressures in the
boundary layer, for the purpose of determining boundary layer velocity profiles in
the wake of test airfoil as well as on its upper surface, were made using the
specially designed three element probe shown in Figure I111-9. For the purpose of
developing accurate mathematical model for the calculation of wake flow and
profile drag of airfoils, it was desired to know the true variations of static
pressure distribution across the boundary layer of the airfoil wake at various
chordwise locations. Hence the selection of the probe tip design for the
measurements of total and static pressures in the viscous flow in the wake was
based on the following considerations.

1t is known that it is relatively easy to measure an accurate value of total
pressure in the flow with little effect arising from incidental variation in flow
conditions. On the other hand, the selection of hole positions on the probe for
the measurements of static pressure in the flow is much more difficult. This is
so because it is observed that the measured value of the static pressure in the
flow is very sensitive to any parameters, e.g. pitch angle of the probe, local
flow direction in the flow, conditions of the boundary layer on the probe, prox-
imity of static pressure holes on the probe to solid boundaries and several other
factors. The above difficulty can, however, be overcome if it is possible to
derive the value of velocity in the boundary layer from measured pressure dif-
ferences arising between holes which sense pressures greater than the local
static pressure but which show negligible sensitivity to the above~mentioned
parameters. A simple relationship for dynamic pressure then stil] holds good and
can be expressed as,
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3 ou2 = K (P = Py) (111-1)

where p = density
u = local velocity
P, and P, = pressure sensed at different hole positions, and
K = calibration factor and may depend on wind speed.

Probe tip design which has been fabricated in order to remove the above-
mentioned sensitivities, and hence to be able to measure local velocity and
static pressure to desired accuracy are shown in Figures 111-9 and 111-10. The
upper and lower right-hand elements are designed to measure both statjc and
total pressures. The lower left-hand element is designed to measure total
pressure only. The total pressure tubes on the lower element thus provide a
check or comparison. The upper element is used when the thickness of boundary
layer exceed 7.62 centimeters.

The left-hand, or total pressure, element is constructed of 0.0508 centi-
meter diameter stainless steel tubing which has been flattenee at the end as
shown in Figure 11i-10. Measurement of total pressure within .01015 centimeters
of the model surface are possible with this arrangement. The two side orifices
were tied together and used to measure static pressure in the boundary layer.
They were formed by beveling the side tubes 30 degrees as shown in Figure 111-10.

The beveled tubes on the upper and lower elements measure the pressure
which is proportional to the difference between total and static pressure and
this measured pressure is related to local dynamic pressure by a calibration
factor. Thus, a calibration of the probe reading versus true static and total
pressure is necessary. Calibration of the probe was accomplished in the wind
tunnel using the pitot tube shown in Figure 111-11 as a reference. The cali-
bration curves for this probe are shown in Figure IlI-12. The above calibration
was performed in the absence of the solid boundary and therefore the correction
due to the presence of wall proximity has to be used when velocity profile
measurements near the solid surface are desired. It has been found by MacMillan
(Reference 4) that, for a pitot tube of ratio d/D = 0.6, the measured value of
total pressure is less than the true value when the probe is nearer than 2D to a
solid boundary; here d is equal to internal diameter of the tubing and D is
equal to outside diameter of the tubing for the total pressure tube. This wall
proximity correction curve, which is obtained from Reference 4, is shown in

Figure 111-13. Thus, total pressure, static pressure, and dynamic pressure at
a desired point in the boundary layer is determined from measurements by probe,
which is shown in Figure 111-9, as given by the following expressions:

Prc = Pr*+ Prye

=1 w2 = -
q =7 eu? = K (Pr_ = Pyp)

Psc = P1c = Ke (Pr_ - P12)
=/ 2 :
u= P /RT

50




T R TR ETER

g _:~..:__ ;'-‘_—_z 0508 cm.

.o T =5 :

A= el - e it e he e e Lo

. .- - P : Lol .

: 14 R . Soa .

PR i clal e - . . Sl I . .

H N PR LT o . ~
' P Do R e
1. _..--....._...'._-"_': ) - ._..L- . P - '.._
- o - N

PR S PRI

Pres . . P

Py

. : - .

N SR <r/;r/\, PRE “SUR: PROBE TIP

- A

FIGURE III-10 - DETAILS OF BOUNDARY LAYER PROBES
51



e S

CES

¢ PRESSURE ORIFI

T
s

FICE,

27 CM DIAMETER

1
< TOTAL PRESSURE ORI

igure III-11 - CALIBRATION PITOT TUBE

F

e



70

L0

[
(V)

40

30

BOUNDARY LAYER PROBE PRESSURE/ REF

)

qREF_' =-h.88 KILOGRAM/SQ. METER

STATIC PRESSURE

TOTAL PRESSURE

10 20 30 “40 K17 &0 70

PITOT TURE PRESSURE/ YRR

FIGURE III-12 - BOUNDARY LAYER PROBE CALIBRATION

53



2.2} _ LT S I .

'''' o . ' 1._72

. o o . Y = Percent -2-Qu to be

2.8 - s . .
- SRR - added to pitot reading . -

2.4

1.¢ | o ZD.]_'
Y NN\ \ NN NN\

b2

081

0-4

0 0-4 08 2 .6 2o

2

FIGURE III-13 - WALL PROXIMITY CORRECTION FOR TOTAL
: PRESSURE TUBE MEASUREMENTS

- 5h



pr b . i}

where PTC = corrected value of total pressure
Pt = total pressure measured by total pressure tube P and
corrected by the use of Figure [11-12
PTwc = wall proximity correction from Figure (11-13
Psc = corrected value of static pressure

KcL = calibration factor for obtaining static pressure from measured
pressure by beveled tube Py, by the use of curves in Figure
CbH-12

u = local velocity in boundary layer
R = universal gas constant

and T = absolute temperature in boundary layer.

111.3.2 Hot Wire Anemometer Probe: The hot wire anemometer is a very desir-
able instrument for the analysis of the micro structure of the velocity of a
streaming gas or liquid. Measurements of the micro structure of a stream require
a very small sensitive element having a short response time, sufficient sensi-
tivity and little disturbing effect on the original stream. The sensitive
element is a thin electrically heated wire suspended between two needle points
or a thin electrically heated metal film fused to a glass support. Figure
111-14 shows the sketch of hot wire anemometer probe; also shown in this figure
is the enlarged view of the single sensor and sensor support used during the
present investigation.

The use of a hot sensing element for measurements of particle velocity in
fluid flows relies on laws governing convective heat transfer. These laws are
generally too complicated to permit a theoretical calculation of the relation
between the particle velocity and the heat flux from a probe, and the relation
must therefore be found experimentally using laws of similarity. The expression
for the heat flux for the two-dimensional heat transfer in an incompressible
potential flow is given by

Q= Ky {1 + ¥ (2mpCpdU/K)} (T - Tp) (111-3)

heat flux

thermal conductivity

length of wire

density of fluid

constant pressure specific heat of fluid
diameter of wire

flow velocity

film temperature

To = fluid temperature.

where

Q
K
L
Cp
8
u
T

For thermal-equilibrium conditions, the rate of heat loss from the hot wire
must be equal to the heating power generated in the wire by the electric current.
i.e. it must equal to I12R/J. Thus, from the point of view of hot wire anemometry,
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the relation between fluid particle velocity and electrically generated heating
power takes the following form:

R . )
R-Rg 12 = A+B /U {(111-4)

where A and B are constant for a specific probe wire operating in a specific
fluid,

= local velocity

heating current

operating resistance of hot wire

resistance of hot wire at fluid temperature.

u
l
R
Ro
However, empirical formula for the heat loss from a hot wire is generally
written as,

R
R-Ro

and the values of A, B and n are determined from calibration. The output of the
anemometer is a bridge voltage V, and the squared voltages V2 and Véz(vo =
bridge voltage when the flow velocity is zero) are linearly related to the heat
loss of the wire at the velocity in question and at zero velocity respectively.
At very low velocities, the heat loss due to forced convection is a minor part
of the total heat loss, resulting in a typical calibration curve shown in Figure
411-15(a). In cases where measurements of high degrees of turbulence are con-
cerned, such as in wake flow behind airfoil, or where large series of measure-
ments are to be performed over a wide velocity range at a great number of points,
such as in the case of boundary layer measurements over the surface of an air-
foil, it is necessary to linearize the anemometer output voltage in order to
avoid nonlinear distortion and ensure rational operation. Figure 1i1-15(b)
shows the plot of anemometer output voltage versus flow velocity made in con-
junction with hot wire anemometer.

12 =A+8 (u)" (111-5)

There are two modes of operation for the hot-wire anemometer, namely, (i)
constant-current operation and (ii) constant-temperature operations. The
constant current operation has the advantage of simpler electronic circuitry,
however, constant temperature operation is more suited for measurements of
fluctuations of high frequencies such as turbulent flows and measurements of a
boundary layer where velocity varies from essentially zero near the wall to
large value at the edge of the boundary layer in a small boundary layer thick-
ness. Another advantage of constant temperature operation is the possibility
of obtaining greater flow sensitivity using high overheating with no risk of
probe burn out owing to sudden velocity decrease. For these reasons the constant
temperature operation for hot wire anemometer was used during the present
experimental measurements in the case of blunt trailing edge airfoil test. The
constant temperature operation is briefly described in the following paragraph.

Figure 111-16 shows the schematic diagram of the principle of constant

temperature operation. The idea behind the constant temperature system is to
minimize the effect of thermal inertia of the probe by keeping the sensitive
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element at a constant: temperature and using the heating current as the measure
of heat transfer and hence velocity. The principle requires a sophisticated and
well-designed electronic system, and it can be explained with the aid of Figure
111-16. Under conditions of bridge balance a voltage is present across the
vertical bridge diagonal. This voltage is supplied by the servo amplifier. A
slight change in the convective cooling of the sensor will cause a small voltage
to appear across the horizontal diagonal. The latter voltage, after having
undergone considerable amplification, is fed back to the vertical bridge dia-
gonal, its polarity being selected so that it will automatically balance the
bridge. In this way the temperature variations of the hot wire are kept
extremely small.

i11.3.3 Probe Drive Mechanism: Boundary layer surveys, both on the upper
surface of the airfoil as well as in the wake behind airfoil trailing edge, were
obtained by using an automatic probe drive unit to position the probe at pre-
selected heights above the model surface. This unit, which is shown in Figure
111-17, was mounted on the outside wall of the test section with the probe
extending through the wall into the test section. Figure {11~18 shows the
typical model installation in the wind tunnel facility and the boundary layer
probe arrangement. This boundary layer probe can be located at any chordwise
location on the airfoil as well as in the wake aft of the airfoil trailing edge.
This probe is driven in the direction perpendicular to the local airfoil contour
or normal to the airfoil chord line extended in the airfoil wake. The probe
drive units consist of a 28-volt gear motor, lead screw, drive nut, and position
potentiometer. A maximum of 50 pre-selected probe positions may be input to the
data acquisition program. During the run the program will signal the gear motor
to drive the probe assembly to each position in sequence and pause while the
data are read by a scanivalve and transducer located outside the test section.
Minimum increment of probe travel is .0318 centimeters. Maximum travel is 8.9
centimeters. Limit switches are provided to protect the mechanism and prevent
the probe from crashing into the model.

A multi-post scanivalve and pressure transducer were used to read the probe
pressures. The transducer is rated at 0.175 kilogram per square centimeter
differential.

J11.4 Data Acquisition, Reduction and Analysis Technique

Figure 111-19 shows the schematic diagram of the system used for the
acquisition and reduction of the raw test data. The heart of the system is a
Lockheed Electronics MAC 16 computer. The raw data was made available, in an
abbreviated form, on teletype for outline monitoring of the test, and in its
entirety on paper tape using a high speed punch. Final data reduction was
accomplished on a Univac 1106 Central Computing System with remote access
terminals. General description of Data Acquisition Unit and MAC 16 computer is
given in Appendix C. In this section, however, main equations used in the
reduction of data are given and the technique and the computer program for the
analysis of data in the airfoil wake is described in brief.
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FIGURE III-18 - MODEL INSTALLATION - FRONT VIEW
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1i!.4.1 Data Reduction Equations: Tunnel conditions acquired at each data
point consisted of the dynamic pressure q;, the total pressure Hp, and the total
temperature Tp. In addition the barometric pressure Pj is obtained from a
thumb-wheel switch input. These conditions are corrected to free stream condi-
tion using standard procedure.

An initial estimate of the free stream Mach number,

2 _ A i
Yest = 57 7, (1 + 000171 o) (111-6)

from which the compressible dynamic pressure is,

a=ayn (1+K(2-M_)) (111-7)

where K is the solid blockage factor calculated as,

5 -
K= Te K(IIT-:: yi7e— * :f:zh Cest O'SW:D'"C. (111-8)
est est
where K; = wing blockage shape factor
T = blockage correction factor relating model span to tunnel width
V,, = model volume (cubic feet)
C; = tunnel cross-sectional area (square feet)
Cp, = model drag coefficient
¢ = model chord
and Wy = tunnel width (ft)
The free stream total pressure is
S (111-9)

where Ky, and Ky, are airstream calibration constants for the test section.

The free stream static pressure, mach number, static temperature and
density can now be calculated as,

=PT_—q

o© oo

PT \-286 ¥y
=)

Ps

(-]

6h

e



Ty + 459.6
° 1+ .2 sz*

Pt | '
o = -0005826( —= : : ' (111-10)

The- finally reduced data assumes - nncompreSSIble flow conditions and are there-
fore based on

©
Il

qQn = (rre=-11)
o M2 M MO

5 * o T Tooo

and

24 2.
po =p, (1 - .2M7) >,

Denoting the static pressure measured during the surveys as Pg then,
P - P
Cp = —= (111-12)
9%

from which the local Mach number and density are obtained...

1 +0.2 sz a2
Me = |5 1 (111-13)
.286
(1 + .7 sz p)
and
2
1 + .2 M_ 2.3
Pe = Po “_—____—E
1T+ .2 Me

I11.4.2 Data Analysis Technique: A computer program was formulated for the
data analysis of the experimental measurements obtained in the viscous flow in
the wake. :Experimentally measured variations across the airfoil wake, values of
total pressure, static pressure, ambient temperature, free stream dynamic head
and barometric pressures at two closely spaced X locations constitute the input
to the computer program for the data analysis. This program then calculates
and prints out the following information: :

(1) nondimensional velocity profiles at two stations,

(2) shear stress distribution across the viscous layer between two
stations,
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(3) mixing length distribution, eddy viscosity ratio distribution, and
slope of the velocity profiles at various y locations for the
station between input stations X; and X,,

(4) turbulent dissipation or shear work integral, displacement thickness,
momentum thickness and energy thickness at both stations,

(5) similarity parameters for velocity profile and values of similarity
functions at both stations, and

(6) wvarious integrals at each station, such as

Y Y1 5 Y1
u u u
J Us dy, J (Le) dy, u(y;) J Uo dy ,
[s] [e] (o]
and Y,

ulyy) - f wY dy
1 ) Ue ’

where y; is any distance above the lower edge of wake in the viscous region and
U(yl) is the velocity at distance y above the lower edge of wake.

In order to calculate the shear distribution, eddy viscosity ratio and
variation of mixing length across the airfoil wake the use of the following
basic equations was made:

Y
]
oV == | 260 ay + oo (111-14)
o
du, o du_ 3, 3 ]
Pu3x * Pv gy x| 3y (111-15)

Y

The Euler equation at the upper and lower edges of the wake is given by

EzEL = - U EEEE- dPeu = = u EEEE. (111-16)
dx Pel YeL Tdx ’ Tdx Pey Yey Tdx  *

By integrating equation (I11-15) from y=0 (lower edge of wake) to y=y;,
making use of equations (lll-14) and (111-16), and using Leibnitz's rule and
integration by parts, the following equation can be derived after some
algebraic simplification:
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em g em J\ ©m em €n/\"enm
[ V) 2 P
+ f[0-5)( em J o W} (e} e 1y
Uep/\ dx Pem /\Ven Uen/ Pem
.0

G ) - (o)) -

Y1
dp
0.5 _1_ P _ _°L -
+(Uem2 pem)oj(ax dx )dy (re-17)

in the above equation the symbols have the following meaning:

y; = distance above the lower edge of wake
Ue, = average velocity at the lower edge of wake for stations X; and X,
Ueu = average velocity at the upper edge of wake for stations X and X
U, = 2 (UeL + Ueu)

Yo = lower edge of wake
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Vo, = Yy component velocity at lower edge of wake
Pe, = average value of pressure at the upper edge of wake
Pg = average value of pressure at the lower edge of wake

pey = average value of density on the upper edge of wake between
stations X; and X,

Pe, = average value of density on the lower edge of wake between stations
X]_ and X2

Pep = tlpe, + re))
T(yl) = value of shear stress at y = y;
T(yok = value of shear stress at lower edge of wake

=0

The right-hand side of equation (111-17) was programmed to compute shear
stress T(y.) at various distances, y;, above the lower edge of the wake. Values
of shear''l'stresses at the lower and upper edges of the wake were assumed to
be zero. The'same equation and the same numerical procedure was used to com-
pute shear distribution, eddy viscosity ratio and turbulent dissipation in the
various regions of the wake flow behind the airfoil trailing edge.

-111.4.3 Determination of Profile Drag from Experimental Measurements in
the Wake: The expression due to Betz, Reference 11, for the computation of
profile drag of airfoil from the measurements of total pressures and static

pressures across the wake behind the airfoil is given by:
PT_~ PT(y) T - Pr
Cn = {_29._____2_} d (y/ .,.J {
D I q (y/c) q_
PT(y) ~ Ps(y))*} Pr-Pse)\2
S q { R
PT - Pg 3
+( (y) _ (y)) _2}]d (y/<) (111-18)
where Cp = profile drag coefficient of an airfoil
PT = Py = total pressure of free stream
© e
Ps(y) = static pressure across the wake
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T =t R T e

free stream dynamic head = iquz

9, =
P_ = free stream static pressure
C = airfoll chord

If static pressure Pg, . in the above equation (I111-18) is assumed to be con-
stant and equal to théy}ree stream static pressure, the eguatiqn (lj[r18) can

be simplified to,

Cp = J{- 2<PT(Y()1 _ P°°)+ 2(PT(;/) ) P“)i}d (y/c) |

(-] oo

or
u \? u u u
CD= ZJ- '(E:) +(U:)d Y/C=2JI(1-I)d Y/C
or
=22
=22 (111-19)
where 6 = momentum thickness in the wake far downstream of airfoil trailing

edge where static pressure has stabilized to the free stream value.

'|||,5 Types of Tests:

Experimental data were obtained for model under two conditions, namely (i)
sharp trailing edge airfoil, and (ii) blunt trailing edge airfoil. In the case
of blunt trailing edge airfoil, the trailing edge thickness was kept at 1 per-
cent of the airfoil chord. Airfoil chord ¢ is equal to 29.2 centimeters and
the value of the maximum thickness of the airfoil tested is 15 percent. The
chord of the blunt trailing edge airfoil is approximately equal to 0.975c where
c is the chord of the airfoil with the sharp trailing edge. This is shown
schematically in Figure 11i-19 which also shows the coordinate system under
which measurements are obtained during the tests.

All the measurements taken during the tests were obtained at free stream
Mach number of approximately 0.2 and free stream dynamic head of 60 psf. These
.conditions would correspond to the free stream Reynolds number -during the tests
of approximately 1.3 to 1.4 million based on the chord of the airfoil. Measure-
ments were obtained at angles of attack between 0° and angle of attack corres-
ponding to the occurrence of incipient separation on the upper surface of the
airfoil in the neighborhood of the trailing edge; the latter condition corres-
ponds to o = 10.8° for the test airfoil. Measurements taken during the tests
can be classified by two categories namely (i) measurements of pressure dis-
tribution on the surface of the airfoil and (ii) viscous flow measurements.
Measurements of the viscous flow were obtained both on the upper surface of the

69



airfoil in the neighborhood of the trailing edge as well as in the airfoil wake
at several chordwise locations.

In the case of test airfoil with the sharp trailing edge the viscous flow
measurements were obtained by the use of total-static pressure probe which is
shown in Figure [11-9. For the test airfoil with the blunt trailing edge, the
viscous flow measurements were obtained by use of hot wire anemometer probe
which is shown in Figure Iil1-14, Figures 11§-20, 111-21 and 111-22 show the
plots of measured pressure distributions and loci of minimum velocity for the
airfoil with the sharp trailing edge. Boundary layer surveys in the airfoil
wake have been obtained at x'/c locations shown in Figures 111-20, 11{-21 and
111-22 by triangular symbols. These measurements are tabulated in Table 3-3
for sharp trailing edge airfoil. As seen in this table these measurements at a
particular chordwise location x'/c in the wake consist of values of (i) total
pressure Py, (ii) static pressure Pg, (iii) free stream dynamic head q_, and
(iv) ratio of u/U°° at several y locations in the wake flow boundary layer.

Figure 1t1-23, 111-24 and 111-25 show the plot of measured pressure distri-
butions on the airfoil surface and the loci of minimum velocity in the wake of
blunt trailing edge test airfoil. Boundary layer surveys are obtained, by the
use of hot wire anemometer probe, at the chordwise locations s'/c indicated by
the triangular symbols on measured loci in the above figures. The boundary
layer surveys consist of measurements of u/U, or u/Ug and q, for several y
values and for a given chordwise location x'/c. These measurements are
tabulated in Table 3-4.

IV. RESULTS AND DISCUSSION

In the previous section the description of experimental facility, type and
number of experimental measurements and the computer program for the analysis of
the fundamental wake flow parameters was given. From the output of this computer
program various physical parameters for the flow in the wake of single component
airfoils are studied. The relationships among various physical parameters, which
appeared in theoretical equations of Section |l, are derived and described in
this section. Establishment of these relationships between various physical
parameters is of vital importance for the prediction of drag of arbitrary con-
figuration single or multi~component airfoils by the generalized theoretical
method such as described in this report.

iV.1 Presentation of Typical Measured Experimental Data

Figures IV-1 through IV-5 show the measurements of velocity profile on the
upper surface of the test airfoil with sharp trailing edge. These measurements
were performed by use of total-static pressure probe combination shown sche-
matically in Figure 11[-9. This type of boundary layer measurements on the
surface of the airfoil were obtained for the purpose of determining (i) the
approximate location of the point of incipient separation on the airfoil
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S
)

w
91
934
9104
9960
<9508
-
1602
s
127
<6163
3614
<3133
e
4471
4%
4705

Pree Stresm Tota) bressure/q . = 2108.5

Fres Stress Static Preasurs,

- 2084,3

Pree Stress Total Temperature™® = Jo&° &

¥/

045
-O438

2o

hatd

61,35
61.23
6.1
6.
€1.37
1.0
6.2
.z
61.20
61.28
61.20
61.%
61,20
1.
6142
&t.42
.0
61,36
61.47
€128
61.51
6.9
61.20
6.2
61.16
61,33
€1.00
61.03
.51
61.20
61,40
61.26
0.7
({81}
61.%
61,32

Ty

et
2100.5
21085
2108,4
2108,2
21019
2106.3
2102.0
2101,0
3094.5
2093.8
2093.5
20911
7009,0
2087.0
2005.6
2004, 6
2004,2
20M4.3
2005.3
2006.9
2008.9
20%0.8
2092.0
2095.3
20%8.0
2100.2
2102.5
2104.6
2106.1
2101.3
2102.7
2100,2
2108.3
2108,
2108,5
2108,5

to

et
2051.0
2031.0
2051.0
2031.1
2031.4
2052.0
052.7
2053.0
2053.2
2053.5
2033.6
2053.9

Uw

968
~9637
9630

n



72,

Statios 53 Qe = 4.88 kilogran/square weter
a=0.,0°
Pree Stresa Total Pressure/c
Pree Jtream Static Fressure,
Pree Jtream Total Tempersturd

x*/0 = 0.51T3

¥/o oo

. Srer
~.0695 61.46
~.0588 61.34
0469 6146
0417 6118
-0k 613
0304  61.%
~.0N60 a.n

-.an7 61.2¢
-~ 61,13
-0199 61.42
«.0087 6144

~.00%04 6138
congr  61.23
coree  é1.27
on 4.
o1 6130
o7 6%
0061 6.5
008 6149
oM8  $1.49
ome 618
43 6152
K- a.s
0609 61.20
o6y 6%
0695 6138

20,4
M6
n12.1
n2,2
ma.3
2125
2.8
21125

¢ =225 Pree Stress Total Pressure/q_, = 2112.5
¢ = 247.9 Pree Stream Static Pre o = M9
= 305* K Pree Stream Total Teaperature -5 K
?, ~u % Te L/
p I ¥/o - —
et K] Ares Srat et H:_
032,95  .5eeé -.0908 6119  M2S  208L1 .90
7052.9 9626 -.080 61,30 125 0801 .90M
32,9 9768 0695  61.38 211235 ‘20521 .90M1
2053.3 9667 - 0502 61.24 2.3 20521 .90
2053.8  .5408 -0469 6141 21180 W052.3 .MM
2053.85 .92 ~.0417 6142 2100.73  2052.5 9T
2544 -7 -.0%s 61,23 2075 2082.8 .M
20546 .80 -.0304 61,35 2105.25 2053.25  NTT
054.7 M0 ~.0260  61.12 21038  2033.5  .9086
2055.0 .0185 -.on7 61,29  2100.2% 2053.75 .0MGR
2034.9 8026 -0 61.20  2101.2  2084.0 042
W034.7 0 -.0139  61.40 2100.5  2033.93 .M
034,35 431 ~.0007 6134 2099.65 20539  .8k07
2054.1 .90 -.0304 6149 0.4 20538 .9393
2033.7  .ee50 0ON6Y  €1.55  2100.2  J055.6  .e6eY
2055.4  .9208 00T 6142 210,25 20935 O
2083.2 L9404 0921 6151 2100.35 208323 9909
20529  .9%7 01T 6147 1040 2083.0  .908
2520 L9660 0017 6142 2056 20505 .76
2826 97 0261 6158 2107.15 20525 9441
525 .9e27 0304 6156 21006 20521 L9569
20%2.% 5098 0348 61,51 2109.5  2052.0 9653
20325 .9M3 OME 6148 2102 20520 92
2052.4 9068 049 6153 21085 2059 9775
052.4 5088 0521 6141 21104 20518 .9em9
W24 9068 0608 6141 NN.S 08T M7
065 61.50 21125 2051.6  .99%
o7 6140 21125 20516 .99

Station 7} € e * 4,88 wilogrea/square mater
x'/c = 1,187; &= 0.0°

Free Streas Total Pressure/g. . = 2112.5
Pree Stream Static Fressure, ¢ = 0.9
Free Stress Total Temperature - * K

v [ S U N
Srer ret Uer - @

~.0905  61.45 21125 2057 .9ea¢
-, 0800 61.35 21135 2052.7 900y
- 61,37 2112,3 20529 .5851
-.0562 6146 21114  2052.95 .9TTR
- 61,31 2110.2  2033.1  .9458
- 0417 61.37 2109.1 2033.5 <9329

-.0%5 61,35 210T.8  2083.7 .93y
=-.0304 6.3 2106,5 2053.8
-.0260 61,38 21053 20539 .96
-217 634 210405 20340  .9040
-.017¢ %29 2105.2  2054.115 W4y
-.01% 61.45 2102.7 2054.2 e
-.0087  61.28  2102.3  2054.2  .Me62
-.00304 61.21  2101.7  204.1 .86
.00261  61.41  2101.6  2055.9  .Ba2sS
00782 6140 2025 20557  .%927
L

9068

3

01 6144 20306 2053.6 .
L0174 61.35  210M.9  2053.55 . 90H
L0217 6141 21045 20534 .91%
<0261 61.52 2105.5 2053.2 -9243
0308 61.49  2106.7  2053.1  .9357
O0M8 61.42 21077  2052.9 .42
0392 61.55  2108.9 2052.7 .95
0435 61,32 2109.45 20526 9630
0523 61.32 21107 2052.5 <9752
0609 61,38 211L.78 2052.3 <5859
<0695 61,19 12,5 2052.% 9918
ey - 61.26 2112.5 2052.3 <9918




Stataom 1; q
x'/s . .I&I"'r

= 4.88 Xilogram/square metar
aw 8.0

Pree Sureas Total Pressurs/q,. . = 2120.0

Free Stream Static Pressure/q .. =
Pres Sirems Total Tempersture

Pree Trassition

v/e t:
yoda 61,32
g1} 6.0
S .01
3340 f.n
M (18 %)
B} 61,15
<3500 .96
560 n
Jhto 61,10
o 6L
M0 .09
ST 6Lt
e Gt
< £1.09
B 4t.00
~4aT5 61,18

L0

L
2120.0
118.1
2.0
2946
20089
088, t
2.2
2087.9
0043
21009
2%8.3
2M13.8
mre
2119.1
M9,
2120.0

Table 3-3 (Continued)

Station 23 <~ 2,88 Kilogras/square mater Sutioe 31§ . v A.08 Kilvgren/squrre -f."
x'/c » 0.2 «28.0° 5'/8 = 0. 04" «=8.0°
Pres Stresm Toul Prassure/q. . « 2120.0 Pree Suvan Total Pressure/n . = 2117.0
-t | Pres Stream Static Premsure/q . « Pres Stream Statie Prei ¢ = 2%0.8
= 333.5" X Pree Stream Tdtal Temperatlure » 306.1° K Free Atresa Total Temperature - 306X
Pres Transition Fres Tramsirtiem
N N N P T T
Tur iy e Lot Ut Uy ’:- et Yrer hd -
0617 930 M3 6L IO 6L M Mk G e w3 e
20681 9090 2520 61N ZMT.0 06 .94M Wk LM o mes 9e
069.2 0990 293 6128 2170 MLS e WR L4t e w3 e
wm1 0 K0 SN 2NT0 2005 .M oA B o S cont
0000 530 42 L2 21169 206LS .6 SR W NS Mt .
249.9 - 400 10 LM MET 26T .80 SXe 6L e N .98
20688 7,AN0 2 0 87 21162 20610 945 Bl Q. My meT e
0675 .30 X7 6T AU 2060 9M3 SME Y 1m0 e %
b2 00 M0 % 30ns 0.5 13 WP A el mes a8
26,7 7680 U0 KL FIONTS 2060.4 09 MR 643 3mes wms  .pe
20857 830 MR LB AT 60T T S ot ol B e i
66,3 9800, B0 LI oM MO0 TEME 5 6O sk W Nk
0615 9060 W37 ML om0 e Rt o T L o
067.8 R0 D600 61,33 20880 0.2 .ETH S 6.0 1956 WsE e
0684 .50 M0 Sla3 085 20603 L6 P O Bos  wRe M
0604 570 693 €A1 WSt 20605 JTESY P GO e RN D
SO 614 20965 20606 768 0 AT TS N M
M0 6Ly 21053 2040.8 B3O 4000 fLE IOk WM. e
900 61.43 .G 060 L8R 4003 Q33 e WN.S
995 €129 21158 20613 .M WP LN 21U WA
400 6L 29164 20613 9300 o Sy nse o4 B8
43 Gf.g 2117.0 20612 .9310 W Gl Ny wN.3 98
4260 61.31  2117.0 20610 ~ .9%07 - “.0n 2.0 OND 9P
430 6130 21770 20610  .38M} A3 d 170 W3 | NP
AB 621 21170 20610 .95 M0 6 M0 WR.1Y
SE5pn rur = 9 hjogmntocurs e S Sgper = % Bjograoeurs mter
Fres Stream Total Pressure/c y " 2117.0 Pres Stream Total Pressure/ r - 2117.0
Free Stream Static Pressure/Qr, . » 2050.8 Pree suvam Static Pres g = 2092
Free Stresm Totsl Tempersturs - 308° X Pree Stream Totsl Tempersture - 312.8° K
Pres Transition Free Trasition
b S " S * I
/0 Gl el C O /e % ¢ = g:-
R0 61,40 2117.0  2060.3 .98 <5400 . 1.0 0503 90
2925 &1.3¢ 2117.0  2060.3  .9584 B 7 L NT.0 205805 .90
.5100 61.35 2117.0  2060.3% <959 <0 L1 M0 209805 .0
TS §1.27 8.7 20%9.9 97 50 6.1y 7.0 8O ~008
5450 61.55 1IM.4 20596 2 <38% .21 2155 W01 N )
3540 £1.3%  M2.3 0.3 92N N 111 61,23 21155 2050.13  .95ER
3625 6140 21005 2.5 .m0 4000 s 0. WIS e
JaT10 $1.2% 210m.2 W45 83 14085 .35 2n08.5 058,13 .90
3000 6.3 20094 2094 .M0Q) 07 24 2063 20503 .M
<30 1.3 2008.8 00.Y) .79 <4260 61,30 2130 2083 E00
309 6.% 0090 20M.3 . 4350 6152 21043 JO%.3 LW
930 61,08 20993 2059.23 .67 s G119 200 0W.T W0
97 L0 200 2582 N2 1S 6l 2003 2087 .60
<4015 61.23 2101.0 20%.2 S Sh10 0 NSy RN .am
4063 626 21022 2059.15  .aM3 4700 $.1y 20T W3 .ewp
A0 62 210 2039.15 515 4T85 6L 21098 0M5 .906)
4150 6138 21067  20%.15  .eTé8 4970 61,21 2118 20590 .%o
A2 6126 21,0 2089 360 4950 607 2134 20505 .06
«4300 61,17 211%.85  2053.0 9417 5052 £1.03 214,68 0583 .03
4415 61.33 2115.% 2059.0 9558 5130 §1.0% 2115.6 2058.1 K73
A%00 6123 IN6.3 20530 L9651 5220 620 3.0 2T .90
A0 611 26 5.0 9693 L3300 622 17,0 2059 .90
A0 61T IS 20308 .9T0S 8390 622 7.0 058 .90
AT 6L TNT0 205675 5708
A0 63,21 7.0 2058.75  .970%



7h

Etatiam 1;

Pree Streas Total Pre

Table 3-3 (Continued)

« 4.8 Kllogrmv/aquare
A7e m AT C 1380 meser

Pree Stream Statie Pres.

Free Stream Total Temperstuie

Pree Tremsitiea

y/e Y

Sref

-.006t 61,43
-7 6.y
-0174 6129
-0132 6137
013t 61,49
-.0109 61.42
~.0087 1.3
-.0065 6.3
-.0043 6142
-.002  61.49
0.0 “.»
ooz 6140
ook 6144
<0063 61,41
<0087 €1.53
0131 61
0174 61.47
o0 6140
o061 “.»
0304 6154
OMT e
o3 6L
oM 6143
47T 6150
0522 1M
<0565 1.3
0608 61.60
0851 €.%
0634 6143
o 6151
o1 6142
o 6%
000 6135

S

2

Qrer
an.s
an.s

s
nn.0
2119.7
T
125
2104.5
2096.0
007.5
2000.8
2076.0
o741
073.2
07130
oM4.3
7.3
079.4
2003.0
2087.2
91,7
4T.2
2t0e.8
2108.0
M
21159
mns
11,0
2120.2
an.a
2218
an.s
21218

soure/a . -:;:;.5
- 1

f Mk
ol ~
Uut -
2068.3 -9504
2068, 3 ~9304
2068, 3 <9504
2068.4 5831
260.5 927
0686 MW
2068.6 .45
x68.7 .6
0684 6D
2064,2 <5453
2069.5 4207
2069.9 e
w2 2518
01,5 .20
2000.4 2%
70,1 <613
x99 3T
6.3 o1
x68.4 4703
k4.3 395
89,8 6049
2064.1 6760
2069.1 7403
2064.0 7964
2640 M1
0600 076
2068.5 <0928
0600  .310
673 -2
1672 .9%7
267.0 .40
67.0 4%
2067.0 .40

= 5,00 Kilogres/square meter
ae 10.8°

Pree Stream Total Pressure/q . = 2121.5

Fres Stream Static Pressury,
Pres Stream Total Temperature

Pree Transition

n

et
1.3
1.3
61.42
€133
61.33
.35
6141
61,46
61.29
.27
61,30
146
(3R .]
61.45
61.%
€1.57
61.43
61.49
61.29
61.2¢
6.5
.4
1.9
€1.41
61,49
61.48
6.4
[T}
61,51
€1.32
61.47
61.29
61.27
61.43
61,41

2087.0
2007.5
2008.0
2090.2
2093.3
2097.0
2101.0
2104.6
2108.2
21,7
2141
21163
2118.0
2119.5
2120.4
2120.9
21214
21214
21218
2121.5
2121.5

- 2060,

.15

. 310.5° X
T w
L) e
2067.5 933
2067.5 .93
067.3 .00
2067.5 0641
267.5  .8108
0673 .70
20673 748
061.5 .M
2067.5 6ot
2067.5 G497
2067.5 6203
7.8 e
2068.0  .5740
2068.2 9996
2060.4 5494
068,35 9552
20685 .35
0685 .93
2060.5 6343
20685 6800
0605  (T262
2068.4  .T664
20680 8077
61,7 .51
20675 .%697
20674 .8910
2067.2 .90
2067.0 .3
2066.7  .9338
20665 9399
2066.0 407
2066.0 487
2066.0 495
2066.0 9495
2066.0 9495

Statiem 2, ® 4,88 Kilograay/square seter
/e = oboIT"%

n‘: ;u- Tetal Presswrs/o . « 2121.5
Pros Stream Statie Pre ¢ = 2060,1
Pree Streem Total Temperetwre’ ™’ « 11.1° K
Pree Tramsitiem
) [
o T o %
~.006) 6143 D5 20683 9006
-7 6149 DS WS 90N
0114 6148 2019.0 W66 999
0158 6146 $NT.0 066 .0
0131 6138 MRS 20686 .85
~0M9 6147 2062 W67 MW
-008T 6131 2002 06A7 T8
~006) 6149 MM.2 e .G
-.0043 6138 2007 ;W3 P
-.00n8 6140 2.6 W4 .M
0.0 61.57 2003 2.5 49W
000 6.4 N0 283 NP
Q04 61T WIS mERT N9
0065 6144 WIS Mig.8 .38
~oo8y 6. 2010 2000 .36
o013 . M7 WROo WM
014 6L 2083 20698 434
ORT 613 W7 098 90N
0861 6138 M3 2060.7 .M
<0304 61,371 3940 2605 .0
047 6138 2009.3 20495 690
03 6141 0T W4 BE
O43 6152 MoNe  E.e .06
OSTT 6ha4 20053 206A.T .79
~osee 6143 21039 ;683 .Temt
0365 6148 2WT.6 At VY
0608 6149 2089 s
0651 6149 00 INTT .96
061 61,38 20T 1.3 93
OT 6.3 2 NS 9T
O 6143 DING 0ET.T .9
oM 6143 NS W10 IS
000 6137 NI MET.0 .9480

o= 10.8¢

Statiom 4) top 4,88 Xilogrue/eqsre mter

x'/e = 238,V gu

10.8°

Pree Stresa Total Pressurs/s

Pres Stresm Static Pres
Pres Stresm Total Tewpersturs

Pres Tranaition

wve
et
-, 2060 61,12
-.006 61,18
S00% 61,30
-cor8 61.23
o M
~0t65 (38 1]
-0y 61.26
031 1.0
-ox52 $1.20
«OfT4 61.25
<0296 61.%
L0318 6.0
0M0 6129
031 61.%
<0383 .20
0405 618
4T 6122
<0449 a.n
<470 1.6
05 615
#0557 s
+0601 61,31
<0645 61,54
0688 61.27
O 613
o7 6113
<Oy 6.3
o2 L
<0906 6.2
-0949 €1.17
«0991 6.3
L1035 613
078 61,15
125 LM
A6 6113

A

- 121.%

- 2060.2
- X6.0° K
g
i
Srer ':-
2065.5 .99
2065.3 .99
2065.3 906
065.3 .96
20658 .85
206.0 .19
66.3 .7
w0664 797
0665 .1»
0666 .07
2660 602
2067.0  .612%
2067.0  .6690
W67.0 4TS
061.0 614
67.2 6T
W067.3 6810
2067.3 6909
2061.3 .OW
061,36
067.3 .18
2067.3 1%
67,3 .8
w47.2 B0
267.0 .08
20667 &3
0665  9»
2066.3 .93
2066.0 .99
266.0 9464
2065.7 .95
2657  .95%
2065.7  .95M
2063.5 950
2065.5 .95%0

~




Table 3-3 (Continued)

St 5 = 4,08 Kilegren/square aeter . Station 61 q__, = 4.30 Kilogras/squsre seter -
Ae s 0. PNha 108 . x'/s = 0,5171*a « 10.8°
Prea Sureen Tewal Freesure/d g 7 21205 Pres Stress Towal Preswure/y .o = 2112.5
Pree Sureen Matie Pre per * 2050.3 Tres Stresm Statio Presewe/§l . - 2018.25
Proe Sirven Tl Tesperawrs = « 303 K Fres Stresm Total Temperaturs’® = 308.5% X
Prew Trensitiva , Pree Tremsition
3/a S Fovd l"
. de I g
-8 20650 9506 e TYof - Yt ar -
= wiso .9 C Lm0t 6nms' %S WS .97
-0y L3850 13 - ~.09% 60.95 21195 0615 M7
~-an1 063,030 o1 GL1 nies 2613 omd
etld w0630 .91 LT 61,08 2193 2NLY  .TH
Bong 20650 .t 0191 LI NULY MNLS M
Bt 0830, M0y . : oeTe 6143 5.0 WELE LIS
Eaiid 65,0 0003 05 6.3 L3 LT .M
o W50 P9 L5 6L 2080 ML T
Bl 65,0 TI7 (o495 611 hot2 20600 a8
SOy 063.0 L TMT 59 §1.97 2082 2062,V 06
o 0051 .75 e ;N Waa 8N
Bcad 0633 .THS 0626 6L 0LE MER) 808
B ne e W3 DY o713 .18 20010 2062.3 .74
M 6L 1M WY TN LOW0 61,20 21002 20684 8081
e 1,13 0.3 W8 TN o7 622 2104.3 W6L.4 006
oM 1y R AT LTI L0874 6LI1 1068 20603 M99
o 6M 1ors 6T TS 08 Gy 21102 206R3 .81y
o S 2010 0T L5 AT S8 2128 20600 <50M
Bosed 6.0 1035 2065.5  .M% 129 $1.99 130 20610 996
A0 by gy 25 e AMO 6.0 a6 20605 L9508
o A3 NB3 W6E e0 008 LI 20T 2061L 9601
M Gy aNse 20650 .90% s 6130 MBS 06T .96
oy 6183 2120 06T .M L1588 6115 2119.0 2000 4T
o 613 ey 065 934 160 61,06 2919.2 0608 .9763
S Gun 2 0K MM T eun 2y 20606 w8
M8 6y mw0 WS 0 AM5 61,05 2119.4 20603 9401
MR GLp WS 1L M 2000 61,335 2119.5 0605 .5
B G NERE DA e 2190 V6120 71193 2060.5  .w13
SN O N0 20643 9605
S5 LI NN WELE %R

6.0 NNy W62 965
38} nn.s 2064.2 B ]
nn.s  wig.x 2656
6.0 NS 0642 96

Station 7; . ~ .88 Lilogree/square seter
x'/e = B8 ™% 0 10,8

Pree 3tresm Total Presmre/q ., o 2113.5
Free Stresm Static Preasure/q. . = 2038.25
Pree Siress Total Tewparature - 308.5° K
Pres Transition

s I S S T
et et ez ®
o217 1.1 2119.9 2060.6 -980%
X8 $3.29  2319.5  060.6 (9603
0392 0.5 2119,% 2060. 5 9T
0565 61.51 21180  2060.3  .96M
o1% 61.24  2115.0 20603  .3432
0913 61.15 21108 20605 3061
1000 6328 2109.1 20605  .9907
1086 61.24 2101.z 2060.8  .W707
173 $1.12  2106.0 2061.0 0569
At 61,19  2105.7 2061.0 5%
2% 61,21 Z10%.6 2060.3 .54
<1304 6122 2105.7 2060.8 .02
1348 61,26 21050 20608 .O570
RYL™S €111 2106.5  2060,7 8651
15 61.26 21075 0605 0T
<1608 61,26  2109.4  3060.4 <0943
‘ 61,24 210,88 20603 0T
782 6116  2112.6 2060.2 .93
<1870 61.26 2114.4 2060.1 «941Y
1957 61.07 2115.5 2060,0 <9919
2045 61.22  2116,%  2060.0 Je13
2128 6111 21173 0558 ey
L2320 6113 2118,0  2089.7 L9157
2503 61,08 2118,4 W37 9T
-2%90 61,25 ees 20595 oats
2475 6113 21188 2059.5 9641
2565 $.25 21990 20595 9057
-2740 .27 2119.4 2053.5 R
2823 61.27 My 2059.5 e
L2913 61,26 2119.5 2085 .83




-Table 3-4 - MEASUREMENTS IN THE WAKE OF BLUNT T.E. TEST AIRFOIL
BY THE USE OF HOT-WIRE ANEMOMETER PROBE

‘::;:l-.&i'r‘: m&tiw s‘;liun f.’;'hi.'l‘;:.;:luon i:.;:i:n'g?:-n‘t.t-mlum
g - +98 Eilogrea/aquire mager .88 ilogran/square meter a 4268 K1logran/square meter
¥e HJ; ;::'; ¥/e o = e i"t =
© Yet Srer
-1 910 61.54 SETTY L8710 61,19 -6 8710 6116
=-1078 90 61.48 ~.0965 17 6121 -.0913 L8630 61.21
—ont e e -0 e 6128 0635 .60 6122
et —05% 8o 618 o N
-os® .m0 01T g5 6116 -0m3 .80 612
hadld -.ss 61,45 -.0305 s 6117 -.0217 8040 6116
-.0913 W40 6151 -.0200 .e280  61.04 -.0096 7815 612y
-.0r70 M7 6152 -.0us a5 6Lz -.0052 a0 6119
-.0n26 05 61,43 o113 576 60,99 -.0009 7690 6111
R Lt of ~0061 6328 114 0035 L7680 6120~
-0 .M 6137 -.0044 L6300 614 061 .60 632
=03 0 6140 -.0026 6120 6117 L0078 a0 6Ln
=013 <120 61.29 0.0 6530 6119 L0104 R R
-00%  .6w0 6119 0017 6515 61,05 o2 .7 6.2
-0y .50 6120 o4 630 617 ouE LTS 68
o032 S50 61113 0061 640 6112 L0165 7850 61,11
-0 e 6.3 (0087 .6450 61,08 KN O
-+0009 -0 :"“ L0108 L6451 61,03 .0z08 L7810 611
on e o Sa R -
o061 20 €1.05 o o 6los ol ]
oy [ “ovsa oo .oe18 o025 61,16
0104 B L o217 ROTEEPA 0296 8120 6123
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Table 3-4 (Continued)
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surface and, (ii) to obtain the initial conditions for the purpose of wake flow
calculations by the theoretical profile drag method developed under the present
studies. Figures IV-1 through IV~4’show the results of measurements of
ve]ocity profiles on the upper surface of the airfoil for angles of attack a of
» 8°, 11° and 13°, respectively; chordwise -tocations of measurements are also
|nd|cated in these figures. It can be seen from these figures that, for angles
of attack of 0° and 8° and for X/C 10¢3'tioRs *férward of or equal ‘to 0.9 in case
of o of 8°, the shape of velocity profile is smooth and there is an absence of
scatter in the measured values.; However, for angles of attack o of 11° and 13°,
and in particular for chordwisé location close to the trailing edge, the shape
of the velocity profile is not smooth near the surface as evidenced by the
appreciable scatter in the measured data. The cause of the above phenomena is
found in the ability of total-static pressure probe combination.to measure
reliable velocity profiles under various flow conditions. The pressure probe
of Figure 111-9 is reliable when the viscous flow measurements are made for
attached flow conditions. However, the measurements of velocity profile by
this probe, for the boundary layer which is approaching separation or in
separated flow region, are not reliable and are subject to interpretations.
Hence, the measurements by this probe désign under the abdve-mentioned conditions
can be used for the purpose of qualitative analysis only. However, in order to
determine the position of initial separatlon and the extent of separated flow
region, measurements performed by the present design of the pressure probe can be
effectively used for this purpose by the procedure such as shown in Figure (V-5.
Various investigators have observed from experimental measurements of velocity
profiles that the value of the form factor H at initial separation point for
ordinary turbulent boundary layer is greater than approximately 2.0 and that
exact value of H at separation depends upon surface roughness. Thus, in order to
determine the initial separation as well as the extent of the separation region
from pressure probe measurements, growth rate of integral -thickness, such as the
displacement or momentum thickness, needs to be examined in addition to Form
Factor H. This is done in Figure IV-5 and the following conclusion can be drawn
from this figure:

(1) Separation at T.E. starts at a = 8.0°

(2) Separation at X/C = 0.9 starts at a = 11.5 to 12°

(3) Separation at X/C = 0.8 starts at a = 13.0°

Figures IV-6, V-7 and 1V-8 show the plots of velocity profile measured by
the hot wire anemometer technique. 'These velocity profiles were measured on the
upper surface of Lhe airfoil with the blunt trailing edge of 1 percent thicknesses.
Angles of attac. corresponding to Figures 1V-6, 1V-7 and 1V-8 are 4°, 10.8° and 13°
respectivel, It can be seen from these figures that measurements of velocity
profiles by hot wire anemometer are smooth and reliable for attached boundary
layer flow as well as for viscous flow approachlng separatlon Hot wire anemometer
technique -is unable to give any |nd|cat|on about the direction of the flow in the
boundary layer; i.e., it gives indication only of the absolute magnitude of
velocity. In addition, as the magnitude of the flow velocity approaches zero at a
point in the flow, the relative magnitude of the velocity of fluctuation is large
compared to the mean flow velocity at that point. Under this circumstance the
accuracy of measurements by the hot wire anemometer techniques suffer as low
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values of velocities are approached in a turbulent flow with reverse flow veloci-
ty profiles. Because of the above two reasons, it is necessary to exercise some
Jjudgment in fairing the velocity profile shape when measurements are made with
the hot wire anemometer techniques in a boundary layer flow having reverse flow
velocity profiles. Moreover, large numbers.of data points, in the vicinity of
values of y locations where the zero velocity is approached, would make it
possible to exercise sounder judgment in fairing reversa flow velocity profiles
near the y locations when the values of velocity are near zero and near the wall
where negative velocities are encountered. An example of this type of fairing

is shown in Figure V-8 for value of X/C = 0.965.

An example of the type variations of velocity profile in the wake of the
test airfoil with sharp trailing edge is shown in Figure IV-9. These wake
surveys correspond to an angle of attack o« of 8° and when transition on the
lower and upper surfaces of the airfoil were fixed at 10 percent chord by the
use of grit strips. The wake surveys shown in this figure were performed by the
use of total-static pressure probe comblnatlon shown in Figure 111-9. Near the
trailing edge the rate of increase in minimum velocity U, with respect to the
distance X'/C is quite large compared to the large distance downstream from the
trailing edge. This figure also points out that the rate of variations in the
width of the wake is small at a far distance downstream compared to near the
trailing edge. It should be mentioned that this figure is not plotted to give
true relative y locations for velocity profiles at different X'/C locations but
to indicate relative shape of the velocity profiles at different X'/C locatnons
in the wake behind the airfoil.

Figure IV-10 shows the example of experimentally measured variations of
momentum thickness and form factor in the wake behind the sharp trailing edge
test airfoil. The data shown in this figure are for an angle of attack of 8°,
for conditions of free transition on the airfoil surfaces and for free stream
Reynolds number of approximately 1.3 million. It can be seen from this figure
that values of momentum thickness and form factor decrease in the downstream
direction in the airfoil wake and at far distance downstream in the wake their
values become approximately constant.

Examples of typical measurements of static pressure distributions across
the airfoil wake behind the sharp trailing edge test airfoil are shown in
Figures Iv-11, [V-12 and IV-13; corresponding measurements of velocity profiles
are also shown in these figures. Figure IV-1t1 is for angle of attack o = 0.0°,
IV-12 is for o = 8.0° and fixed transition on upper and lower surfaces of the
airfoil; and Figure 1V-13 is for o = 10.8°. Measurements shown in these
figures indicate that static pressure is not constant across the wake but has
an approximate parabolic variation. These figures indicate that static pressure
has a higher value at lower edge of wake and lower value at the upper edge of
wake for angles of attack greater than zero degree. |In addition, it is seen
from these figures that the maximum value of the static pressure in the wake
occurs in the vicinity of y location correspondlng to minimum velocity point in
the wake velocity profile.

Figures IV-14, 1V-15 and 1V~16 show indirect measurements of shear stress

profiles at angles of attack of 0° and 10.8° and at few chordwise locations in
the wake behind the airfoil trailing edge. These shear stress profiles are

94




S6

y/CReF

11

10

FIXED TRANSITION AT 10°% CHORD‘

ALPHA = 8° _
CRer = 2.5k Centimeters
Q 8
o
Xt 20172 X/o 20.258 Xf = 0.344 % Xt =0.521 Xt =0.885
0.6 1.0 0.6 1.0 0.6 1.0 06 1.0 0.6 10 0.6

U
Vo

FIGURE IV-9 - WAKE SURVEY FOR SHARP TRAILING EDGE TEST AIRFOIL
WITH FIXED TRANSITION AND ANGLE OF ATTACK OF 8°

R a3 ]



96

ALPHA = 8° FIXFNn TRANSITION AT 10°% -  CHORD
CREF = 2.54 Centimeters
11
.
Pﬁ
10 Q
9
. &%
W 1
o,
<
> 8 }
i
7
i i
’ g P ’
x/c: 0 i %& =0.017 % z0.044
6 |
0.2 0.6 1.0 0.2 0.6 1.0 0.2 0.6 1.0.
U/ -
U

FIGURE IV-9 - WAKE SURVEY FOR SHARP TRAILING EDGE TEST AIRFOIL
WITH FIXED TRANSITION AND ANGLE OF ATTACK OF 8°

(Continued)



] T
[ Mg = 0.208 ~/ g
L1.c .04} = 1.3 x 10 ™
1.6 024 By 3 t —T> @-—' —1 Symbols are Experiment
.t m 8.0 Lower Half '
- \°( / ol o A Total Momentum Thickness
© Lowe
'l-t“‘ - 0201 O\ (© Form Factor
o H = \
-1.2. 016} ° — —_—00 — — O — — —_— 0 — 0O
i A -
-0 Q2f /\
8
- & —~ _a
2 L
C - —_ — —_—
| \O 0] 0} O — — — O — O
1 1 > : d "O
‘l a'. 3 4 .s 'g ‘7 8

L6

y
X/C — .
UTION IN THE WAKE OF SHARP
‘IV=10 - MOMENTUM THICKNESS AND FORM FACTOR DISTRIB
FIGORE V=10 g.‘q?E. TEST AIRFOIL AT ANGLE OF ATTACK OF 8° (FREE TRANSITION)



86

'CREF = 2,54 Centimeters x T :

ALPHA = O

X/C 20.044

0.8

¥/ CreF

-0.4

~-0.8

-1.2

0.2

0]
"o

£

NB\A
|

0.8

1.0 .24

LJ(J Ce

®

FIGURE IV-11 - VARIATION OF MEASURED STATIC PRESSURE DISTRIBUTION AND VELOGCITY
PROFILE ACROSS THE WAKE OF SHARP T.E. TEST ATRFOIL AT o= 0.0°



66

¥/ CReF

‘8.4

10.0

CREF = 2.54 Centimeters

r

'y

>

ALPHA =8 (FIXED TRAN.)

Xe =o0.086

9.6

g

9.2

8.8

Al

'/0/‘?//
R

d

BN
Zq
f”

7.6
0.2

0.4

0.6

Y

Voo
FIGURE IV-12 ~ VARTATION OF MEASURED STATIC PRESSURE DISTRIBUTION AND VELOCITY

0.8

1.0

16

18

.20

Ce

.22 24 .26

PROFILES ACROSS THE WAKE OF SHARP T.E. TEST AIRFOIL AT ©C= 8°



001

CReF = 2.54 Centimeters

1.2 [ i
ALPHA = 10.8

g i x/é 20.258

0.8 &

£

0.4

¥/ CRer

%
0 o,

-0.4

-0.8

-1.2
0.2 0-4 0.6 0.8 1.0 .12 14 J16 18 .20
Y, Cr
Q

FIGURE IV-13 - VARTATION OF MEASURED STATIC PRESSURE DISTRIBUTION AND VELOCITY
PROFILE ACROSS THE WAKE OF SHARP T.E. TEST AIRFOIL AT o( = 10.79°

22



‘1ot

CrRer = 2.54 Centimeters

1.2
|
ALPHA = O
) |
0.8 - xyc:o.sw f
X ' |
2/ =0.885 ! i
C i '
] e
O._4
|
f
0 !
c -
Q Mean Shear Stress !
> distribut,on between 7 " !
-0.4 — X ana Xz, \ ]
| |
Mean Experimental !
Velocity Profi)e/ \
-0.8}— between
X X |
1/C and 2/C
1.2 l L
0.4 0.6 0.8 1.0 1.2 -.08 -.06 -.04 -.02 0 -02
U Tiy) |
g y 2
1
Ueo 5 9Us

FIGURE IV-14 - COMPUTED SHEAR STRESS DISTRIBUTION AND EXPERIMENTAL VELOCITY
PROFILE IN THE WAKE OF SHARP T.E. TEST AIRFOIL AT o(= 0.0°



¢ol

1.6 o Q—— CReF = 2.54 Centimeters
ALPHA z10.8
o8 __X1/C z0.517
XQ/C -0.885
0.4
e 0 /
[~
K |
k .
2 l
-0.4
|
-0.8
0 N
_1_2 —A\J
0.4 0.6 0.8 1.0 12 -.08 --06 --04 -02
U/ ‘sz)l Uz
Uy 3 Ve

FIGURE IV-15 - COMPUTED SHEAR STRESS DISTRIBUTION AND EXPERIMENTAL VELOCITY
PROFILE IN THE WAKE OF SHARP T.E. TEST AIRFOIL AT o= 10.79°

m
) i
& 33



£0!

1.2

CREF = 2.54 Centimeters

ALPHA =10.8
0.8

t

i ]

‘E - th 20.344
th 20517

0.4 P/cf?j |

y/CRerF

0.4 b

/

\

-1.2

—0
0.4 0.6’

0.8 1.0 12 -.08  -.06 -.04
U

_
Ve Pfoul

FIGURE IV-16 - COMPUTED SHEAR STRESS DISTRIBUTION AND EXPERIMENTAL VELOCITY PROFILE
IN AIRFOIL WAKE AT of = 10.8° (x1/b = 0.344; xa/c = 0.517)

-.02 0

‘02



computed by the numerical solution of integro-differential equation (111-17) in
which the boundary conditions of experimentally measured velocity profiles and
static pressure distribution is used. These figures show some interesting
.results such as the value of the shear stress T(y) is maximum (or minimum) at
the y location in the wake velocity profile where the velocity has minimum
value. Classical theories such as Boussinesq's eddy viscosity concept and
Prandtl's mixing length theory would, on the other hand, indicate a value of
zero shear stress on the locus of minimum velocity point. As a matter of fact,
the value of shear stress, at a y location corresponding to the locus of mini-
mum velocity, can become as high as 8 to 10 percent of free stream dynamic

head as can be seen from these figures. The value of the shear stress on the
minimum velocity locus is used as one of the boundary conditions in the
theoretical equations in the present method for the calculations of the wake
flow and the profile drag of a given airfoil. Hence, the use of Boussinesq's
or Prandtl's hypothesis in the present method may lead to erroneous calculation
results.

IV.2 Investigations of Fundamental Parameters for Wake Flow

i Theoretical equations in Section |l contain such terms as (i)
Ky Ky
J f(n) dn, J f2(n) dn,
0 0o

(ii) shear integral terms JSt/p dy and shear distribution t(yg)/p on the locus of
minimum velocity and (iii) integral for pressure distribution across the wake
fCp dy, distribution of static pressure on the loci for outer and inner edges of
wake and also on the locus of the minimum velocity. In order to solve these
thearetical equations for the calculations of flow in the wake and prediction of
profile drag of airfoil sections, it is necessary to express the above items by
auxiliary equations as functions of either dependent variables or in terms of
initial conditions in the vicinity of trailing edge. In this way the number of
dependent variables, which are required for the complete specification of flow
in the wake, are kept the same as the number of theoretical equations. These
auxiliary equations are derived, as shown in the following paragraphs, by the
use of dimensional analysis, investigation of generalized parameters and by the
use of available results for ''similar fiows''. For this purpose use is also made
of experimental measurements obtained during the present investigation.

IV.2.1 Functional Relationships for Velocity Profile Similarity for Wake
Flow: Figures IV-17 and 1V-18 are the plots of experimental data for similarity
of velocity profiles with different similarity parameters. Experimental data
used in constructing these similarity curves are for chordwise locations in the
wake which are far from the airfoil trailing edge. The same experimental data
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for velocity profiles are used in constructing similarity curves of Figures 1V-17
and IV-18. Comparison of velocity profile similarity plots of Figures IV-17 and
}Vv-18 indicate that, when similarity parameter shown in Figure 1V-18 is used for
the purpose of obtaining velocity profile similarity there is less scatter in

-experimental data than by the use of similarity parameter of Figure 1V-17. This

fact suggests that similarity parameter of Figure IV-17 is more suitable for true
representation of wake flow characteristics at large distance downstream in the
wake of single component airfoil with sharp trailing edge. For the purpose of
making use of this information about velocity profile similarity, it is necessary
to obtain an analytical expression for the relation between similarity parameter
n and similarity function f(p). The curve which fits the experimental data of
Figure |1V-17 has the analytical expression of the form given by

f(nl) = -;_- [1 + Cos (n10.8810 « 7). (1v-1)

An analytical expression for the curve, which fits the experimental data of
Figure IV-18, is given as

0. 885

f(n,) = 7 [1 + cos (n -3 (1v-2)

Equation (IV-1) and (1V-2) show the functional relationships for the
similarity parameters for the viscous flow in the wake at chordwise locations far
away from the airfoil trailing edge. Similarity plots for velocity profiles for
the viscous flow in the wake of airfoil with sharp trailing edge and in the
vicinity of airfoil trailing edge are shown in Figures 1V-19 and 1V-20. Defini-
tions for similarity parameters and variables in Figures IV-19 and IV-20 are
similar to those of Figures IV-17 and iV-18, respectively. As seen in Figure
IV-19, the scatter of experimental data for wake flow in the neighborhood of
trailing edge is larger than corresponding plot for far distance wake flow shown
in Figure IV-17; the similar remark can also be made for data shown in Figure
IV-18 and 1V-20 which are for large and small distances in the wake behind the
airfoil trailing edge. An analytical expression for the curve fit of the mean
curve shown in Figure IV-19 is given by

Fng) =% [1+Cos (ng ~ = 3y) (1v-3)

As the scatter in experimental data, shown in Figure IV-20 is larger than
corresponding similarity plots of Figure 1V-18, three different curve fits are
defined by an expression of the following form:

f(n,) = -;- [1.0 + Cos (n," - 1 (1v-5)
where, for the curve C;, P = 1.0,
for the curve C,, P = 0.755,
and for the curve C3, P = 0.631.

Various values of powers P can be tried in the theoretical method in order
to find out desirable value for better overall correlation with experimental
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data. The reason for the larger scatter in experimental data for similarity
curves of Figures IV-19 and I1V-20 is that these measurements were performed by
the use of, total-static pressure probe combination in the region where the circu-
latory flow may be present. This is due to the mixing of upper and lower surface
boundary layer and the airfoil trailing edge thickness —even though it is small
it has a finite value. The measurements by the total-static pressure probe, such
as shown in Figure 1i1-9, in circulatory flow are not very accurate.

IV.2.2 Generalized Parameters for the Pressure Distribution in the Wake of
Single Component Airfoil with Sharp Trailing Edge: Figures IV-21 through 1V-24
show the plots of non-dimensional pressure or velocity distribution at upper and
lower edges of the wake for angles of attack a of 0.0°, 8.0°, 8.0° (fixed
transition) and 10.79°, respectively. Parameter for the non-dimensional pressure
at the edges of the wake is defined as -

(3) e~ ()
\% /) \Y/1.E.

(1v-5)

where Ue = velocity at edges of wake

U, = freestream velocity

values at or in the neighborhood of trailing edge
over airfoil surface, and

chordwise locations in the wake.

and subscripts T.E.

(x)

Non-dimensional parameter y was chosen because, as seen from equation (1v-5),
its value along the wake will vary from zero at the trailing edge to the value
of 1.0 at very far distance from the trailing edge. Experimental data, shown in
Figures 1V-21, 1V-22, 1V-23 and IV-24, indicate that when values of Yy Or YL are
plotted against distance X'/C, measured from the airfoil trailing edge, in the
wake then experimental data for upper wake and lower wake arrange nicely to form
smooth curves for all angles of attack shown. However, different curves -are
obtained for upper and lower edges of wake and moreover curves of y vs. X'/C are
different fcr various angles of attack. Thus, in this form y vs. X'/C relation-
ship cannot be utilized as an ingredient to the theoretical drag computation
method. By the use of physical reasoning and dimensional analysis,-a trans-
formed X'/C coordinate for the wake flow was arrived at, such that when vy, or
yL is plotted versus transformed coordinate along the wake, then experimental
data, for both upper and lower edge of wake and for all angles of attack,
arranged on a single curve. This dimensionless transformed X-coordinate is
given by the following equation:
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0,262 -
8 0 §, =8
or=-)-(c'—' [1.0- 12.5 {35 {,—”—E—L’} ] (1V-6)
uly k. T.E.
pe} or L

where X = transformed X-coordinate along the wake |

XI

distance along wake measured from the airfoil trailing edge

] {

c = airfoil éhord

8, = boundary layer thickness at the trailing edge on upper surface
of airfoil

8, = boundary layer thickness at the trailing edge on lower surface
of airfoil . '

8g = greater value of Su or §;

Figure 1V-25 shows the plot of dimensionless pressure distribution at the
edges of the wake versus dimensionless transformed coordinate X. This figure
shows that all points at different chordwise locations and various angles of
attack arrange nicely on a single curve. The functional relationships between
parameters y and X is given by

___0.132
(0.363 + X,)?
or L

Yy = 1

or L

Figure 1V-26 shows the generalized parametric representation and functional
relationship for the pressure distribution on the locus of minimum velocity in
the airfoil wake for sharp trailing edge airfoil. The parameters for this uni-
versal pressure distribution along the locus of minimum velocity point were
arrived from the consideration of the flow behind the backward facing step and
from physical reasonings. In this case also, by the choice of proper trans-
formed X-coordinate, experimental points for Cp, . arrange themselves very
nicely on a single curve. The functional re]atigﬁghip between the parameters
for the pressure along the locus of minimum velocity in the airfoil wake behind
the sharp trailing edge airfoil is given by,

Cpy: _ ]
) = 0,556 71078 & (0.4uk + 1.1218 + 0.28582) F  (1v-8)
P T.E. .. SR

where Cp, . = static pressure coefficient along the locus of minimum
min (x) velocity in wake

c = pressure coefficient at the trailing edge of airfoil

P T.E.
B

transformed X coordinate for Cp along locus of minimum
velocity
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B o=Cp . (& dx @

T-E- 8% Total T.E. <
= sum of displacement thickness on upper and lower surface

5*
Total T-E- .t the trailing edge of the airfoil

X
if

distance along chordline in wake from airfoil trailing edge

= airfoil chord.

[g]
|

1V.2.3 Generalized Parametric Representation of Shear Stress at Velocity
Minimum: The theoretical integral equations of Section |l for the solution of
viscous flow in airfoil wake, contained coupling terms involving shear stress at
the velocity minimum. [t was noted in previous paragraphs that velocity profiles
in the airfoil wake were 'similar" for proper choice of similarity function and
similarity variable. This fact suggests that it is possible to arrive at
generalized parameter for the representation of shear at minimum velocity point
from Prandtl's new shear stress hypothesis for free jet flows. According to this
hypothesis, at any X-location the turbulent shear stress is given by,

dy
Ty) = Kipcbcle (1v-9)
(y) dy

where 1(y) shear stress at any y ordinate in viscous layer

be = characteristic width of viscous layer
Uc = characteristic velocity in viscous layer
K; = constant.

For the upper wake the suitable characteristic width is (nomenclature is
shown in Figure 1V-27),

be = (Yy - Y3)(x) (1v-10)
and the characteristic velocity is

Ue = Ueu(x) - Umin(x) (1v-11)

For the lower wake, the characteristic width is

b = (Y3 - Yz)(x) (1v-12)

and the characteristic velocity is

Ue = UeL(x) - Umin(x)' (lV'lB)
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The locus of the minimum velocity Umin( is contained in both upper wake
and lower wake layers. Assuming that shear gt the locus of minimum velocity is
proportional to the product of the four quantities given by equations (1V-10),
(tv-11), (1v-12) and (Iv-13), the following functional representation can be
written after non-dimensionalizing,

©(y3) (vu-v3) (v3=v2) (Uey(yy : mm(x) eL(x) .
1pUe? [(Yu'Yz)‘TYu‘Yz){ U, b T (1v-14)

Figure IV-27 shows the functional relationship between the non-dimensional
shear on the locus of the minimum velocity and the product of the parameter indi-
cated in equation (IV-14). Experimental data plotted in this figure are obtained
during the present studies in the wake of sharp trailing edge test airfoil at
various chordwise locations and various angles of attack. Non-dimensional shear
T(y3)/(%pUe2) was obtained from the indirect shear measurements from measured
experimental velocity profiles and pressure distributions by the aid of the
numerical method. The curve fit for the functional relationship of Figure IV-27
is given by

t{y3)

Uz - 1528 (1v-15)
e

where T(yy) = shear stress on the locus of minimum velocity

: Ue(x) = arithmetic mean of velocities at upper and lower edges of wake

and

(yy - yZ)

(vu-v3) (v3-y2) Ueu(x) mm(x; eL(xL mln(x)
e=[(YL+‘Y2T u, { u, }

IV.3 Presentation of Correlation Results

Computer program subroutines were developed for the purpose of comparing
the results of theoretical computation method, developed under this study, with
the experimental data for three airfoil configurations. Input to the computer
program consists of initial conditions of boundary layer and pressure quantities
on upper and lower surfaces of the airfoil in the vicinity of the trailing edge.
Experimentally measured values for these input conditions were used as input to
the computer program. Computations for the characteristics of the flow in the
wake and profile drag were performed at several angles of attack for the
following three airfoils: (i) Joukowski airfoil with thickness ratio t/c of 12
percent, {(ii) present sharp trailing edge test airfoil with thickness ratio of
15 percent, and (iii) NACA 631-012 airfoil. Results of correlations are
discussed in the following paragraphs.
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(i) Joukowski Airfoil: Figure 1V-28 shows the results of computations for
upper and lower edge of velaocity profiles in the wake of Joukowski airfoil at
zero degree angle of attack. In this: figure the locus of minimum velocity,
which in this case is a straight line because of symmetrical airfoil at zero
angle of attack, is also shown. Experimental data shown plotted in this figure
by symbols indicate that good correlation is obtained.

. v,

Figure IV-29. shows the plot of experimental ‘measurements (Reference 7) of
boundary layer momentum thlckness, dlsplacement thickness and the. form factor
at the trailing edge of Joukowski's airfoiltas’ &, Function of an angle of attack.
This plot shows that at an angle of attack of 6°, ‘the lowetr surface boundary
layer is separated near the trailing edge as |nd|cated By the value of form
factor Hjower = 2.15. At an angle of 9°, both upper and lower surface boundary
layer are separated; this is indicated by the values of form factors and also
by sudden increase in slope dé*/da for ithe upper surface at a= 9%, These
values of physical boundary layer thicknéss and pressure coefficient at the
trailing edge were input to the profile drag computer program. Values of
boundary layer physical thicknesses were computed from experimental momentum
thicknesses and form factors by the use of the following equation:

1+ 0.1 M2

0.17 T1 - exp {~ 3.5(H-1)7] (1v-16)

S .
6

Figure 1V-30 shows the computed variations of displacement thickness,
momentum thickness and form factor in the wake of Joukowski airfoil at an angle
of attack o = 0°. Figure IV-31 shows the plot of above parameters at an angle
of ‘attack a = 6°. Experimentally measured values of these parameters, which
have been shown plotted in Figure IV-30 and 1V-31 as symbols, indicate that
good agreement is obtained between computational results and experimental data.
Figures [V-32 and 1V-33 show the comparisons between results of comptations of
velocity profiles and experimental data in the wake of Joukowski zirfoil for
angles of attack of 0° and 6°, respectively. The above comparison is made at
X'/C = 0.1, 0.25 and 0.5 in Joukowski airfoil wake and this comparison between
computed and experimental velocity profiles indicate that reasonable correlation
is obtained. >

Figure 1V-34 shows the plot of computed values of the profile drag coef-
ficients as a function of an angle of attack and comparison with experimental
data. This figure shows that the comparison between computed profile drag
values and experimental data is reasonable at angles of attack o = 0°, 3° and
6° whereas at o = 9° the comparison between present theoretical computational
results and experimental data is not so good. Experimental measurements at
airfoil trailing edge, which is shown in Figure 1V-29, indicate that at a = 0°
and 3° flow separation is absent on airfoil surfaces. Incipient separation
exists on airfoil surfaces near the trailing edge in the neighborhood of a = 6°
and appreciable flow separation probably exists on airfoil surfaces for angles
of attack greater than o = 6° as evidenced from Figure 1V-29. The discrepancy
indrag between results of computations and experimental drag data for angles
of attack greater than 6° can be due to the following two reasons. The initial
conditions of boundary layer quantities, which are required as input to
computer program were obtained from data of Figure 1V-29. These data, which
were obtained from Reference 7, were measured by pressure probe and the validity
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of measurements by the pressure probe in the separated boundary layer is
questionable. Secondly, the validity of assumptions which were used in deriving
theoretical wake flow equations of Section Il, when appreciable flow separation
exists on airfoil surfaces, is not known at the present time. For the purpose
of clarifying the above-mentioned situation, need exists for (i) developing
proper experimental techniques for obtaining accurate and reliable measurements
in separated flow region and (ii) then making appropriate modifications to the
theory for wake flow calculations as are necessary for accurate drag. predictions
in the presence of flow separation.

(ii) 'Sharp T.E. Test Airfoil: Figure IV-35 shows the plot of computed
characteristic loci at an angle of attack o = 8° and for the case of free tran-
sition on the surfaces of the test airfoil. Computed loci are plotted for upper
edge of the wake, lower edge of the wake and the locus of minimum velocity for
the velocity profiles in the test airfoil wake. Experimental values, which are
shown in this figure as symbols, indicate that agreement between computed values
for these characteristic points in velocity profiles and experimental data is
good. |t should be noted that slope of these loci downstream of X'/C of approxi-
mately 0.5 become approximately parallel to the free stream direction.

Figures 1V-36, 1V-37 and 1V-38 show the plots of computed values of momentum
thickness and form factor distribution in the wake of the test airfoil at angles
of attack a = 0°, 8° (fixed transition) and 10.79°, respectively. Computed
values of momentum thickness distribution is shown plotted for lower half of wake
profile and total wake velocity profile; difference between these two momentum
thickness distributions is the upper wake momentum thickness. Computational
results for form factor distribution in airfoil wake indicate that even though
the form factor on the upper and lower surfaces at the trailing edge are vastly
different, the values of form factors for upper and lower half of wake velocity
profile become identical at a very short distance from the airfoil trailing edge.
For this reason only one value of computed form factor distribution for the
flow in the wake is shown in Figures 1V-36, IV-37 and IV-38. Experimental data
for the form factor distributions, which are shown plotted in this figure, are
either for lower half wake or upper half wake because measured values of form
factors are very nearly equal for either upper or lower wake velocity profile.
Figure 1V~-39 shows the plot of results of calculations of profile drag versus
angle of attack for the test airfoil. Experimental data which are shown plotted
in this figure indicate that agreement between experiment and theoretical method
is reasonable.

(iii) NAC 631-012 Airfoil - Results of correlation between computations
and experimental data for this airfoil are shown in Figure IV-40. Experimental
data shown in this figure are obtained from Reference 5. For the purpose of
correlation for this airfoil, measured values of boundary layer quantities on
airfoil upper surface at trailing edge were used as input to the profile drag
computer program. Boundary layer quantities on the lower surface at the
trailing edge of the airfoil which are also required input to the computer
program, were obtained from the output of the computer program subroutine for
ordinary boundary layer calculation method. Experimental pressure distributions
on the lower surface of the airfoils were used as an input for the purpose of
calculation of lower surface boundary layer quantities at several angles of
attack. In addition, values of experimental pressure at the trailing edge of
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the airfoil were used as input to the profile drag computer program subroutines.
Figure 1V-40 shows the comparison of the results of computations for the-profile
drag coefficient of NACA 631-012 airfoil with experimental data. Plot of
experimental € vs. a for this airfoil is also shown in this figure; in addition,
values of form factor on the upper surface of the airfoil at its trailing edge
are noted on this Ci - « curve at several angles of attack. This is done for the
purpose of indication of approaching trailing edge separation and also for the
purpose of indicating values of angles of attack for which separated flow condi-
tions exist at airfoil trailing edge. The comparison of computed profile drag
quantities with experimental data is good as seen from this figure.

V. CONCLUSIONS AND RECOMMENDATIONS

From the theoretical and experimental studies presented in this report it
is possible to meke the following conclusions and recommendations for the future
studies.

V.1 Conclusions

(1) The total-static pressure probe combination, such as used in the
present studies, can be used for reliable measurements in viscous flow over air-
foil surface when this flow is attached or non-separated. However, the measure-
ments by such a probe, for the flow approaching separation or in separated flow
region, are subject to interpretation and hence can be used only in qualitiative
sense.

(2) Measurements of velocity profile by the use of hot-wire anemometer
technique have been found more reliable, both qualitatively and quantiatively,
than similar measurements performed by the use of pressure probe. However, with
the present state of the art in hot-wire anemometry technique, measurements of
velocity profiles in the region of low values of velocities (less than 30 fps
and nominal values of turbulence level) are not very accurate. As the hot-wire
anemometer measures only the absolute magnitude of velocity then with the above-
mentioned present limitation, it is difficult to determine the separated flow
velocity profile with the desired accuracy.

(3) Shear stress profiles for the wake flow have been determined by the
use of indirect measurements and these values are used in the parametric form
in the present theoretical method. The accuracy of indirect shear measurements
for the wake flow in the trailing edge region is questionable because of the
existence of the circulatory shear flow in this region. For this reason it is
recommended to perform the direct shear measurements by the use of such devices
as hot-wire X probe or by the use of Laser Doppler Velocimeter and make
comparisons with the present indirect shear measurements.
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(4) From the comparison between results of computer program subroutines
with expérimental data on three airfoil configurations, the following three
remarks can be made:

(i) Agreement between computed and experimental velocity profiles for
the flow in the wake is quite good for symmetrical wake at large distances from
the trailing edge. However, for the unsymmetrical wake and especially in the
region of wake near the airfoil trailing edge, the discrepancies exist between
the results of computations and experimental measurements. These discrepancies
might be due to inaccuracies in measurements or theoretical calculations or
both in this region.

(ii The computed variations of integral quantities in the airfoil
wake, such as momentum thickness, displacement thickness and the form factor,
agree well with experimental data for distances far from the trailing edge. In
the region near the trailing edge, however, discrepancies are observed between
the theory and experiments.

(iii) Results of computations of profile drag agree quite well with
experimental measurements in the range of values of angles of attack from
a = 0° to o corresponding to the occurrence of incipient separation on the
upper surface of the airfoil. However, for high values of angles of attack
where large region of flow separation is present on the airfoil surface, com-
puted values of the profile drag are not in good agreement with experimental
measurements. This discrepancy can be attributed to the breakdown of the
assumptions, in case of separated flow, which were used in deriving theoretical
equations for the present method.

V.2 Recommendations

(1) For the purpose of establishing the limitations and restrictions of
the present method, it is necessary to perform correlations with experimental
data for the wake flow and profile drag on several classes of airfoil configu-
rations. Thus performing calculations on supercritical and conventional
airfoils of several thickness ratios and camber distributions and at several
values of 1lift coefficients and comparison of computational results with
experimental measurements would be very valuable for the purposes of needed
refinements for this new method.

(2) This method is developed for sharp trailing edge airfoils and for
low subsonic free stream Mach number where the flow can be considered essen-
tially incompressible. However, for the general applicability in the design and
development work on wing sections it is recommended that the present method be
extended for high subsonic flows and for airfoils with thick trailing edges.

(3) Experimental and theoretical studies are recommended for the refine-
ments of the present method for the purpose of the prediction of profile drag
when extensive region of flow separation is present on airfoil surface. Such
conditions exist at CLMAX conditions on airfoils exhibiting trailing edge stall.
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' (4) The basic approach .of the theory of the present method is valid for
the more important situations of the computation of profile drag for multi-
component airfoil sections. Under the present study the validity of this
approach is proven for single-component airfoil sections. It is hence recom-
mended that this approach be extended to airfoils with more than one component.
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APPENDIX A

- DETERMINATION OF SIDE WALL BLOWING REQUIREMENTS

_ It is known that in the case of two-dimensional testing at conditions .of -
high 1ift, the validity and accuracy of experimental measurements is sometimes
questionable because of the existence of boundary layer separation on the test
. section sidewalls. The presence of the two-dimensional model at moderate and
high angles of attack in the wind tunnel test section creates high adverse
pressure gradients in the direction of flow on the side walls of the tunnel test
section upstream of the leading edge of the model. This high adverse pressure
gradient causes the separation of boundary layer on the wind tunnel test section
side walls at the juncture of the model with the side walls. Separated boundary
layer on the side walls then flows toward the center of the model with the
result that the flow pattern on the airfoil model is three-dimensional thus
making it impossible to obtain measurements of two-dimensional aerodynamic
characteristics of given airfoil model at moderate and high angles of attack.
The above-mentioned phenomena has been observed by various investigators at NASA,
R.A.E. in England, and at Lockheed-Georgia Company.

The solution of the above problem can be approached by the use of several
methods, such as distributed blowing through slits located in the sidewalls at
juncture of the model with side walls, distributed suction through pores or
slits located upstream of the model or at the juncture of the model with the
tunnel side walls, and blowing high energy air through a single slit located at
an appropriate distance upstream of the leading edge of the model on both side
walls. For the present investigations boundary layer control on wind tunnel
side walls was accomplished by blowing the appropriate amount of high energy air
through single slits located at approximately one chord length upstream of model
leading edge on both side walls. Figure I11-8 shows the general layout of the
side wall boundary layer control system used in the present investigation. The
following paragraphs describe the procedure that was used in determining the
appropriate amount of high energy air for various model configurations and
angles of attack.

Velocity profiles on the side walls of the tunnel were measured without the
presence of the model at locations corresponding to the approximate locations of
the trailing edge of the main component and flap. Then, with the model in the
tunnel in various configurations and angles of attack, measurements of velocity
profiles were made on the side walls of the tunnel at the same locations. These
measurements were used to determine blowing requirements. It is necessary that
the side wall BLC be just sufficient to prevent boundary layer separation on the
side walls. It has to be emphasized that the amount of biowing on the wind
tunnel side walls for boundary layer control has to be precise — for example, if
there is excess blowing then the value of freestream q_ in the test section
would be affected. In addition, an excess amount of blowing on wind tunnel walls
creates an undesirable pressure field around the two-dimensional model; this is
due to the fact that vortices are created due to the rubbing action of low
velocity tunnel freestream air with the high velocity blown air. These vortices
give rise to tip effects or the effects of finite span on two-dimensional test
model. If the amount of blown high energy air on the tunnel side walls is
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insufficient then, of course, the boundary layer on the side walls separates.
In order to avoid both undesirable effects, the proper value of the pressure
ratio Pts, Psg and the proper geometrical dimensions of the slits are required.
A simplified theoretical equation of the amount of blown air required to
suppress boundary layer separation on wind tunnel side walls can be derived as

=2 max,l-s2s (A1)

where A6, = maximum value of the difference in momentum thickness on wind
tunnel side walls in the presence of and absence of model in the
test section, inches
c = airfoil chord, inches
e = effectivity factor
hg = height of blowing slits, inches

ps = density of high energy-air in blowing plenum

p = freestream density.

The blowing momentum coefficient C in equation (A-1) is defined as

_ (mass of blown air) - (velocity of blown air) (A-2)
%— mei (wing chord) - (span of model)

Cu

The value for the ratio of velocity of blown air through the blowing slit
to the freestream velocity, Vs/Um’ is approximately by

0.286 —o1/2
é:f 2.0 (‘—;f)”z[;{% ‘Rae To {1 - (;-_:- ] (A-3)
where Y = ratio of specific heats for air (1.4)
R = gas constant for air (=53.3)
gc = gravitational constant (=32.2) ‘
Psg = static pressure at the exit of blowing slit, psia
PT, = plenum air total pressure.

The amoung of C  that is available corresponding to a given pressure ratio,
Ptg/Psg, is given by the following equation:

1



P v h
cuavai]able =2 (Ei? (ﬁio (750 (;f) (A-4)

where Vg/U_ is given by equation (A-3)

ht = span of the model, inches
= 30 inches for the present tunnel
Ky = width of blowing slit, inches

30 inches for the present tunnel

Figure A-1 shows the plot of available C, for the unit slot height as a
function of pressure ratio Pt /Ps;. Figure A-2 shows the plot of velocity ratio
as a function of pressure ratio PtS/Pss. Figure A-3 shows the plot of effectivity
factor as a function of velocity ratio Ug;/Vs. The curve of Figure A-3 is ob-
tained from knowledge of experimental measurements and is empirical. The curves
shown in Figures A-1 and A-2 are plots of equations (A-4) and (A-3), respectively;
these curves are constructed for freestream dynamic head q_ of 60 psf and free-
stream total temperature of 500°R. By simultaneous use of equation (A-1) and the
curves of Figures A-1, A-2, and A-3, a desired value of the pressure ratio of
blown high energy air can be calculated by trial and error such that the required
Cu is equal to the Cu which is available corresponding to a given pressure ratio
Ptg/Psg.

142



veood
T HRAY = TR FE S FRRaR

Tn"

Treeyy
i1

DY O P i

)
<o

-81qBTTEAY ~ iy

R

Pts/PsS
Wind Tunnel B.L.C. Performance

Figure )_4



144

Figure p.2 Velocity Ratio of Blown-Air at Slot Exit.
as & Function of Pressure Ratio
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APPENDIX B

S, . ADDITIONAL" I NSTRUMENTAT I ON

The test section flow conditions and wind tunnel performance data were
monitored with conventional instrumentation. Fan speed, clutch current, and
tunnel airstream total temperature were displayed on the control console near
the speed control potentiometer as shown in Figure B-~1. During these tests,
atmospheric pressure was measured using a 9-inch diameter Wallace and Tieman
absolute pressure gage with reading increments to 0.01 pounds per square inch.
Atmospheric pressure was manually input to the data system before each run.

The test section dynamic pressure was set and monitored visually with a 70-
inch water manometer connected to pressure orifices located upstream and down-
stream of the wind tunnel contraction. The manometer reading gave the static
pressure drop across the contraction. This reading was related by calibration
to the dynamic pressure in the empty test section. The manometer, which is
shown in Figure B-2 has provisions for reading the height of the water column
to within +0.001 inch with good repeatability. This manometer was also used to
calibrate some of the pressure transducers used during these tests.

The contraction pressures were also read in electrical units using two
Statham type PM6TC pressure transducers rated at #1.0 pound per square inch
differential. These transducers can be expected to be accurate to within about
0.5 pounds per square foot in the normal operating range. One transducer was
connected to the contraction pressure orifices in parallel with the water manom-
eter and was calibrated versus dynamic pressure in the empty test section. The
other was connected to the upstream or high pressure end of the contraction and
was calibrated versus test section total pressure. The output of these trans-
ducers was transmitted to the data acquisition system for recording and use in
data reduction.

The wind tunnel airstream total temperature is measured by a thermistor
mounted on a probe in the settling chamber. Temperature information from the
probe is displayed on the control console and is transmitted electrically to the
data acquisition system. A diagram of the basic wind tunnel instrumentation is
shown in Figure B-3.

Static pressures were measured at 41 orifice locations on the model using
two Statham model D3-GM scanivalves with two PM~131 pressure transducers. The
scanivalves were ganged together and actuated by a single solenoid type stepper.
Valve number one contained a transducer rated at 12.5 pounds per square inch
and was connected to the orifices on the model upper surface. Valve number two
contained a 2.5 pounds per square inch transducer and was connected to the
orifices on the lower surface of the model. The output from these transducers
was recorded by the data acquisition system for use in computing pressure co-
efficients, 1ift coefficients, and local velocities. Figure B-4 shows the
scanivalve installation.

Total pressure in the boundary layer control plenums was calibrated versus
the pressure in the auxiliary air supply duct between the plenums and the control
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valve. The supply duct pressure was displayed on an ordinary 0 to 100 pounds
per square inch pressure gage mounted on the control console as shown in Figure
B-1.
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APPENDIX C

DATA ACQUISITION SYSTEM

General Description

"The data processing system utilized for-this contract was set up for two
specific purposes, these being the measurement .of the static pressure distribu-
tion on the surface of the model and the measurement of the velocity profiles
within the boundary layer and wake of the model. The measurements were made
using a Data Acquisition Unit (D.A.U.) which was controlled by a real-time
digital computer which activated scanivalve units for obtaining the static
pressure distribution and traversed a pressure or hot wire anemometer probe for
the velocity profiles.

The system used for acquiring and reducing the test data is shown in
Figure C-1. The heart of the system is a Lockheed Electronics MAC 16 computer.
The raw data was made available, in an abbreviated form, on a teletype for on-
line monitoring of the test, and in its entirety on paper tape using a high
speed punch. Final data reduction was accomplished on a UNIVAC 1106 Central
Computing System with remote access terminals.

An additional MAC 16 computer was used in an executive mode to permit time
sharing of the main computer. The disc storage associated with this computer
was intended to provide the basis of an on-line data reduction capability in
conjunction with a UNIVAC 418. During this contract, however, the immediate
availability of the remote access terminals made the on-line capability
unnecessary.

The Data Acquisition Unit

The data acquisition unit incorporated an analog multiplexer for transmis-
sion of measured data and a digital multiplexer for transmission of thumb-wheel
switch inputs. One additional analog channel was provided for probe position
measurement.

A rotary switch permitted any of the measured data to be monitored on a
digital voltmeter during the test. Variable gain amplifiers in all of the
analog channels enabled gain levels to be selected that approximated the raw
data to engineering units for ease of monitoring of the digital voltmeter and
on-line teletype output.

The tunnel conditions of 'q', 'H' and temperature were acquired at each
scanivalve position during the static pressure distribution and at each probe
position during the boundary layer survey. The thumb-wheel switch inputs
included a probe option for choice of no probe, pressure probe or anemometer
probe and also a selection of the number of scanivalves and ports to be cycled
through the static pressure distribution. Any selection below the maximum
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required (2 scanivalves and 36 ports) inhibited printout of the pressure data
during reduction with significant saving in reduction time. This option was
exercised when a series of velocity surveys were made with no change of basic
configuration, and hence pressure survey, in which case the minimum number of
ports was selected that would include the static pressure port at the chordwise

location of the velocity survey.

Control of the data acquisition was achieved with one analog channel which
activated the probe positioning servo mechanism and one digital channel which
stepped and homed the scanivalves and controlled the multiplexing.
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