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Preface

The purpose of this study was to design a supercriti-
cal airfoil test model which would be used to investigate
the effects of cooling on boundary layer stability in sub-
sonic -flow. Previous investigations have indicaled that

transition to turbulent flow was delayed by cooling.

This report is limited in scope to the mecdel design
and test parameter specification. I hope that this work will
be found complete and self-sufficient by the student who un-
dertakes the actual testing of the model. Anyone who is in-
terested in determining the heat transfer for flow over an
arbitrary body with constant surface temperature will find
the computer program in Appendix A to be useful .

I would like to thank my advisors, Dr. J. E. Hitchcock
of the Air Force Institute of Technology and Dr. A. W. Fiore
of the Flight Dynamice Laboratory at Wright-Patterson AFRB,
Ohio, who have given timely guidance essential to the com-
pletion of this study. Deep gratitude is also expressed to
FF.W. Spaid, Senior Scientist at McDonnell Douglas Research
Laboratories, for his effort in providing me with experimen-

tal pressure distributions. Lastly, I wish to acknowledgec my

gratitude to my wife for her inspiration and effort in typ-

ing this thesis.

Ray G. Pope
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Symbols Quantity
e Evaluated at edge of boundary layer
f Skin friction

i Summation index

L Lower

LE Evaluated at leading edge
1 Section 1ift

m Section moment

max Maximum value

(o} Total or stagnation value
U Upper

w Evaluated at wall

o Evaluated at freestream
Superscripts

*

Evaluated at Eckert's reference temperature
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Abstract

A wind tunnel test model of a supercritical airfoil
was designed to investigate the wall cooling effect on sub-
sonic boundary layer stability. A DSMA 523 airfoil section
was cﬁployed. The model was designed to have surface temper-
ature instrumentation and a liquid nitrogen cooling system.

Heat transfer, aerodynamic loads and stresses, and
instrumentation were analyzed for the proposed test condi-
tions. A computer program was developed to analyze the forced,
convective heat transfer over a two-dimensional body with a
constant wall temperature. The program utilized an integral
method to compute local Stanton numbers. Local heat fiux and
total heat flow were predicted for a Mach number of 0.7, Rey-

nolds numbers of 0.923 x 106 and 1.673 x 106

, and cooling
ratios from 1.000 to 0.824., The stress analysis consisted of
applying beam bending theory, along with some simplifying
assumptions, to the model. Construction drawings and speci-
fied test conditions for Mach numbers of 0.3, 0.5, and 0.7
are included. The proposed tests are to be conducted in the

subsonic test section of the Trisonic Test Facility at Wright-

Patterson AFB, Ohio.
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Analysis and Design of a Cooled Supercritical

Airfoil Test Model

I. Introduction

Background

In 1974 Boehman and Mariscalco of the Dayton Research
Institute, University of Dayton, Dayton, Ohio began to study
the problem of determining the conditions under which flow
in a cooled compressible laminar boundary layer becomes un-
stable (Ref 2). This research was under contract from the
Air Force Flight Dynamics Laboratory, Wright-Patterson AFB,
Ohio. Using a computer program developed from parallel linear
stability theory, Boehman looked at boundary layers in shock
tube induced flow and subsonic wind tunnel flow.

This theoretical problem is still not totally solved.

A full description of the stability problem requires the
solution of the Navier-Stokes equations with boundary con-
ditions for transition. This set of equations has not been
solved to date. Even linearization of these equations using
small perturbation theory yields equations that are not
solvable. Finally, Boehman further assumed that the flow is
locally parallel and reduced the problem to a single ordinary
differential equation. He found that moderate cooling re-
sulted in a significant increase in stability of subsonic

boundary layers. As a result, Boehman recommended thatl an

experimental test program be developed to study the effects




of surface cooling on boundary layer ﬁpansition.

Experimentation is needed to correlate with the linear
stability theory and validate the assumptions made during
the development of Boehman's theory. Very little experimental
work has been performed on boundary layer stability in sub-
sonic flows. However, there has been extensive work in super-
sonic flow and shock tube flow (Ref 16 and 3) which gives
insight to the stability problem. Although similar results
would be expected for subsonic flow, experimentation is re-
quired to confirm this fact. :

The fact that skin friction and the rate of heat trans-
fer are an order of magnitude greater in turbulent flow than
in laminar flow at the same Reynolds number makes the ability
to predict and control the transition to turbulent flow of
great use in the design of aerospace vehicles. Most impor-
tantly, the control of transition will result in reduced
aerodynamic drag with the following possible benefits:

1. Increased aircraft performance

2. Extended range

3. Increased payload

L4, Improved fuel economy

5. Use of hydrogen fuel feasible (fuel cools wing)

Problem
The problem, which was proposed by the Air Force Flight
Dynamics Laboratory, was to design, construct, and test a

supercritical airfoil model in the subsonic test section of

the Trisonic Test Facility at Wright-Patterson AFB, Ohio.

s S R B




The test was to investigate the wall cooling effect on boun-
dary layer stability and transition. The purpose of the test
was to increase the understanding-of boundary layer stabili-
ty, to obtain clues that might advance the stability theory,
and to correclate with the present theory.

.The model was to have a DSMA 523 airfoil section with
the capability of being cooled. This Whitcomb-type, super-
critical airfoil profile was developed by the McDonnell
Douglas Corporation. The non-dimensional surface coordinates
of this airfoil were obtained from Ref 8:738. The angle of
attack was eliminated as a variable by specifying a constant
zero angle for the airfoil section chord line. This model
was required to have a constant airfoil section,to span
the entire 24 in. wind tunnel, and to be mounted on two "L"
shaped struts. Major components of the model and struts are

illustrated in Fig 1.

Scope

The problem was divided into two phases. The present
investigation completed the analysis and design phase which
included specification of testing procedures. The second
phase which consists of model construction and testing will
be performed as a separate independent study.

An analytical study was required to design the medel
and its cooling system. This analysis required the solution
for the forced, convective heat transfer in subsonic flow
over the two-dimensional wing. A computer program was devel-

oped from the reference temperature approach to variable
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Fig. 1 Concept of the Model with Mounting Struts

property flow which used integral equations to determine

the local, laminar and turbulent Stanton numbers for constant
wall temperature flow over an arbitrary body (Ref 9:226 and
247) . Estimates of heat conduction in the model were also
necessary. The heat transfer analys.s which was performed

for only the most stlringent test conditions appears in detail
in Section II.

The model design required determination of the forces
and moments on the model, a stress analysis, and construction
drawings. The stress analysis made use of simple beam bending
theory. Details of the stress analysis which was performed

only for the most stringent test conditions appear in Seclion

I1I.




The test was designed to measure the movement of boun-

dary layer transition as a function of wall cooling relative

to the no cooling condition. The stability results of Boeh-
man (Ref 2:57) were used in the forced, convective heat
transfer analysis. The test conditions which are specified
in Section IV were limited to combinations of the following

variables for the ranges indicated:

6 and 0.923 x 106)

1. Reynolds number (1.673 x 10
2. Mach number (0.7-0.3)

3. Cooling ratios (1.000 - 0.824)




II. Heat Transfer Analysis

Boundary Layer Forced Convection

General Assumptions. Simplifying assumptions were

made to the model so that existing solutions to the heat

transfer problem could be used. With the proposed model

description, the fluid flow was assumed to be two-dimensional.

It was assumed that only the most stringent test condition

of M=0.7 needed to be analyzed since aerodynamic heating

and heat flux increase as a function of Mach.number. A con- 'f
stant wall temperature was specified since it eliminated
temperature gradients as an influencing factor in boundary
layer transition.

Boehman reported results that give the transition
Reynolds number as a functicn of the wall cooling ratio,
TW/Q» , for a family of subsonic Mach numbers (Ref 2:57).
The results apply to a flat plate. It was assumed that these
results (Fig 1) could be used as a first approximation to
the transition on the model.

At the stagnation point on the airfoil, the equations
used were singular. In order to compute the convective con-
ductance, h, the flow was assumed to be approximated by the

potential flow over a cylinder (Eq 1).

l"e:?-‘*‘oo"/R (x/R <<1.0) (1)

For the range of Mach numbers of interest, M=0.3 to 0.7,

compressibil ity could not be neglected. Thus, the flow was
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considered to have variable properties. A reference tempera-
ture approach was used in which all properties were computed

locally using Eckert's reference temperature,

Tedrle 462G ~T) (2)
Theory. The solution to the convective heat transfer
analysis could have been obtained by solving the boundary
layer momentum equation which establishes the velocity field
and then solving the boundary layer energy equation. This
method was complicated, and the accuracy of results required
did not merit its use. Simpler methods were available when

the proper approximations were made to the problem. Use of

the simpler methods required that the flow over the model be
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analyzed in three regions, stagnation, laminar, and turbulent

flow. ,f
Kays (Ref 9:223) developed a method of computing the |

local Stanlton number for laminar flow over a constant tem-

perature body of arbitrary shape. This method was based on

the assumption that the variation of conduction thickness,

Aun for flow over an arbitrary shape was of the same form

as the similarity solutions for wedge flow. The function,

which expressed the variation of conduction thickness in

air, Pr= 0.7, for wedge flow, was defined numerically. Smith 'f

and Spalding (Ref 13:60) approximated this function by a

straight line which fits the wedge solutions exactly for

the stagnation point and the flat plate. The resulting ex-

pression was solved for the conduction thickness. Using the

definition of conduction thickness and Stanton number, the

following expression was derived for the local Stanton num-

ber:

% 0.5 * y 0.435
U
St O‘ 4 ‘ _8..‘1(;{:_...,“(_. QN ,_.e«__.",__. i ( 3 )

Kam sl—-jox (?U-e‘)s.”?Ax‘l—f\?

For the turbulent case of flow over a constant temper-

ature body of arbitrary shape, Ambrok (Ref 1:1979) suggested
a solution of the integral energy equation without having
to solve the momentum equation. This method was developed
by Kays (Rel 9:245-247). Kays started with the solution to
heat convection for the constant temperature flat plate in

turbulent flow. This solution which was expressed in terms

8
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of the Stanton number was used in the energy integral equa-
tion for a flat plate to develop an expression for the en-
thalpy thickness, Az. The rcsulting relationship between

x and [32 was used to develop a Stanton number which was a
function of local parameters only. This Stanton number re-
lationship was assumed to hold for any turbulent flow. The
general energy equation was integrated with the heat flux,
a;, in the equation expressed in terms of the convective
conductance which was found from the assumed Stanton number
relationship. The resulting expression was solved for the

following local Stanton number:

St, = 0.0295 “x "‘TZ 7o (1)
e , DU dx |
At the stagnation point, Eq 3 for the local Stanton
number did not apply since u,=0. However, Eq 3 was used to
solve for the convective conductance, h, at x=0. After sub-
stituting the assumed velocity relationship from Eq 1, the

expression for h wae integrated with the following resulis:

.00 ¢, ofUsal

= oo BlIPAC I .

by =501 €, 4 = (5)

The value of hx was now independent of the values, x=0 and
In all three regions of flow, the local heat flux was

determined from the convective conductance obtained from Eq

3, 4, and 5 and the known local temperature differcnce by
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Computer Program Logic. A computer program call CON-

HEAT was written to analyze the forced, convective heat

transfer on the airfoil model. This program utilized Eq 2
throuéh Eq 6. The program was designed to be general in
nature and could be utilized to compute the convective heat
transfer for any two-dimensional body with a constant surface
temperaturc. Any further restrictions on the application of ’f
the program will be noted during the discussion of program
logic. A detailed description of the input/output format is
given in Appendix A along with a complete listing of the
program.

Information required to solve the convection problem
included freestream conditions, a pressure distribution over
the model, model geometry, and the desired cooling ratio.

The required freestream conditions consisted of the velocity,
pressure, temperature, and viscosity. Pressure coefficients
were required on the surface at intervals of 5 percent of
the chord starting at the stagnation point. This resulted in
21 points on the upper surface and 21 points on the lower
surface being defined for use in determining the total rate
of heat transfer. A surface coordinate system was defined,
and the distance between pressure coefficients on the sur-

face was determined. Additional geometry required included

the chord length, span, and leading edge radius. The cooling
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ratio, TW/T(D , specified the surface temperature for the giv-
en freestream temperature, and the critical Reynolds number
was obtained from Fig 2.

The first section of the program computed the proper-
ties at the discrete locations of the pressure coefficients
for the upper and lower surfaces in addition to the free-
stream density and the recovery factors. The laminar recovery
factor was defined by

F o=/ (7)

Lom

The turbulent recovery factor was defined by

el :
B Fe (8)

The freestream density was computed from the perfect gas law.
The velocity, temperature, and pressure at each point were
determined by using inviscid relations which did not include
the effect of boundary layer displacement thickness.

The second section computed the Eckert reference temp-
erature and the properties based on this temperature for the
upper surface. The adiabatic wall temperature which is used

to compute Eckert's temperature was found by

Tw=Te tYus /26,97 (9)

aw

where r was the value for laminar flow from Eq 7. Then Eck-
ert's temperature was computed from Eq 2. The viscosity was

computed using Eckert's temperature in Sutherland's equation,




X X 3/2 a '
g _:[_\ (Ir ““_l_(.; )ﬁ )
G (Tm/ T+ 56.1% (10)

The local density was computed using the perfect gas law.
A local Reynolds number was computed and compared with the
critical Reynolds number. If the value of the critical Rey-

nolds number had been exceeded, then the computations were

repeated with the value of r defined by Eq 8 for the remain-

ing points on the surface in turbulent flow. For the third

section, the same procedures as in the second section were | 4
repeated for the lower surface.

The fourth section computed the local Stanton number,
local convective conductance, and local heat flux at each
point on the upper surface, Equation 5 was used to compute
the convective conductance at the stagnation point. Equation
3 was numerically integrated by the trapezoidal rule to ob-
tain the laminar Stanton number. After the critical Reynolds
number had been exceeded, Eq 4 was used instead of Eq 3 to
compute the local turbulent Stanton number. The following
relation was used to compute the convective conductance from

the Stanton number:
— *
hy=5t, ¢"u.t, (11)

The local heat flux was determined from Eq 6. For the fifth
section, the same procedures as in the fourth section were
repeated for the lower surface.

The last section integrated the local heat flux by the
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trapezoidal rule for the upper and lower surfaces. These
results were added for both surfaces with the final result
being the total rate of heat transfer. Other results which
were part of the program output were the local conditions at
each point and a plot of the heat flux distribution. Figure
3 summarizes the program logic.

Design Data. The most stringent test condition deter-

mined the design data which was used. A NMach number of 0.7
was selected. This corresponded to a velocity of 813 ft/secc
at the wind tunnel temperature of 100 F. The freestream vis-

cosity from Eq 10 was 0.37049 x 10_6lb

f—sec/ftz. The free-
stream pressure was determined from a method described in
Section IV. This pressure and the corresponding Reynolds

number were 1320 lbf/ft2 and 1.673 x 106 respectively. The
desired cooling ratio was 0.620. The airfoil geometry was

obtained graphically from a full scale drawing of the airfoil

section. The last item required was the pressure distribution

which was obtained from Ref 8:739.

Results. A plot of the heat flux for Re=1.673 X 100
and Tw/Ta>=O.6ZO appears in Fig 4. The negative values of"
the heat flux indicated heat transfer from the boundary layer
to the airfoil. There was a large flux near the leading edge
which was expected for the stagnation region. The flux dropped
off quickly in the laminar flow region. The jump in heat flux
at x/c=0.25 indicated transition to turbulent flow. The tur-

bulent heat flux which was larger than the laminar flux grad-

ually decreased to the trailing edge of the airfoil.
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Further results of the convection analysis appear in
Table I. This table describes the local conditions for the
upper and lower osurfaces as a function of location in the
surface coordinate system. The convective conductance and
Stanton number followed the same trend as was noted for the
heat flux. As a result of integrating the local heat flux
over the airfoil surface, the total heat transfer rate was

17.03 B/sec.

Heat Conduction Estimates

Heat conduction estimates were performed to aid in the
proper selection of construction materials for the airfoil
surface and insulating end sections and to determine the pro-
per thicknesses for these materials. A detailed analysis of
the steady state heat conduction problem would have required

the solution of the two-dimensional Laplace's equation,

g 0L
&xz-* éyzm'o

for a constant wall temperature and specified heat flux as
boundary conditions. The distribution of heat flux varies as
a function of freestream conditions and cooling ratio as

can be seen in Appendix B. Thus, after a solution was ob-
tained, it would be valid for only one test condition. Using
this solution to design the constant temperature airfoil sur-
face would result in a model with a constant temperature
surface only at that test condition. In addition, model con-
struction would be complicated by the contoured surfaces

required to achieve the constant tempcrature.
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As an obvious concession to the method discussed, a
simple estimate was applied. The Fourier equation for heat

conduction was approximated by

it i

q=-kb- (12)
where .t is the thickness normal to the airfoil surface.
Equation 12 was used with the results of the convective heat
transfer analysis. An average heat flux was found for the
uppér airfoeil suffaéé ohiy'éihdé this was‘thé sﬁffaéé'éf
primary interest. This heat flux was computed by taking the
mathematical average of the flux at each point excluding the
stagnation point from Table I.

For the case of the airfoil, the maximum acceptable
temperature difference through the surface was specified to
be 3 F. The thickness, t, was assumed. Then a temperature
difference was computed using the average heat flux. This
temperature difference was compared to the limit to determine
acceptability.

The minimum insulating end section thickness for the
airfoil which was required to prevent the wind tunnel window
from breaking or condensating moisture was determined by a
heat flow balance. The cooling of the window caused by con-
duction in the model was equated to the heat convection to
the wind tunnel window. The flow over the window was assumed
to be fully developed turbulent duct flow. A temperature of
70 F was required to be maintained in the window glass. This

heat balance was solved for the required thickness.
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Selections of construction materials and material thick-
nesses were made using these estimates. The average heat {4
flux on the upper surface of the airfoil was 5.451 B/sec—ftz.
Aluminum, which has a thermal conductivity of 0.03806 B/sec-
ftz-R/ft, was selected for the airfoil center section. A
0.187 -in. thick surface of aluminum caused a temperature
difference of 2.23 F when computed from Eq 12. Thus, the
airfoil was designed with a constant thickness of 0.187 in.
White oak which has a thermal conductivity of 1.38 x 10~5
B/sec—ft2~R/ft was selected for the insulating end sections.
A 0.0122 in. minimum thickness is required to keep the win-

dow at 70 F. However, due to structural considerations, the

end sections were designed to be 0.813 in. thick.

Cooling System Design

The airfoil cooling system was designed to permit var-
iation of the cooling ratio during the wind tunnel test. The
system had to be capable of cooling the model to -113 F which
corresponds to the cooling ratio of 0.620 and had to minimize
temperature gradients in both the spanwise and chordwise di-
rections.

Liquid nitrogen was selected as the coolant. This se-
lection was based on the following properties (Ref 4:74) at

one atmosphere of pressure:
TBoil= - 320 F
Atsz 85.9 B /iby,
e = 016 llc»,,\//{{s
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The cooling system was designed to operate on liquid

nitrogen only. The mass flow rate of liguid required to cool

the airfoil at the design condition was estimated by
m= Q/al, (13)

where -Q is the total heat transfer rate from Table I.

The inlet area required to carry the liquid was deter-
mined by assuming that the density was constant and that the
average velocity of the fluid was 20 ft/sec. To ensure a |
safety factor in the cooling capacity, this inlet area was
increased by 120 percent.

The airfoil is cooled by spraying liquid nitrogen on
the inner walls of the model from nozzles. Most of the energy
is absorbed by vaporizaﬁion, and the resulting gas is expelled
into the wind tunnel. The most complicated part of the cool-
ing system design was locating and sizing these nozzles.

The cooling system design was based on the predicted
total heat transfer rate and the heat flux distribution at
the design condition. The total heat flow of 17.03 B/scc was
used to approximate the mass flow of liquid nitrogen required.
From Eq 13, this mass flow rate was 0.198 1b /sec. The inlet
area to the airfoil which was computed and multiplied by the
safety factor was 0.0622 inz. The nozzles which are pipes of
1/8 in. nominal size were located as shown in Fig 5. This
location was based on the heat flux distribution in Fig 4.

The required inlet area was achieved by drilling the nozzles

with a number 76 bit for a total of 198 holes. The holes were
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distributed over the entire length of the nozzles with a
larger number of holes in areas of high heat flux. Forty-
four percent of the holes must be in the leading edge nozzle.
The middle nozzle must contain 34 percent of the holes. Twen-
ty-two percent of the holes must be in the trailing edge
nezzle. The required exhaust area was 0.8648 in2, which is
14 times the area of the inlet to ensure unrestricted flow.
The remainder of the system consisted of the liquid
nitrogen supply source and connections through the mounting
struts of the model. One strut contained the liquid nitrogen
supply line. Both struts contained exhaust pipes for the
nitrogen gas as illustrated in Fig 1. The nitrogen supply
for the system consisted of a dewar of liquid nitrogen with
insulation, a compressed nitrogen gas bottle at 2250 psi,
and a pressure regulator. Regulated compressed gas pressur-
ized the dewar to permit ad justment of the mass flow rate.
Pressure relief values were used to prevent over pressuriz-

ing the model, piping, and dewar.




I1I. Airfoil Test Model Design

Aerodynamic Loads

Test loads on the airfoil and the mounting struts were
predicted. Lift, drag, and pitching moment act on the airfoil.
The only force acting on the symmetrical struts is drag. A
small number of known experimental results for the DSMA 523
airfoil served as initial conditions for the computation.

These known values, which were obtained from Ref 8, are the

following:
M= 0.82
Re s =i 106
Cl = 0.51
Cd = 0.015
Cp, Pressure distribution

The angle of attack and moment coefficient for the conditions
were unknown. The problem was to find the force and moment
coefficients for M=0.7 and Rex=1.673 X 106 at the zero angle

of attack.

Anglc of Attack. Equations were derived which relate
the force and moment coefficients to the angle of attack.and
were used to determine the angle of attack for the known
experimental conditions. The forces and moments that act on
an airfoil are depicted in Fig 6.

The summation of forces in the x- and z- directions and
the summation of the moments about the leading edge must be

equal to zero to satisfy equilibrium. A summation of forces

in the x- and z-direction using Fig 6 yields:

20




S AL
}5~ li'}___.\,x .
D
ls,'ﬁl\b..cq, s
kg, i \b{b\g;nq‘
M >

SN

=
8
’?R’

=X

Fig. 6 Forces and Moments on a Typical Airfoil Section

C, cos o~ Cysinee=0 (14)
Cdsimx-i— Ci Lottt =0 (15)

Finally, summation of moments about the leading edge gives

—-QJ' + EL e o ;
CA—— -zr-SIf\OC 4 CO50K (16)

m

Equation 14 was solved for the angle of atta k to

obtain

-~

o= tan (¢/¢y) (17)

The angle of attack was determined to be «=1,6° since Cd and




C. were known.

il
Determination of Quarter Chord Pitching Moment Coeffi-

cient. sing the plot of pressure distribution of Cl=0.51,
the moment coefficient about the quarter chord point was de-
termined to be Cm C/4=O.123. Details of the method used can
be found in Ref 7:83-85 and consisted of numerically inte-
grating the pressure distribution for directions both normal
and perpendicular to the chord. Then, an appropriate coordi-
nate transformation was performed. This result was verified
by the solution of Eq 16 with very close agreement.

Determination of Theoretical Coefficients. The prev-

iously derived equations and results were used to find the
theoretical coefficients at the zero angle of attack. It was
assumed that the drag coefficient which was presented contain-
ed only pressure drag. Thus, it was necessary to add skin
friction drag. The skin friction coefficient was calculated
using the method of Van Driest (Ref 15) which computes the
compressible, turbulent skin friction coefficient for a flat
plate as a function of heat transfer. The adiabatic condition
was assumed. The resulting total drag coefficient was 0.03%.
The ideal 1ift curve slope for a Tlat plate was assumed

to apply, and the following relation was derived:
(,-C,. = 2t (ox - ;) (18)
(3

where "i" denotes initial conditions. Equations 14, 16, and

18 define the relationship between the coefficients and

angle of attack.




Determination of Forces and NMoment. The forces and

moment on the airfoil could be computed when the dynamic
pressure and the wing planform area were specified. The dy-

namic pressure was expresscd as

A ﬁ?' /
ot':}.‘;\';,P /2 (19)

oo

where ¥ =1.4 for air and M., and P_ were defined for the
design condition. The airfoil chord was specified to be 0.750
ft and the span was specified to be 2.0 ft. Thus, the plan-
form area was 1.50 ftz.

Strut Drag. Only the vertical portion of the strut was
considered since the horizontal portion in the wake of the
vertical strut was assumed to contribute negligibly tc the
total drag. Since the struts were symmetric and parallel to
the flow, the only force that occurred was drag. The Reynolds
number was 487,800 for the 2.625 in. chord of the strut. The
thickness ratio, t/c, was 0.57 or 57 percent. Based on a
critical Reynolds number of 110,000 for an approximately 50
percent thick bluff body as suggested by Hoerner (Ref 6:6-5),
the location of transition was 0.0493 ft. The laminar and
turbulent skin friction coefficients were computed by

C, = 1328k

Lam

and

C, = 0.0M/Re}

Tar

A weighted mean value based on length was found for the skin

27




friction coefficient. The total drag coefficient was esti-

mated by (Ref 6:6-9)
C/C,=4+2%*120 (t/e)? (20)

where Cy is based on frontal area and t/c is the thickness to
chord ratio.

Results. At M=0.7 and x=0°, the aerodynamic loads
which were computed from the theoretical coefficients for

the airfoil are the following:

IG; 299.0 lbf

12.9 lbf

I

D
M

56.0 ft-lbf
The total strut drag was 14.5 1bf. The theoretical. design
coefficients for 1ift and drag were 0.440 and 0.019, respec-

tively.

Stress Analysis

A stress analysis was performed on the entire airfoil
model and the wind tunnel mounting struts to ensure that the
model was capable of sustaining the loads that were predicted
for the design condition. Specifically, the safety factor
was required to be a minimum of 4. Simplifying assumptions
reduced the analysis to an application of beam bending theory.
The model and mount were divided into major components (Fig
1): the airfoil, airfoil mounting boss, wind tunnel mounting
struts, and strut mounting plates. The procedures used were

applied to all components.

T 1
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Assumptions. Due to the two-dimensional flow, the

spanwise force and moment distributions on the airfoil model |
were vniform. The chordwise force distribution was assumed

to be such that the net result acted at the quarter chord
point of each section. This assumpltion is normal for sub-
sonic ‘flow. The reaction of the mounting struts to the air
loads was assumed to occur at the center of the strut exhaust
pipe and to act as a point force concurrent with the 1ift
force. The airfoil was assumed to act as a simple beam with

a uniform load where the struts supported no spanwise moments.
To find the torsional stress due to the aerodynamic moment,
the airfoil was assumed to be an elliptical shell with the

ma jor axis equal to the chord and the minor axis equal to

the maximum thickness of the airfoil. The cross-sectional

area and moment of inertia about the axis normal to the chord
were forced to be the same as for the airfoil.

Due to model symmetry, the loads were divided equally
to each strut. Since the airfoil and wall acted as end plates,
the flow over the strut was assumec¢ tc be two-dimensional and
to create a uniform drag force. The forces and moment on fhe
strut were assumed to occur at the center of the exhaust
pipe which is located at 28 percent chord. The analysis of
the strut was divided into the vertical portion and horizontal
portion, where both were assumed to act as cantilever beams
with concentrated loads. This assumption was valid if deflec-

: tions at the fixed ends were negligible. All loads were as-

sumed to be carried by the exhaust pipe for the vertical

29
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portion and by the shape labeled Section A-A in Fig 7 for
! the horizontal portion.

The airfoil mounting boss and boss plate were designed
to connect the airfoil to the strut and are illustrated in
Fig 8 and Fig 9, respectively. Any vertical translation of
the drag force was assumed negligible since this force is
small and the distance of translation was less than one inch.
An equivalent couple acting on the centerline was assumed to
replace the aerodynamic moment.

The strut mounting plate was designed to fasten the
strut to the wind tunnel wall. The forces that acted on this
plate were assumed to behave as point forces acting at the
centroid of the four mounting bolts which was 0.375 in. from

the location used to compute the stresses on the horizontal

portion of the strut. The forces and moment on the horizontal
strut were assumed to act on the plate since translation over
the small distance was negligible.

& | General Procedures. Moments of inertia and centroids

of arca were computed for the cross-section of each component
from a method of built-up elements. Any complicated section
shape was divided into simple elemental areas. Then, the

following formulas were used:

A=S a, (21)

Cx=iA: Xo @ (22)
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> il (23)
.

N
Ix:}: )’LZ 0y (24)

S

1=), xin; (25)
e
=,

.IQF2x>q U (26)

If the moments of inertia were found about a set of axes at
any point other than the centroid of the cross-section, then
the parallel axis theorem was used to obtain the moments of
inertia about the centroidal axes.

The material selection was based on the thermal and
structural properties., If after the stress analysis the safe-
ty factor was less than 4, a new material with greater stren-
gth was selected. The particular structural properties of
interest in the analysis were the yield strengths and ulti-
mate strengths under tension, compression, and shear. These
were used to compare with the predicted design loads and to
define the safety factor.

Each component was isolated during the analysis. An
equivalent force system had to be described which produced
the same effect on that component as the reaction to the adja-
cent component. The equivalent system was obtained by moving
forces along their lines of action or by parallel translation

which required the introduction of a couple. Some uniformly

3
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distributed forces were replaced by a point force acting at

the center of the distributed load area. ,

Each component was examined to define critical points f
which were suspected of sustaining large stress concentra-
tions due to changes in cross-sectional area, curvature, or
distance from the applied load. The critical points were
the only locations where the maximum stresses and safety
factors were computed.

Special considerations were necessary to compute the
stress on the airfoil and the strut. The shear stress due to
torsion on the airfoil was computed by a method detailed in

Ref 17:53. This shear stress is given by

Co T

abE [ (17 )* 1) ' o)

T =

where

and the subscript, 1, denotes the axial length measured to
the inside of the shell. The insulating end sections of the
airfoil which were assumed to be a solid elliptical shaft

required the use of
T=2T /1t a.b? (for a>b) (28)

The mounting struts had a sharp curvature which caused stress
concentration. Oberg (Ref 11:433) presented a method to cor-

rect for curvature effects. This correction factor was a

function of the radius of curvature.




The component was modeled as a simple beam of constant

cross-section. Vidosic (Ref 17:31-34) had compiled a table of
solutions for the reactions, moments, and shear.at any point
on a uniform beam for a variety of conditions. A solution

was selected from this table which matched the modeled com-

ponent and equivalent force system.
To find the normal stress due to the bending moment,

the flexure formula,

v=Me/I 4 (29)

e .

was used. The stress due to each of the forces or moment
was computed separately.

The resulting normal stresses from each force and mo-
ment at a point were combined by vector addition. Shear
stresses were combined in the same manner. The remaining
normal and shear stresses were combined to find the maximum
stresses at the point. The formulas used from Ref 11:421 to

combine the stresses were the following:

W ==y ol (BT + "C,f:v1 (30)

>

TMo.x - GTX“ V:)L)L °* ffxf:ﬂ (31)

2

The maximum stresses were compared to the yield and

ultimate strengths of the material in the form of a safety

ratio, SR. The safety ratios were combined by




FS= e (52) 1

SRe. + 5}{{,—‘

to produce one safety factor for the yield 1limit and one for

the uvltimate 1imit.

Results. The minimum yield safety factor of 7.4 on p
the airfoil occurred at mid-span where the maximum normal |
stress was 3298 psi, and the maximum shear stress was 2442
psi. On the strut, the minimum vltimate safety factor was
6.3 at the top of the horizontal portion which was 23.973
in. from the lcading edge where the maximum normal stress
was 9039 psi. On the mounting boss, the mounting screws had
the minimum ultimate safety factor of 13.3 where the maximum
stress was 4102 psi. On the strut mounting plate, the mount-
ing bolts had the minimum uvltimate safety factor of 4.4
where the maximum normal stress was 1032 psi, and the max-
imum shear stress was 7580 psi. A complete listing of the
stresses and safety factors at the critical points is in-

cluded in Appendix C.

Instrumentation

Thermocouples, located internal to the model, were the
only instrumentation selected for use in the wind tunncl.
Instrumentation which was external to the model could not
be used due to a wind tunnel blockage problem that was caused
by the model frontal area. Additional internal instrumenta-
tion could not be used since the space inside the model was

very limited.
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The purpose of the thermocouples was to determine the
airfoil surface temperature at selected points which would
indicate any strong temperature gradients that ﬁight influence
transition, establish the cooling ratio used for that partic-
ular test run, and serve as a data base to be used with
holography to obtain quantitative results. The thermocouples
were needed primarily on the upper airfoil surface where the
boundary layer transition would be investigated. The follow-
ing 1ist of desired characteristics was devised to select
the proper thermocouple for this application:

1. Be very compact in size

2. Be locally produced to meet specifications

3. Useful range of -300 F to 200 F

L. Error range of ¥ 2% maximum

5. Short time constant for quick response

Copper-constantan thermocouples were selected to in-
strument the model. This type of thermocouple was recommen-
ded in Ref 12 for low temperature application due to the
homogeneity of the metal. The thermocouples were located at
mid-span of the airfoil. Figure 10 shows the location of the

8 thermocouples along the upper surface.
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IV. Proposed Test Procedures

Test Conditions

The wind tunnel test conditions to be used were estab-
lished. Parameters of interest in the test, Mach number, Rey-
nolds number, and cooling ratio, were specified to limit the
number of test runs and to give a representative sample of
conditions. The Trisconic wind tunnel stagnation temperature
was considered to be 100 F. Freestream viscosity, which is
a function of the specified stagnation temperature and Mach
number, was computed from Sutherland's equation (Eg 10). The
only parameter left to be computed was the stagnation pres-
sure.

The relationship between the stagnation pressure, Rey-
nolds number, and Mach number was derived by substituting the
definition of Mach number and the perfect gas law into the
Reynolds number definition. After introducing the isentropic
relationships for pressure and temperature, the expression
was solved for the stagnation pressure with the following

results:

B vl
Bea J Rln S 2 V20D
=t [T 1+ )

Equation 33 was used to establish the proposed test conditions

which appear in Table II.

Test Equipment

Pulse laser holography and schlieren were considered

Lo




Table IT

Wind Tunnel Test Parameters for T =560 R

W Moo X 106 Po(psia) for Po(psia) for
(1b-sec/Tt2) Re=0.923 x 10°  Re=1.673 x 10°

0.3 0.39279 9.972 18.080

0.5 0.38358 6.412 11.624

0.7 0.37049 5.058 9.170

for use during the test. Optical methods of data collection
were necessary due to the high blockage in the wind tunnel.
The selection of equipment was based on the information ob-
tained from Ref 10 for the schlieren method and Ref 5 for the
holographic method. Pulse laser holography was selected as
the primary method of recording the boundary layer transition.
The schlieren method would provide a recording of the
density gradients in the flow field. The boundary layer trans-
ition would not appear as a point but would appear as a
thickening of the boundary layer over a small region. The dis-
advantages of this method were that the results would only
be qualitative and that the transition would be difficult to
detect if the density gradients were not strong.
The pulse laser holography method had several advan-
tages. Holography produces a hologram which could be used

later to reconstruct a shadowgraph, schlieren, or interfero-

5!




gram. Qualitative results could be viewed in different forms

to select the best recording of transition. In additon, the

hologram could be magnified to help locate transition. An {
interferogram produced by holography could be used to pro-~

vide quantitative results of the density gradients. With the

density and temperature distributions available, the pressure

distribution could be found.




V. Heat Transfer for Test Conditions

There were two problems with the design process at
this point. First, the results of Boehman, Fig 2, had not
been incorporated into the program, CONHEAT. A critical Rey~
noiﬂs number of 0.5 x 106, which did not change as a function
of the cooling ratio, had been used. Second, the pressure
distribution used was for a Mach number of C€.82 since it
was the only one available for the DSMA 523 airfoil. The
model design was completed by necessity with this data.

Test Data. Through a cooperative test program with
NASA Ames Research Center, McDonnell Douglas Research Labor-
atories had completed pressure measurements on the DSMA 523
airfoil at a Mach number of 0.7 and Reynolds number of 2.0 x
106. Spaid (Ref 14) obtained special permission from NASA
and the McDonnell Douglas Corporation for the data to be
used in this study.

The new pressure distribution was incorporated into
CONHEAT along with the variation of the critical Reynolds
number with cooling ratio. Careful observation of Fig 2 shows
that the critical Reynolds number may not be reached for the
given freestream Reynolds numbers and cooling ratios below
0.824. Therefore, the range of desired cooling ratios was
changed to 1.000 through 0.824,

Forced Convection Predictions. As a resull of using

the new test data with CONIEAT, predictions of the heat lrans-~

fer for several cooling ratios were obtained at M=0.7. The
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variation of heat flux followed the same pattern as the design

condition flux; however, the magnitude of flux decreased and

1
1

the location of transition moved forward for eaéh increas-
ing cooling ratio. As can be seen in Fig 11, the transition
to turbulent flow did not occur at all for Re=0.923 x 106
and Tw-/'l‘00 =0,824 ., The remaining heat flux predictions can be
found in Appendix B.

Due to the differences in design and test data, a com-
parison of the total heat transfer rate for these two condi-
tions was made to ensure the capacity of the cooling system
was adequate for the test. This comparison (Fig 12) showed
that the required cooling for both freestream Reynolds num-

bers was less than the design values at the same cooling

ratio.
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VI. Design Summary and Recommendations

The following items summarize the capability of the 19
airfoil test model:
1. The angle of attack which is not ad justable
is &=0°,
-2. The maximum allowable aerodynamic loads occur at
M=0.7.
3. The maximum cooling capacity is 17.03 B/sec.

L4, The maximum moss flow rate of coolant is E

m=0.198 lbm/sec.
5. The maximum temperature gradient in the model
is 2.23 F.
6. The maximum cooling experienced by the wind tunnel
window is 0.004 B/sec.
7. The lowest safety factor which occurs at the strut
mounting bolts is 4.4,
The first four recommendations are concerned with the
testing of the airfoil model. The remaining recommendations
propose further investigations. These recommendations are:

1. A bench check of the model cooling system and ther-

mocouples should be made prior to the test.

2. Ensure the wind tunnel is dry as possible to pre-
vent frost formation.

3. Compare the total heat flow for the experiment with
predicted values by measuring the mass flow rate of

coolant.

7




Compare the experimental results with the theoret-
ical results from Ref 2.

Further experimental investigation of the cooling
effects on transition should be conducted with a
flat plate to eliminate pressure gradients.
Further experimental investigation of the cooling
effects on transition should be conducted in a

three-dimensional flow.
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Appendix A

Computer Program for Boundary Layer

Convection Study

The computer program called CONHEAT implemented the
theory and program logic that were discussed in Section II
to perform the convective heat transfer analysis. To use
this program effectively, the format for input and output
and definitions of parameters must be known. A listing of

the complete program has been included in this appendix.

Input Format and Parameters

Two methods were used to input data. One method was
the data statement, and the other was standard data cards.
The data statement is part of the main program and was used
for constants and variables which were seldom changed. Data
cards were used for information which was generally changed
or for variables which had to be redefined during a single
execution of the program.

Five data statements were used. The data statement .
assigns values to variables and arrays. The word "DATA" may
be followed by any number of variables with the value of each
enclosed with slash marks. The first data statement defined
constants and geometry of the model as follows:

GO - Newton's constant, g =32.174 1bm-ft/lbf—sec2

R - Gas constant for air, R=1716 ft°/sec®-R

CJ - Mechanical to thermal energy conversion factor,

J=778.16 ft—lbf/B
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CSH- Specific heat at constant pressure, Cp=0.24 B/lbm—R
PR - Prandtl number for air, Pr=0.7
¢ = Airfoil chord in feet, c¢=0.75 £t g
B - Airfoil span in feet, b=1.83 ft
RA - Leading edge radius in feet, r=0.025 ft
TIN- Freestream temperature, T ., =559,67 R

The second data statement defined the distance between pres-

sure coefficient locations on the upper surface in the sur-

faée coordinate system. XU means the x-distance on the upper

surface. All 21 points must be included. The values in this '7

array are separated by commas. The following is an example:
DATA XU/0., OBB, 086, ., +770/ a

The third data statement has the same form as the second
statement. It defines the x-distance on the lower surface,
XL. The fourth data statement lists the pressure coefficients
for the upper surface, CPU. The form is the same as the sec-
ond statement. The fifth data statement lists the pressure
coefficients on the lower surface, CPL.

The three read statements in the program are unformated
to simplify use. This requires the data card to list the
decimal values of the variables separated by commas and in
the order that appears on the read statement. The first data
card nust contain the following:

UIN - Freestream velocity in ft/sec, u_

MUIN- Freestream viscosity in 1bge-sec/ft%, s

PIN - Freestream pressure in lbf/ftz. P

(@ &)
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An example of this card is the following:
813.052, .00000037049, 728.048 |18

The numbers start in column 1 of the card. Theré must be
at least one card of this type. The second card indicates
the number of cooling ratios to be read, NTR. The value on
the second card must be a positive integer. The third data
card lists the following:

TR - Cooling ratio, TW/QD

REC - Critical Reynolds number corresponding to the

value of TR of Fig 2

The total number of the third type of cards must equal the
integer on the second card. If more than one set of free-
stream conditions is specified, then all three types of

cards must be repeated.

Output Format

Two types of output are obtained from the program. One
type is a plot of the local heat flux, ﬁ;, as a function of
location along the chordline for the upper and lower sur-
faces. Examples of the plot appear in Appendix B. The second
type of output is a table. The table includes freestrean
conditions, local values of properties, and the total rate
of heat transfer. The local values of properties at each
point include location, velocity, Reynolds number, Stanton
number, convective conductance, and heat flux. An example of

this table appears in Appendix B, Table TII.
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Appendix B

Convection Program Output

The computer program,CONHEAT, which was discussed in

Section II and Appendix A was run with the proposed test

data discussed in Section V. These results predict the heat

transfer and flow properties for the proposed test conditions
at a Mach number of 0.7. An example of the tabular results

is contained in Table III. Plots of heat flux for all of

the proposed cooling ratios are contained in Fig 13 through

Fig 19.
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Appendix C

Stress Analysis Calculations

Airfoil

Moments of Inertia and Centroids. With the aid of a

full scale drawing of the airfoil section such as Fig 10,

the area, centroid, and moments of inertia about the leading
edge were computed using Eq 21-26. Then, the parallel axis
theorem was applied to get the moments ¢f inertia for axes
through the centroid and for the x-axis parallel to the chord.
The results were:

3.430 in.2

ks 3.947 in.

y

= 0.1187 in.u
¥ =17.0948 in.u

A
C
C 0.042 in.
B
i1
I

= 0.3940 in.u

X
Xy

Material Selection. The materials used for the con-

struction of the airfoil and end sections are listed in Table
VII. A complete listing of structural properties needed to
perform the entire stress analysis is included in Table IV
by type of material.

Equivalent Force System. The computed uniform 1ift

force at the design condition was 12.458 lbf/in. of span for
a total of 299 lbf normal to the chord. The uniformly distrib-

uted drag force was 0.537 lbr/in. of span for a total force
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Table IV

Structural Limits of Materials

? 1
Type Material Tension’ l Comprcssion*i Shear
Y1d U1t f ¥id . @t o gie. v
1 |
2024 -T4 Alum Lo 64 38 @ 23 4o
(Ref "9:85)
|
ATST-SAE-4130 1117 136 @ 136 @ 102
Steel(Ref 1h:452) ’
r |
Oak, White | @ 0.8 @ @ @ 2
(Ref 9:146) [
Yld - Yield * All stresses in 1000 psi
Ult - Ultimate @ Not available

of 12.9 1bf. The moment of 672 in.—lbf was distributed uni-
formly at 28.00 in.1b./in. of span. These are the theoretical
loads computed in Section III. This system of forces was
concurrent at the quarter chord point.

Critical Points. Due to model symmetry, .only half of

the airfoil had to be analyzed. There were 5 critical points
selected:

1. Mid-span

2. 4.5 in. from mid-span

3. Center of airfoil boss

L, 11.0 in. from mid-span

5« End of span

Special Considerations. The elliptical shell which

replaced the airfoil section for the analysis had a wall

thickness of 0.229 in. for a 9 in. major axis and 0.99 in.
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minor axis. The ellipse was defined by solving the following

equation for thickness, t:

)

Area of EHIPSQ = [ab*(aw)(b—i)}: 3.43 in?

Equation 27 was used to compute the shear stress at critical
points 1 through 4. Equation 28 was used at point number 5
for the shear stress of the solid elliptical section.

Stresses and Safety Factors. The airfoil was assumed

to behave as a simple beam with a uniform load and symmetri-
cally overhanging ends. The normal and shear stresses were
computed for 4 locations at each critical point: the leading
edge, trailing edge, top of the section at maximum thickness,
and bottom of the section at maximum thickness. The stresses
were combined using Eq 30 and 31. The safety factors were

computed with Eq 32. These results are in Table V.

Mounting Struts

Moments of Inertia and Centroids. The vertical portion

of the strut was assumed to resist bending with 1lhe exhaust
pipe only. The moment of inertia of the 3/4 in., nowinal
sized pipe was 0.0448 in.u The moment of inertia and centroid
of the horizontal portion was computed using Eq 21-26 with
the drawing of the cross-section of the stirut in Fig 7. The
result was an area of 0.8402 in.z, the centroid which was
0.500 in. from the center of the exhaust pipe, and the mo-
ment of inertia which was 0.272 in.u about the axis perpen-

dicular to the axis of symmetry of the section.

Material Selection. The materials used for the con-

1

¢ —— - ——
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Table V
. B

Maximum Stresses and Safety Factors

for the Airfoil

Critical Point vpmax ﬁtmax FS FS ? 4
#  LOCATION | 10°psi « 10%psi YIELD  ULTIMATE
|
Pop - 32.973  _2h.418 7.4 12,5 |
1 Bottom 14.873 25,101 8.7 @ %
Front . 0.461 0.483 h15.2 e | |
Back 0.512 0.483 L08.3 707.1
Top 19.140 12.991 13.5 2.7 |
2 Bottom 6.279 13.571 16.3 @ f
Front i 0.389 0.405 500.0 e |
|
Back | 0.426 0.405 488.0 845.2 |
| |
3 Bottom 2.609 1.431 114 .4 189.7 i
Front | 0.439 0.436 461 .3 816.5 |
|
Back | 0.432 0.4736 W66 .3 @
1
Top 4,967 5.086 39 .4 @
L Bottom 5.228 5.087 38.1 66.2
Front 0. 144 0.144 1581 .3 2786.3 1
Back 0.143 0.144 1581 .3 @
5 Top 0. 0.485 @ 41 .2
@ Not computed




struction of the strut are listed in Table V1I. The structur-

al 1limits of these materials are in Table IV. The epoxy cas-

ing material was not used to support loads in the analysis.

Equivalent Force System. Due to the model symmetry,

only half of the loads used to analyze the airfoil acted on

each vertical portion of the strut. The strut drag of 7.27

1b, which acted at the middle of the strut was added to the

£
system. To obtain a concurrent force system, the strut drag

was moved parallel to the location of the airfoil chordline,

and a couple equal to the drag force times the translated

distance was also added. The resulting equivalent system

was the following:

n

L 149.5 1bg
13.7 lbf

’ M = 291.5 in.-1b,

D

This equivalent system for the vertical portion was trans-

lated in a similar manner to obtain the forces and moment

acting on the horizontal portion. Upon translation to the

base of the vertical portion, the resulting equivalent sys-

tem for the horizontal portion was:

L = 149.5 lbf
Ds 13.7 lbf
M - 4”’2-“ i]]a“lbf

Critical Points. There were only two critical points

to analyze on the strut. These were the points of maximum
bending moment. One point was 11.0 in. down from the airfoil {

chordline on the vertical portion of the strut. The other

T ST

e e




point was 23.973 in. from the center of the vertical exhaust

pi]w .

)

.“,Deci::‘. Considerations. The computed normal sireas on

the

vertical portion of the strut was corrected for arvatur

affects. The

factor on t}

and 0.71,

were assumed I D1 cilever | N1t

at

Lhe

front and

comb in¢

by

Wilh I5q ’;_’. U1l 1 hie inagi { L vortt s ¥y L, X i

mum normal siress wasg ) 1 L) ma

was 4275 psi, 1 the L ma faty f wag 1.

the outside of th ver 1 8%l ' ! nor

t}

was 3916 psi,

ultimate safety factor waas 28.089. 1 the toy th

tal strut, the maximum normal siresg wa , 076 psi, %l

9030

maximum shear slress wag pe i

factor was 6.3. On the bottom of the horizontal strut, the

maximum normal stress was 15,158 psi, the maximum shear stress

safety factor was 7.47.

was 1580 psi, and the

Mounting Boss

Moments of Inertia and Centroids. Due to the nature of

the assumed equivalent force system, no moments of inertia
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or centroids were calculated.

Material Selection. The material used to conslruct | 1

the mounting boss was 2024-T4 aluminum. This material's

structural limits are listed in Table 1IV. The 6-40 machine

screws used had an ultimate stress 1imit of 54,400 psi. The

ultimate shear stress for the fillet weld was 11,300 psi.

Equivalent Force System. The same loads that acted

- —— e e B

on the vertical portion of the strut also acted on the moun-

ting boss. However, the drag was neglected since it was much
€ g

esmaller than the lirft force. The moment was replaced by an

equivalent force and moment arm, The result which was the sum

of the 1ift and equivalent force was 455.7 1!1.

ritical Pointg. There were three critical points on

the mounting boss. These points were the screws which fagt-

ened the boss to the airfoll and boss plate, the flange of

the Loss, and the boss plate fillet weld.

Stresses and Safety Factora. There were 11 screws

fastening the boss to the airfoil and 11 screws fastening the
[

boss to the boss plate. The maximum stress on the screws was

4102 pui, and the ultimate safety factor was 13.3. The maxi-

mum shear gtress on the flange of the boss which was correcti-

ed for stress concentration was 890 psi. The yleld safety fac-

tor was 44,9, The maximum shear stress on the fillet weld

was 1032 psi, and the ultimate safety factor was 43.8. These

stresses and safety factors were computed with Eq 29 through

Eq 32.




Mounting Plate

Momentls of Inertia and Centroids. Due to the nature of {
the equivalent force system, no moments of inertia or cen-
iroids were calculated.

Material Selection. The material used to construct

the mounting plate was 4130 low alloy steel. This material's
structural limits are listed in Table 1V. The fillet weld had
an ultimate shear limit of 45,200 psi. The mounting bolts,
1/4 in. hexhead, had an ultimate normal stress of 44,800 psi
and an ultimate shear stress of 33,600 psi.

Equivalent Force System. The equivalent force system

was the same as the loads that acted on the horizontal por-
tion of the strut.

Critical Points. There were two critical points. These

points were the 1/8 in. fillet weld between the plate and
the strut and the mounting bolts.

Stresses_and Safety Factors. The stresses and safety

factors were computed with Eq 29 through Eq 32. The maximum
ghear strecs on the fillet weld was 7580 psi, and the ulti-
mate safety factor was 6.0. The maximum normal stiress on the
mounting bolts was 1032 psi, and the maximum shear stress was

7580 psi. The ultimate safety factor on the bolts was 4.4,
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Appendix D

Details of Model Construction

As a culmination of the design and analysis process,
details necessary for the construction of the model have
been specified. Figure 5, 7, 8, 9, 10, 20, and 21 depict all
of the major parts that comprise the airfoil and strut mount
system. Only Fig 20 and 21 appear in this appendix. Figure
20 contains a perspecctive of the entire assembly. Notes which
explain special considerations during construction or clarify
details have been included in the drawings. The airfoil sec-
tion shape used is the McDonnell Douglas Corporation, DSMA
523, supercritical airfoil. Table VI provides geometiric coor-
dinates (Ref 8:738) necessary to contour the surface of the
airfoil for a 9 inch chord.

Several items require special attention during construc-
tion. Teflon gaskeits must be used on all contact surfaces
between parts to prevent leakage of liquid and gascous nitro-

gen. After the thermocouples have been installed using the

10~32 screws with the centers drilled as seen in Detail A of

Fig 10, the centers must be back filled with epoxy to secure
the thermocouple wires and insulate the thermocouple from
direct contact with the liquid nitrogen.

Lastly, aluminumized milar and fiber glass multilayered
insulation must be used to wrap all thermocouple wires and
the liquid nitrogen supply line that leais to the mounting

strut.




SINI3S Y3 TM TSpol TTOJATY JO M8TA oaTlgoedsasd 02 *S14




83B8Td Jurzunol 2nIys 12 °*S1d

S
S < : | 3
ke e ——Slena) |

q
1

|
y
!
1
I
1
|
|
|
l
hy
v,

_ ‘NI /SQY35HLE?Z A .£
1 SLiC8 QVIHX3H “ : &w
L8/ 803 TN : m we]

81

by
-
SN

b= -

|
200" 1IONYN3TI0L i




‘Pable VI

Airfoill Section Coordinates

[ x T ¥ g X i oy %
L0045 L0456 -.0459 ,0915 ! 4,1400 4963 -.4693 .9656
.0090 .0639 -.0642 .1281 ] i 4.3200 .49k8 -.4602 .9550
.0225 ,0996 -.0997 .1993; }4.5000 Q925 - 4492 9417
L0450 1379 -.1379 .2758 | | 4.6800 .4895 -.4363 .9258
0675 1658 -.1658 .3316| | 4.8600 4858 -.4210 .9068
.0900 .,1864 -.1860 .3724; i5.0400 L4814 -.4015 .8829
1125 ,2039 -.2029 .4068 | 5.2200 4763 -.3781 .8544
1350 2184 -.21%72 .4356, | 5.4000 4704 -.3500 .8204
.1800 2423 -.2407 4830 §5.5800 L6309 2.3166- J7B05

i
2700 .2766 -.2760 .5526 | :5.7600 L5685 - .2785 7350
3600 ,3011 -.3025 .6036|!5.9400 4484 -.2375 .6859
5400 .3367 -.3428 .6795; i6.1200 L4395 -.1939 L6334
7200 .3633 -.3757 .73901|6.3000 .4295 -.1526 ,5821
9000 ,3869 -.L009 .7878  |6.4800 4184 -.1142 .5326
1.0800 4068 -.4212 .8280;  6.6600 .4062 -.0788 .4850
| |
1.2600 .4232 -.4375 .8607 ! {6.,8400 .3926 -.0468 4394
14400 A369 -.4510 .8879!|7.0200 .,3775 -.0184 ,3959
1.6200 4485 -.,4621 .9106j 7.2000 3604 0062 3542
1.8000 4581 -.,4713 .9294? 7.3800 .3412 .0267 3145
1.9800 L6662 -.4789 9451 | [ 7,5600 .3195 L0428 2767
2.1600 4731 -.4850 .9581 |\ 7.7400 .2950 0542 2408
|
2,300 4788 -.4898 ,9686 | | 7.9200 ,2670 J0602 2068
2.5200 4836 -.4933 .9769  |8,1000 .235%  .0595 .1759
2.7000 4874 -.4955 ,9829 8.2800 .1997 0507 1490
2.8800 4906 -.4965 ,9871 8.4600 ,1594 J32L 1275
3.0600 4931 -.4962 ,9893 ;8.6400 1138 0031 1109
3.2400 4950 -.4948 ,9898 8.8200 .0616 ~-.0379 .0995
3.4200 (4963 -.4923 ,9886 9,.0000 ,002 -.0910 .0938
3.6000 ,4972 -.4885 ,9857
3.7800 4974 -,4835 ,9809

All measurements in inches (accurate to 0.0001 in.)
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Materials to be used for construction of the model were
determined from consideration of the heat transfer and stress
analysis. The thermal and structural properties of these
materials were required to exceed the limits of the design
condition. Table VII lists materials to be used for the com-

ponents of the model.

Table VII

Specification of Construction Materials

Component Material
Airfoil
Center Section 2024 -T4 Aluminum
End Plates 2024-T4 Aluminum
Insulating End Sections White Oak (Hardwcod)
Airfoil Bosses 2024 -T4 Aluminum
Cooling Nozzles Type 304 Stainless Steel
Strut Boss Plates AISI-SAE4130 Low Alloy
Steel
Mounting Struts
Exhau~t Pipes AISI-SAE4130 Low Alloy
Steel
Thermocouple and LN, Pipe AISI-SAE4130 Low Alloy
Steel
Reinforcing Bars AISI-SAE4130 Low Alloy
Steel
Contour Shape 3 - €301 Epoxy (Aluminum
Filled
Strut Mounting Plates AISI-SAE Low Alloy
Steel

Thermocouple and LN2 Supply Pipe Type 304 Stainless Steel

The requirements for fastening methods were based on
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E | the stress analysis. Two primary methods which will be em-
ployed are fillister head, fine thread, machine screws and

fillet welds. Table VIII lists the fastening method with sizes

for all of the components of the model.

Table VIII

Specification of Fasteners

Component Combination Type Fastener Size

Airfoil Center Section Halves Fillister Screw 10-32
Airfoil End Plates and Insulating
End Sections to Center Section Fillister Screw 10-32

Airfoil Boss to Airfoil Center

Section Fillister Screw 6-40
Cooling Nozzles to Airfoil Boss Fillister Screw 6-40
Airfoil Boss to Strut Boss Plate Fillister Screw 6-40
Strut Bess Plate to Strut Pipe Fillet Weld /8 in.
Reinforcing Bars to Exhaust Pipe Fillet Weld 3/16 in.
Reinforcing Bars to LN, Pipe Fillet Weld 3/32 in.
Struts to Mounting Plate Fillet Weld 1/8 in.
Mounting Plate to Wind Tunnel Hexhead Screw 1/4 in.

28 Threads
per inch

8l
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