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The purpose of this s twiy was to design a cupercr iU-

cal a i r foi l  test model which would be u ::ed to inves t iga te

the e f fec t s  of cool ing on boundary layer s t ab i li t y in sul-

sonic -fl ow . Previous invect i~ at ions have indic~a t e d  that

t ransi t ion to turbLllent  flow was delayed by cooling .

This repor t is limited in scope to the model desi Ln

and test para~ne Ler specification . I hope that this  work will

be found complete and self—suffic ient by the student who u n —

dertak c~ the actual testing of the m o d e l .  Anyone who is in-

terested in deterrninia~ th e heat transf~ r for fl ow over an

arbitrary body with constant surface temperature will find

the computer program in Appendix A to he u seful .

I would like to thank my advisors , Dr. J. E. Hitchcock

of the Air Force ins t i tu te  of Technology and Dr. A. W. Fiore

of the Flight Dynamics Laboratory at hright-Patterson AFB ,
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p3~~t i on  o~ t .~•is study . Deep :a’~~tude is  also e~~~~r~~~ed t~

F . W .  Spaid , Senior Scient is t  at McDonnell Dou~ las Research

Laboratories , for  his e f f o r t  in providing me with cxpe i~u o n —

tal pressure distr ibutions. Las t ly ,  I wish to acknowledge my

gratitude to my wi fe  for  her insp iration and eJ~tort  in typ-

ing this thesis .
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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 s tabi l i ty. A DS: ’A 523 ai r i o il  sect ion

was employed.  The model was designed to have sur face  ton~p or—

ature instrumentation and a l iquid nitrogen cooling sys t o n .

1 Heat transfer , aerodynam ic loads and stresses, and
0

: 
instrumentation were analyzed for the proposed test c ondi-

t.. tions . A computer program was developed to analyze the forced ,
0 

convective heat transfer over a two-dimensional body with a

constant wall temp erature . The program ut i l ized  an integral
0 

‘ 
method to compu te local Stanton numbers . Local heat flux and

total heat flow were predicted for a Mach number o± 0.7, Rey-

nolds numbers of 0.923 x ~o6 and 1.673 x ~o6 , and cool ing

ratios from 1.000 to 0.824. The stress analysin 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

1 
are included. The proposed -tests are -to be conducted in the

subsonic test section of the Trisonic Test Facility at Wright—

Patterson AFB , Ohio .

4,

0 
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Analysis and Design of a Cooled Supercritical

Airfoil  Test Model

I . introduct ion

Background

In 1974 Boehman anc~ 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, Boehrnan looked at boundary layers in shock

tube induced fl ow and subsonic wind tunnel fl ow .

This the oretical problem is still not totally solved.

A full description of the stab ility 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 . F inally, Boehman fur ther  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 that an

4 . experimental test program be deve loped to s tudy the e f f e c ts

1
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of surface cooling on boundary layer transition .

Experimentation is needed to correlate with the linear

stability the ory and validate the assump tions made during 
0

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 fl ow and shock tube fl ow (Ref 16 and 3) which gives

ins ight to the stab ility pr oblem. Although similar resul ts

would be expected for subsonic fl ow , experimentation is re-

quired to c onf irm this fac t .

The fact  that skin fr ict ion and the rate of heat trans-

fer are an order of magnitude greater in turbulent fl ow 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 contr ol of transition will result in reduced

aerodynamic drag with the following possible benefits :

1 • Increased aircraft performance

2. Extended range

3. Increased payl oad

4. 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.

2
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The tes t  was to investigate the wall cool ing effect on boun-

dary layer stab ility and transition . The purpose of the test

was to increas e the unders tand ing-of boundary laye r stabili-

ty, to obtain clues that might advance the stabi~ it y theory ,

arid to correlate with the present theory .

.The model was to have a DSIVJA 523 airfoil section with

the capability of being cooled. This ~ hite omb-t ype , super-

critical airfoil profile was developed by t h e  McD oimell

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 cons ton t

zero angle for the airfoil section chord line . This model

was re quire d to have a c onstant a irfoil section ,to Sean
• the entire 24 in. wiri c~. tunnel , and to be mounte d 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 ths. ign phase which

included specification of testing pr ocedures.  The second

phase which consists of model construction and testing will

be performed as a separa te independent s tudy .

An analytical study was required to design the model

and its cooling system. This analysis required the solution

for the forced , convective heat transfer in subsonic flow

over the two-dimensional wing. A c omp u ter program was (level-

oped from the reference temperature approach to variable

3
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F Fig . 1 Concep t of the Model with Mount ing Struts

property flow which used integral equations to de termine

the local , laminar and turbalent Stanton numbers for constant

wail temperature fl ow over aii arbitrary body (Ref  9 :226 and

24 7) .  Estimates of hea t  conduction in the model wore also

necessai-y . The heat transfer auaiy~~.s wh ich  wa~ perf orme d 0

for only the most stringent test conditions appears in detail

in Section II.

The model design required de termination of the forces

and moments on the model , a stress anaiys is , and construction

drawings . The stress analysis made use of’ simple beam bend ing

theory . De tails  of the stress analysis which wes performed

only for the most st r ingent Lest conditions ap~~ ’:~ r in Sec tion

III .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~0
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The test was designed to m easure the movement of boun—

• dary layer transition as a function of wall cooling relative I

to the no cooiin ~ condit ion . The s tabi l i ty  results of’ Boch-

man (Ref 2 : 5 7)  were used in the forced , c onvective heat

transfer analysis . The test conditions which are specified

in Sect ion IV were limited to combina t ions  of the following

variables for  the range s indicated :

1. Reynolds number ( 1.673 x io 6 and 0.923 x 106 )

2. 1~ach number (0 .7 -0 .3)
O 3. Cooling ratios (1.000 - 0.824) I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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Boundary L~y~r_Forced C onvection -

Gen era l  Assuj~~tions. S impl ify ing assumptions were

made to the model so that existing solutions to the heat

transfer problem could he used. With the proposed model

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

It was assumed that only the most s t r ingent  test condition

of 14=0.7 needed to be analyzed since aerodynamic heating

and heat flux increase as a function of Mach number. A con-

stant wall temperature was specif ied since it eliminated

O temperature grad ients as an inf luencing factor  in boundary

layer transition.

Boehman reported results that give the transition

Reynolds number as a function of the wall cool ing ratio ,

TV/T~ , for a family of subsonic Mach numbers (Ref 2:57).

The results apply to a flat plate . It was assumed tha t 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 cyl inder (Eq 1) .

ue Zu~ x/R ( x/R <<LO) (1)

For the range of Mach numbers of interest , M~O.3 to 0.7,

compressibility could not he neg] ected . Thus , the flow was

6
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Fig . 2 Relative Stabil i ty of Boundary Layers as a Funct ion

of Crit ical  Reynolds Number and Cool ing Rat io  0

(From Ref 2:57)
/

considered to have variabl e properties . A reference tem pera—

ture approach was used in which  all properties were computed

locally us ing Ecke r t ’ s reference temperature ,

T = -

~~~~~~~
- ± 0. ? 2 (T~ -- T~) ( 2 )

Theory . The solution to the convective heat transfer

analysis could have been ob-tained ‘by solving the boundary

layer momentum equation which establishes the velocity field

and then solving the boundary layer energy equation . This

method VIe S complicated , and the accuracy of results required 0

did not meri t  its use . S impler methods were available when

the proper approximations were made to the problem. Use of

the s impler methods required that the flow over the model be

7
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analyzed in three rc~~ions , st agnat ion , laminar , arid turbulent

flow .

Kay s (Ref  9 :223)  deve loped a method of c omputing the

local 5-tanton number for  laminar f low over a c ons -Lant tem-

perature body of arbitrary shape . This method was based on

the assump tion that the var ia t ion  of c onduction thickn ess

for  flow over an arbitrary shape was of the same f 0cm

as the s imi la r i ty  solutions for  wed ge ±10w . The function ,

which expressed the var ia t ion of c ondnct ion  thichnuss in

air , Pr= 0 .7 ,  for  wei ge flow , was defined numerically . Smith l-

and Spalding (l ief  13: 60) ap~ ro:’:imatcd this tanction by a

straight line which fits the  wedge so lu t ions  exact ly  for

the stagnation point and the fiat plate . The result ing cx— ‘0

pression wao solved for  the conduction thickness. Using the 0
def in i t ion  of c onduction -thic);ness and S tanton number , the

following expression was derived for the local Stanton nuin-

ber :

~ \ O .435

St — ~~iS.~Y1 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

X L&m [ $~ ç ~ ) V ~~~‘

For the turbulent case of flow over a const ant temper-

ature body of arbitrary shape , Ambrok ( R e f  1:1979) suggested

a solution of the integral energy equation without having

to sol ve the momentum equation . This method was developed

F 
by Kays (R ef  9:245-247) . Kays star ted w i th the solution to

heat c onvection for the constant  t cmnp ovature  f l a t  plate in

turbulent  flow . This solution which was e:.:pi’es~ ed in terms

8
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1

of the Stanton number was used in the energy integral cqua-

tion for a flat plate to develop an expression for  -the en-

thalpy thickness , 
~~2 The resul t ing relat ionship between

x and 
~~2 was used to deve lop a Stanton number which was a

function of local parameters only. This Stanton number re-

lat ionship was assumed to hold for any turbulent flow . The 0
general energy equation was integrated with the heat f lux ,

in the equation expressed in terms of the c onvective

conductance which was found from the assumed Stanton nu~Ler

relat ionship .  The resulting expression was solved for  the

followini~ local Stanton number:

~~ I~~~~Z

o.0a95 ‘iT •~- L i0 e U~e, ~ X 
0

At the stagnation point , Eq 3 for the local Stanton

number did not apply since Ue~~O~ However , Eq 3 was used to
solve for the convective conductance , h , at x~ O.  A f t e r  sub-

st i tuting the assumed velocity relationship from Eq 1 , the

expression for  h was integrated with the fol lowing results :

k~ = I .OO 1 c~ (5)

The value of’ h~ 
was now independent of the values , x 0  and

U e = O •

In all three reg ions of fl ow , the local heat f lux was

determined from the convective conductance obtained from Eq

3, 4 , and 5 and the known local temperature d i f f e rence  by

________________________ - — -  O -~——-——•-——---- - • —---- — O - .-- --• - ~~~~~~~~~~~~~~~~~~~~~ ‘. I
~~~~~~~~~~~~~ -w 0
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Comnuter Pr ogr am Logic. A computer program call CON—

HUAT was written to analyze the forced , convective heat 0

tran:aFer on the airfoil model . This program utilized Eq 2 0

through Eq 6. The program was designed to be general in

n atu r e  and could  be u t i l ized  to compute the c onvective heat

transfer  for  nr~,’ tw o-d imensional body with a constant surface

toraroraturo . Any further restrictions on the application of

the program will be noted during the discussion of program

logic . A deta i led descrip tion of the input/ou tput format is

given in Appendix A along with a c omplete l isting of the

program .

Inforraat ion required -to solve the convec-tion problem

included f rees tream condit ions , a pressure dis t r ibut ion ove r

the model , m odel ge ome try , and the desired cool ing ra t io .

The required f r eest r eam c onditions consisted of the velocity ,

pressure , temperature , and viscosity . Pressure coeff ic  ients

were required on the surface at intervals of 5 percent of

the chord s-tart ing at -the stagnation point . This resul ted in

21 points on the upper surface and 21 points on the lower

surface being def ined for use in determining the t otal rate

of heat t ransfer .  A surface coord inate system was defined ,

and the distance between pressure coef f ic ient s  on the sur-

face was determined. Additional geometry required included

the chord length , span , and leading ed ge rad ius . The cool ing

10
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rat io , TJT(,. , specified the surface temperature J ot’ the giv-

en froestrenmn tempera ture , and the c r i t ica l  Reynolds num ber

wan obtained from Fig 2.

The f i r s t  section of the program computed the proper-

ties at the d iscre te  locations of the pressure coefficients

for the upper and lower surfaceo~ iii add iti on to U~e free—

stream density and the recovery fac to r s . The larninai: recovery

factor was de f ined  by

r ( 7 )
L~ m

The turbulent  recovery factor was defined by 0

r~~~~fF~ (8)  ~0

0 

The fr~ estream dons ity was computed from th e  perfect  gas ia-an

The velocity ,  temperature , and pressure at each point were

determined by using inviscid re)a t ions  which did riot include

the e f f ec t  of b oundary layer displacement thicknese .

The second section computed the Eck ert reference temp-

erature and the properties based on this temperature for the

upper surface . The adiabatic wall temperature which is use l 0

to c ompute Eckert ’ s temperature was found by 0

‘ (9 )

where r was the value for laminar flow from Eq 7. Then Eck--

ert ’c temperature was computed from Eq 2. The viscosity was 
0

computed using Eckert ’s temperature iii Sutherland ’s equation , 
0

11 
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0

The local density was computed using the perfect gas law .

A local Reynolds number was cc :cnuted and c ’o r a p n i r l  uith ~hc

critical Reyn olds number.  If Lie: value of t h e  C r L  ~~al h~ y—

nolds number had bee n exc eeded , then the computations were

repeate d with the value of r defined by Eq 8 for the remani-

ing points on the surface in turbulent  fl ow . For the third 0

section , the same procedures as in the second section were

rciacated for  the l ower su r face .  
0

The fou r th  section c omputed the local Stanton numb er ,

local c onvective conductance , and local heat f lux at each

point on the upper surface , Equa-tion 5 w ee used to compute

the convective conductance at the stagnation point. Equation 0

3 was numerically integrated by the trapezoidal rule to ob—

tam the laminar S tanton number .  Af te r  the critical Reynolds 
0

0 number had been exceeded , Eq 4 was used instead of Eq 3 to

compute the local turbulent Stanton number. The follow ing

relation was used to compute the c onvective conductance f rom

the Stanton number :

h~=5~~ 
~~~~~~~~~~~~~~~~~~~ ( 11) 0

The local heat flux was determine d from Eq 6. For the fifth

section , the same proce dures as in the fourth section were

repeated for the lower surface.

The las t  section integrated the local heat f lux  by the

12
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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 t ransfer .  O the r results which

were part of the program output were the local cond itions at

each point and a plot of the heat f lux  dis-tribution . Figure

3 summarizes the program logic .
Design Data. The mos t stringent test condit ion deter-

0 mined the design data which was used.  A F.~ach number of 0 .7

0 

was selected. This corresponded to a veloci-ty of 813 ft/ sec

at the wind tunnel temperature of 100 F. The f’reostream v5.s-

cosity from Eq 10 was O.3?OL~9 x lO 6lbf _ sec/ ft 2 . The free--

stream pressure was determined from a method described in

Section IV. This pressure and the corresponding Reynolds

number were 1320 lb1~/ft
2 and 1.673 x ~ o6 respectively. The

desired cooling ratio was 0.620. The airfoil geometry was

obtained graphically from a full scale drawing of the a irfoi l

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 io6 0

and TV/T~ 0.620 appears in Fig 4. The negative values oI~ 0

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 f lux dropped 0

off’ quickly in the laminar flow region . The jump in heat flux

at x/c~~0.25 indicated transition to turbulent fl ow . The tur-

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

ually decreased to the trailing edge of’ the airfoil .

13 0
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mi g in i  (Append ix A ) :  

0 0

FREESTP~EAi ~1 CONDITiONS

• COOLING RATIO DESIRED

AIRFO IL GEOI.TETRY

- 
PRESSURE DISTR IBUTION  

-

0 -- - - - -- ~ 0~0
00 ~~~~~~~ 0~~~ 

COi-h lTi~ SURFACI~ CONIJITlOU~3 (Eq 2, 7 - 1 0 ):

u e , Pe , Te ,
~~~~

,. & J ~
&

USING ECKERT’S TEMP , T*
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LAMINAR (Eq 3)

* 0.435
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0
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TURBULENT (Eq 4)
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Fig. 3 Flow D U g i u n u  for CCNIIEAT Program
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Further  results  of the c onvection analys is appear in

Table I. This -table describes the local conditions for the

upper arid l ower ~~ r .races as a funct ion of location in the

surface coord inate system. The convective conductance and

Stanton number followed the same trend as was noted for the

heat f lux . As a result  of integrating the local heat f lux

over the airfoil surface , the total ha at transfer rate was

17.03 B/sec.

Heat Conduction Estimates

Heat conduction estimates were performed to aid in the
0 

proper selection of’ construction materials for the airfoil

surface and insulating end sections arid to determine the pro—

per thicknesses for  these materials . A deta iled analysis of’

the steady state heat c onduction problem would have required

the solution of the two—dimensional Laplace ’s equation,

~I ±~~I-~

• for a cons tant 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 Append ix 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 c on-

struction would he c ompl icated by the con-toured surfaces

required to achieve the constant temperature .
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As an obvious c oncession to -the method discussed , a

simple estimate was applied. The Fourier equation for heat

conduction was approximated by

( 12)

where L is the thickness normal to the airfoil  su r face .  0

Equation 12 was used with  the results of the convective heat

transfer analysis . An average heat f lux  was found for the

upper airfoil surface only since this was the surface of

primary in terest .  This heat f lux was computed by taking the

mathematical average of the flux at each point excluding the 0

stagnation point from Table I .

For the case of the airfoil , the maximum acceptable

temperature d ifference through the surface was specified to
O be 3 F. The thickness , t , was assumed.  Then a temperature

difference was c omputed using the average heat fl ux . This

temperature diff erenc e was compare d 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 cool ing of the window caused by con-

duction in the model was equated to the heat convection to

the w ind tunnel window . The fl ow over the window was assumed 0

to be fully developed turbulent duct flow . A temperature of

70 F was required to be maintained in the window glass . This

heat Unlance was solved for the required th~ e1cnoss.

19
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Selections of c ons truction materials and ma terial thick-  h

nesses were made using these estimates. The average h eat

flux on the upper surface of the airfoil  was 5.451 B/sec-ft2.

Aluminum, which has a thermal conductivity of 0.03806 B/see-

0 f t 2-R/f t , was selected for the airfoil center section . A 0

0 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 1O 5

B/sec-ft2-R/ft  was selected for the insulating end sections .

A 0.0122 in. minimum thickness is requ ired to keep the win-

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

end sections were designed to be 0,813 in. thick .

0 

Cool ing System Design

The airfoil cooling system was designed to permit var-
0 

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 cool ing ratio of 0 .620 and had to minimize

temperature grad ients in both the spanwise and chordwise di-

rections .
-

O L iquid nitrogen was selected as the coolant . This so-

lection was based on the following properties (Ref 4:74) at

one atmosphere of pressure :

— 320 F

O 85.9 ~~~- 

= .50.-I6 Ibrni~~
3
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The cooling system was designed to operate on liquid

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

the airfoil at the design c ondition was estimated by

(13)

where-Q is the -total heat transfer rate from Table I. 
0

The inlet area required to carr-y the l iquid was deter-

mine d by assuming that the density was constant and that the

average veloci-b y of the fluid was 20 ft/ sec . To ensure a

safety factor in the cool ing capacity , this inlet area was

increased by 120 percent .

The airfoil is cooled by spray ing li quid nitrogen on

the inner walls of’ the model from nozzles. Most of’ the energy

is absorbed by vaporization, and the resulting gas is expelled

into -t he wind tunnel . The most complicated part  of’ the cool—

ing system design was locating and sizing these nozzles. 
0

The cooling system design was based on the predic ted

total heat transfer rate and the heat f lux dis tr ibut ion at 
0

the design condition . The total heat flow of 17.03 B/sec wa~n

0 used to approximate the mass flow of liquid nitrogen required.

From Eq 13, this mass flow rate was 0.198 lb1~/sec . The inlet

area to the airfoil which was computed and multiplied by the

safety factor was 0.0622 in2. The nozzles which are pipes of 0

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

21
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distributed over the entire length of the nozzles with a

larger number  of holes in areas of hi gh heat f lux . Forty-

four pci-cent of’ the holes must be in the lead ing edge nozzle .

The middle nozzle  must conta in 34 percent of’ the holes. Tvien-

ty—two percent of -the holes must be in the trailing edge

nozzle. The required exhaust area was 0.8648 in2, whi ch is

14 time s the area of the inlet to ensuru unrestr icted flow .

The rcmainde~’ of the system consisted of’ the liquid

nitr ogen supply source and c onnec tions through the mounting 
0

struts of the model. One s trut contained the liquid nitrogen • 0

supply line . Both struts contained exhaust  pipes for  the 0

nitrogen ~as as illustrated in Fig 1. The nitrogen supply

for  the system consisted of a dewar of l iquid ni t rogen with

insulation, a compressed nitrogen gas bottle at 2250 psi ,

and a pressure regulator . Regulated compressed gas pressur-

ized the dewar to permit  ad jus tment  of the mass flow rate .

Pressure relief values were used to prevent ovex- pressuriz—

ing the model , pip ing , and dewar .
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Aerodynamic Loads

Test loads on the a i r foi l  and the mount ing  struts were

predic ted .  L i f t , drag,  and p itching moment act on the a i r foi l .

The oni force acting on the syir ~mu Lrical  s t ru t s  is drag .  A

small numb er of known exp er imenta l  results  for  the D~ i— 1A 523

a i rfo i~ served as initial condit ion s for  the c omputation .

These known value s , which  were obtained from Ref 8 , are the

following: -

M = 0.82

Re~~~~~3 x 1 O 6

C1 
= 0.51

C d = 0.015

C , Pressur e d is tr ibutionp
The angle of attack and moment c oeffic ient f or the conditi ons

were unknown . The problem was to f ind,  the force and moment

coef f ic ients for M = O . 7  and Re~~= 1.G73 x io6 at t11e zero angle

of a t tack .

Angl e of A tt ack .  Equat ions  were derived which relate

the force and moment coeff i c i en t s  to the angle of’ attack and

were used to de termine the angle of at tack 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- direct ions and

the summation of’ the moments about -the leading ed ge must be

equal to zero to satisfy equilibrium. A summation of forces

in the x— and z — dh ’ c c t i on  us ing ~ 1L~ ~ y ields:

24
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Fig . 6 Forces and ~ o~ncnt s on a Typical Airfoil Section

( 14)

Cd s~n~ + CL ~os~~~~~O (15)

Finally, summation of moments about the lead ing edge gives

Cm ~ S f l ~ ( + (16)
c~’4 

4
~~

Equation 14 was solve d for the angl e of atta k to -

obtain

~~~~~ (c~/c~) (17)

The angle of attack was determin ed to ho ~~~ ~i .6 0 s~~nce Cd, and

25
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C1 were known .

Determination of Quar ter  Chord_P it chini~~ i~o~ ent Co ef fi -

c i en t .  Using the p lo t  of pressure dist r ibut ion of’ C1~~O.5l ,

the moment coe f f i c i en t  about the quarter  chord point was de-

termined to be Cm c/4 0
~~

23 Details of the method used can

be foi~nd in Ref 7: 83— 85 and c onsisted of numerical ly in -te—

gratir~ the pressure d is t r ibu t ion  for  direc -tior !s 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.

Det ermi nn ti on o f Theoretical Coefficients. The prev-

iously derive d equations and results were used to f ind  the

theore tical coe fficients at the zero angl e of attack . It was

assume d that the drag c o e f f i c ient which  was presented co!ltain-

ed only pressure drag . Thus, it was necessary to add skin

f r ic t ion  drag . The skin friction coefficient was calculated

us ing the method of Van Dries t  (Ref  1 5)  which c omputes the

c ompressible , turbulent skin f’riction coefficient for a f la t

plate as a function of heat transfer. The adiabatic condition

was assumed.  The resulting total drag coef f ic ient was 0 .034 .

The ideal l i f t  curve slope for  a f la t  plate was assumed

to apply, and the f’qllowing r e l a t ion  was der ived:

C~- C~. = z~~
(
~~-o<~) (18)

where “i” denotes initial conditions . Equations i4, 16 , and

18 def ine  the relationship be tween the coef f ic  ~.ents and

angle of at-tack.

- ~~~~ -~~~~~~~~~~~ .——~~~~~~: ~~~~~~~~~ 
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De -L erminat ien of Forces and -~orncr :t .  The forces ai -j d

moment on the a irfoi l  could be computed when the dynamic

pressure arid the wing planform area were spec i f i ed .  The dy-

namic pressure was expressed as

(19)

where ~ 1 .4 for air and M~ and P were defined for  the

design condition . The airfoil chord was specified to be 0.750

f t  and the span vie s specified to be 2 . 0  f t .  Thus , the plan-

form area was 1.50 f t 2 .

Strut D~~ g. Onl y the vertical portion of the s trut  was

cons ider-ed sinc e the hor izon ta l  port ion in the wake of the

vertical strut was assume d to contribute negligibly to the

total drag . S ince the struts  were symmetric and parallel to

the fl ow , the only force that occurred was drag . The Re~’nolds

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 approx imately 50

percent thick bluff  body as suggested by Hoerner (Ref  6:6—5 ’ ,

t h e  location of transition was 0 .0493 f t .  The laminar and

turbulent skin f r ic t ion  coef f ic ient s  wore c omputed by

C.4 =J . 3Z 8/ ~/~~LaM

and

- 

= 0. O74/R~~
A wei gh-ted mean value based on length was found  for  th e sk i n

27
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friction coefficient. The total drag coefficient was esti-

mated by (Ref 6:6-9) 
-

c~ /c~ = 4 + 2 CJ’ L 
~ i Z0 (~- id)  ( 2 0 )

where Cd is based on frontal  ai’ea and t/c is the thickness to

chord -ratio.

Results . At M = 0 . 7  and cX = 0° , the aerod ynamic loads

which were c omputed from the theoret ical  coeff ic ients  for

the airfoil  are the following: -

L 299 .0  lbf
D 12.9 lb f
M = 56 .0  f t— l b f /

The total strut drag was 14.5 lbf’. The theoretical  design

coeff ic ients  for  l i f t  and drag were o.44o and 0.019, respec—

tively.

Stress Analysis

A stress analysis was performed on -the entire airfoil

model and the wind tunnel mount ing struts to ensure that th~-

model was capable of’ sustaining -the loads that were predic ted

for  the design c ond ition . Specif ical ly ,  the safety factor

was required to be a minimum of 4. Simplify ing assump tions

reduced the analysis to an application of beam bend ing the ory .

The model and mount were divided into major components (Fig

1)~ the air I’oil, airfoil mounting boss , wind tunnel mountin b

struts , and strut mounting plates. The procedures used were

applied to all components .

28
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Assumptions . Due to the two—dimensional flow , the

spanwise force and moment dis t r ibut ions  on the airfoil  model

were uniform . The chordwi se force distribution was assumed

to be such that the not resul t acted at the quarter chord

point of each section . This assumption 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 s t rut  exhaust

- 
pipe and to act as a poin t force c oncurrent with the l i f t

fo rce .  The a irfoi l  was assume d to act as a s imple beam with

a uniform load where the struts supported no spanwise moments .

To f ind the torsional stress due to the aerodynamic mo~cnt,

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 assumed to be two-dimensional and

to create a un i fo rm drag force . The forces and moment on the

strut wore 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 assume d to act as cantilever beams
O with c oncentrated loads.  This assump tion ~-;as valid if de f l ec—

tionu at t1~~ f ixed  ends wore negl igible . All loads were as-

sumed to he cart -led by the exhaust p ipe for  the ver t ical

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

the horizon tal 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 forc e was assume d negligibl e since this forc e is

small and the distance of translation was less than one inch.

An equivalent c ouple acting on the centerl ine was assumed to

replace the aerodynamic moment .

The s trut  mounting plate was designed to fasten the
- s trut to the wind tunnel wall . The forces that ac ted on this

plate were assume d 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 s t ru t .  The forces and moment on the horizontal

strut were assume d to act on the plate since translation over

the small distance was negligible .

General Procedures. Moments of’ inertia and centroids

of area wc -~c c omputed for  the c ross—sec t ion  of each c omponent

from a method of built-up elements . Any complicated section

shape was divided into simple elemental areas . Then , the

following formulas were used:

A~> a. (21 )

(22)

0 
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C~=k~ y~ 
o~ (23)

~~~~ yt
2
~~ 

(24)

N

• 
~~~~~~~~~ 

X~ a~ (2k )

w

I~~~ ~~~~~ (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 base d on the thermal and

structural propert ies.  If af ter  the stress analysis the safe--

ty factor was less than Lj , a new material with greater stren-

gth was selec-te d. The particular structural properties of

interest in the analysis were the y ield strengths and ulti-

O mate strengths under tension , c ompression , and shear . These

were used to compare with the predicted design loads and to

define the safe ty factor .

Each c omponent was isolated during the analysis . An

equivalent force system had to be described which produced

the same e f f ec t  on -that c omponent as -the reaction to the adja-

cent component. The equivalent system was obtained by moving

forces along the ir lines of action or by parallel translation

which required the introduction of a couple. Sonic uniformly

31~
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di s tr i bu L- - i  forces  WI I’C replaced by a point force acting at

the center  of thc d is t r ibuted load area.

Each c ompon en t  was examined to define critical points

which w on -u suspected of sustaining large stress concentra—

tions due to change s in cross-sectional area , curvature , or

distance fro : i  the applied load . The critical points were

the only locat ions where the maximum stresses and safety

fac tors -
.

- crc computed.

Special c onsldei-ations were necessory to compute the

stress on the airfoil and the s trut . The shear stress due to

torsion on the a irfoil  was c omputed by a method detailed in

Ref 17:53 . This shear stress is given by
/

C T
= (27 )

where
- - — !

a1 b,
and the subscript , 1 , denotes the axial leng th 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

(+~~~~ o>b ) (28)

The mounting struts had a sharp curvature which caused stress

concentration . Oberg (Ref 11:433) presented a me thod to cor-

rect for curvature effects . This correction factor was a

function of the radius of curvature .

3,5
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The c omponent w~ s modoled as a s imple beam of constant

cross—section . Vidosic (1-~of 17: 31-3~-) had compil ed a table of

solutions for the reacticlns , moments , and shear at any point  - —

on a uniform beam for a var ie ty of conditions . A solution

was selected free : this table which matche d the modeled corn—

ponent- and equivalent  force system.

To find the normal s-tress due to the bend ing moment ,

the flexure formula ,

v-
~~ Me/ I  (29)

was used.  The s tress 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 c omb ined by vector addition . Shear

stresses were combined in the same manner.  The remaining

normal and shear stresses were combined to find the maximum

s-tresses at the point . The formulas used from Ref 11:421 to

combine the stresses were the following~

y
~ ~~~~~~~~~~~~ ~~~~~~~~~~~ (3 0)

(3’)

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 comb ined by

36 
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(32)  -L
to produce one safety factor  for  the y ield l imit  and one for

the ul-timate l imit .

Results. The minimum yield safety fac tor of 7.4 on

the airfoil  occurred a-t mid-span where the maximum normal

stress was 3298 psi , and , the maximum shear stress was 2442

psi .  On the strut , the minimum ultimate safe ty factor was

6 .3  at the top of the horizontal port ion which was 23.973

in. from the lead ing edge where the maximum normal stress

was 9039 psi.  On the mounting boss , the mounting screws had

the minimu m ult imate safety fac tor  of 13.3 where the maximum

stress was 41 02 psi .  On the strut mount ing plate , the mcunt --

ing bolts had the minimum ult imate safe ty fac tor  of ~~~
where the maximum normal stress was 1032 psi , and the max-

imum shear stress was 7580 ps i .  A complete listing 01’ t h e

stresses and safety factors at the critical points is in—

cluded in Appendix C .

Ins trumentat  ion

The rmoc ouples , located internal -to the model , were the

only instrumentation selected for use in the wind tunnel .

Instrumentation which was external -to the model c ould not

be used due to a w ind tunnel blockage problem that was ca-~sed

by the model frontal  area.  Additional internal instrumenta-

tion c ould not ~~IC used since the space inside the model was

very l i m i t e d .

~37 -
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The purpose of the thermocouples was to determine the

airfoil  surface temperature at selected points which would

indicate any ~‘trong teinperetture gradients that might influence

transition, establish -the cooling ratio used for that partic-

ular test run , and serve as a data base to he used with

holography to obtain quantitative results . The thermocouples

were needed pr hear ily on the upper a ir-foil surface where the

boundary layer transition would be investigated. The follow-

ing list of des i red characterist ics  was devised to select

the prcp~r thermocouple for this application:

1. Be very compact in size

2.  Be locally produce d to meet specif ications

3. Useful range of —300 F to 200 F

4. Error range of ± 2% maximum -

5. Short time constant for  quick response

Co~per-constantan thermocouples were selected to in-

strurr:n t the model. This t~,pe of’ thermocouple was recominen—

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 the rmocouples along the upper surface .
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IV .  Pr-c 1osed_ Test_Procedures

Test_C ondi t ions  
-

The wind tunnel test condit ions -to be used wore esta ’b—

lished. pai-arneters of interest in the test , I~ach number , Rey-

nol ds num ’bor , and cooling ratio , were spec ified to limit the

number of test runs and to give a representat ive  sample of

conditions . The Trisceiic wind tunnel sta~eiation ten;perature

was considered to be 100 F.  Freestream viscos ity,  which is

a funct ion of the specif ied stagnation temperature and Mach

number , was c omputed from Sutherl and ’ s equation (Pq 10) . The

only parameter left to be computed was the stagnation pres-

sure .

The relat ionship between the stagnation pressure , R ey —

nolds number , and ~ach number was derived by substituting the

definition of F-~ach number and the per fec t  gas law into the

Reynolds numb os def in i t ion . Af te r  introduc ing the isentropic

relationships for  pressure and temperatur e , t h e  expression

was solved for  the sta~;cation pressure ~-, i t h  t he fol lowing

results: -

p=~~~~
, AJ~~ ( 

+

Equation 33 was used to estab~.ish the proposed test c onditions

which appear in Table II.

Test Eq~ ’~prn cnt

Pulse in set -  holography an—i schlioi’en were considered

1~ 40
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Table II

Wind Tunnel Test Parameters for T 0 560 R

M 
- ,Lçx ,o6 P0 (j s i a )  for  P 0 (psia ) for

(ib-sec/ft 2 ) Re~ O.92 3  x ,~6 Re~ 1.673 x ,o6

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 tlie information ob—

-tam ed from Ref 10 for the schlieren method and Ref 5 for the

holographic method . Pulse laser holography was selected as

the primary method of record in g the boundary layer transition.

The schlieren method would provido a record ing of the

density gradients in -the f low f i e ld .  The boundary layer trans--

ition would not appear as a point but would appear as a

thickening of the boundary layer over a small reg ion . The ~is-

advantages of this  method were that the results would only

be qualitative and that the t ransi t ion would be d i f f i cu l t  to

detec t if the density gradients were not strong .

Thu ru l : ; ’ Laser  holography meth od had several advan—

h1c ~lo~-:ra~-~ y pruduses a hologram which COU].d be used

lat e r  o 
~~

-
~~

- I  ‘ ( ‘~ fl 1 ’ ’ e t a s}iad o’’i 1n.i - aph , sc hi j e-rie n , or intorfei’o—

~J-1

-

- -
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gram . Qua l i t a t ive  results c ould be viewed in d i f f e r en t  forni s

to select the beSt i-ecord ing of’ t ransit ion. In additon , the

hologram could be magnified t’ help locate transition . An

interferogram produced by holography could be use d to pro-

vide quan t i t a t ive  resul ts of the density gradients . wi th  the

density and te ien e i-a tur e  die ~]--ibutions available , the pressure

di s tr i bu tion  could be found .

/
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V .  Heat Transfer for  Test  Condi t ions

There were two problems with the design pI-occss a-t

this point .  First , the resul-ts of Boehman , Fit : 2 , had no t

— 
been incorporated into the program , CONI LEAT . A cr i t ical  R ey—

6nolds number of 0.5 x 10 , which did not change as a lunction

of’ the cool ing ratio , had been used.  Second , the preseisse

distr ibution used was for  a Mach number of 0.82 since it

was the only one available for  the DSMA 523 airfoil . The

model design was c ompleted by necessity with this data .

Test Data. Through a cooperative test program with

NASA Ames Research Center , McDonnell Douglas Research Labor- -

aton es had completed pressure measurements on the D~h~A 523

airfoil  at a Mach number of 0.7 and Reynolds number of 2.0 x

Spaid (Ref 14) obtained special permission from NASA

and the McDonnell Douglas C orporation f or the data to be

used in this study .

The new pressure distr ibut ion was inc orporated int o

CONH~AT along with the vania-t ion of the critical Reynolds

number with cool ing ra t io .  Careful observation of Fig 2 shows

F 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 cool ing ratios was

changed to 1.000 through 0.824 .

Forced Convection Predictions. As a result of using

the new test data with C0N1fl ~AT , pred ic t ions  of’ ‘the heat trans-

fer  for  seVcJ -n ] .  cool ing rat ion were ob Lainer l at I i  0.7. Tha

14.3
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1
variation of heat f lux  fol lowed the same pattern as the design

condition f lux;  however , the magnitude of flux decreased and

the location of transition moved forward for each increas---

ing cool ing ra-tio . As can he seen in Fi g 11 , the transition

to turbu lent flow did not occur at all for Re=0 . 92 3  x io6

and TV/T~ =0.824 . The remaining heat f lux predictions can be

found in Appendix B .

Due to the dif ferences  in design arid test data , a com-

parison of the total heat transfer rate for the-se two c ondi-

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 fre estrearn Reynolds num-

bers was less than the design values at the same cool ing

ratio.

14.4
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VI. Design Summ ary and Recommendat ions

The following items summarize the capability of the

airfoil test model:

1. The angle of’ attack vihieh is not adjustable

is

2. The maximum allowable aerodynamic loads oc cur at

141=0.7.

3. The maximum cooling capacity is 17.03 B/sec .

4. The maximum mass fl ow rate of coolant is

i~i=O.l 98 ibm/sec .

5. The maximum temperature gradient in the model

is 2.23 F.

6. The maximu m cooling experienced by the wind tunnel

window is 0.004 B/see .

~~. The lowest safety factor which occurs at the strut

mounting bolts is 4 .4 .

The f i rs t  four re c ommendations 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 cool ing system and ther-

moc ouples should be made prior to the test.

2. Ensure the wind tunnel is dry as possible to pro -

vent frost  formation .

3. C ompare the total heat flow for the exper iment  wi th

predicted values by measuring the mass fl ow rate of

coolant.
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4 . Compare the experimental results with the theoret-

-
- ical results from Ref 2 .

5. Further experimental investigation of the cooling

effects  on transition should be c onducted with a

fiat plate to eliminate pressure gradients .

.6. Further experimental investigation of the cool ing

effects on transition should be conducte d in a

three—dimensional flow .
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Appendix A

Computer Program f o r  Boundary La~~~ -

C onvection Study

The computer program called CON1-~~AT implemente d the

theory and program logic that were discussed in Section II

to perform the convective heat transfer analysis . To use

this program e f fec t ive ly ,  the format  for  input and output

and defini t ions of parameters must be knovm . A l isting of

the c omplete program has been included in this appendix .

Input Forma t and Parame ters

Two methods were used to input data . One me thod was

the data s tatement , ari d 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 wit-h slash marks . The f i rs t  data statement defined

constants and geometry of the model as follows:

GO — Newton ’s constant , g0=32.174 ibm_ft/lbf_sec
2

R - Gas constant for air , R~1716 ft
2/sec2-R

CJ - ~I1echanical to thermal energy conversion factor,

J~ 778.16 ft-lbf/B
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CSH- ~pccific heat at constant pressure , C~~= O . 2’4. B/lbm
_R

PH - Pr tndtl number for air , Pr 0.7

C - Air fo i l  ch ord in fee t , c=O .75 ft

B - Airfoi l  span in fee t , b= 1 .83 f t

RA - Leading edge radius in fee t , r O .02 5 f t

TIN- Freest-ream temperature , Te-~ ~559.67 H

The second (lata statement def ined the distance between pres-

sure coe f f i c i en t  locations on the upper surface in the sur-

face coordinate  sys tem.  Xli means -the x-dis tance on the upper

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

array are separated by c ommas . The fol lowing is an example:

DATA xu/ o . ,  .048 , .0 86 770/

The third data statement has the same form as the second

s ta tement .  It defines the x-distance on the lower surface ,

~~~~~~~. The four th  data statement lists the pressure coef f ic ien ts

for the upper surface , CPU . The form is the same as the see-

ond statement . The f i f t h  data statement list-s the pressure

coeff ic ients  on the lower surface , CPL .

The three read statements in the program are unfoi-mated

to simplify use . This requires the data card to lis t the

decimal values of the variables separated by c ommas and in

the order that appears on the read s tat ement.  The f irst  data

card must contain the following:

UIN - Freest-ream velocity in ft/ see , u~~

MUIN- Freest-roam viscosity in 1bf _ sec/ ft 2 , ,/~~~

PIN — Freest-ream pressure in lb~ /ct 2 , r~~
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Au example of this card is the following:

813.052, .O00O003701~-9, 728.048 I -!
Ti~- -~ nembers s tart  in column 1 of’ the card . There must be

at L’ast cue card of this type . The second card indicates

the number of cool ing ratios to be read , NTR . The value on

the sneond card must be a positive integer. The third d a t a

cerni lists the following:

TR - Cool ing r a t i o , TW/T~~
P50 - Critical Reynolds number c orresponding to the

value of’ TR of’ Fig 2

The to~-ai nsmber  of the third type of cards must equal the

integer on the second card . If more than one set of free—

s i-ream condit ions  is specified , then all three types of’

car ds must be repeated.  
-

Output Form-~at -

Two types of’ output are obtained from the program . One

type is a plot of the local heat- flux , 
~~~~ 

as a function of

loca tion along the chordline f or the upper and lower sur-

faces. Examples of the plot appear in Appendix B. The second

type of output is a -table . The tab].e includes freest-ream

conditions , local values of’ properties , and the total rate

of hea t  transfer.  The local values of properties at each

point include location, velocity,  Reynolds number , Stanton

number , c onvective conductance , and heat flux. An example of

this table appears in Append ix B , Table Ill.
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- Appendix B

C onvection Program Output

The computer pro~ ram , C0N~~ AT , 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 c onditions

at a ~Iach number of 0.7. An example of the tabular results

is c ontained in Table III.  Plots of heat f lux  for all of

the proposed cooling ratios are contained in Fig 13 through

Fig 19.
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Table III

Airfoil Local Properties at the Test Condition

M~0.7, Re=1.673 x io6, TW/T~ =0.824
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Fig.13 Airfoil Heat Flux at E V I N O . 7 ,  Re~ 0.923 x io
6, and

TW/T~ 
1.000

64

— —- - -— -- -.5 - — — — - - - —~~~~~~~~~~--——-—~~~~—-———
I-—--—-—-------____’ -— — — — - — . 

* A-
- T~~~~~~~~~~~~ .-~--



_ _  i~~ T~ ~T~E TIEI~~ ~~~~~~~~~~~~~~~~~~~ 

—

~~~~~~

X/C (LOCF-tTION/C IIORD )
0.00 I I I I I I

0.~~O 0 .10 0.20 0.30 0, 40  0,50 0.60 0.70 0,60 0.90 1.00

—0.20 -

— 0.40-

—0 ,6 0 -

~~-0.60. 
-

_ 1.o0. 
-, 

i- ’_
~ 

-

I— — 1 . 2 0 -

- S
D — 1 - 4 O
.3

—1 .60
tn-I

~~- 1_ c0 - 
- 

-

— 2 .00 -

—2 .20 -

-2.40- 0 UPPER SURFACE
E~ LOWER SURFACE

—2. 6 0- -

— 2 . 6 0-

Fig.14 A irfoil Heat Flux at rIl—0.7, 1~e 0.923 x io6, and

TW/T~Ø 
t~0.941

65 

~~~~~~~~ :. 
_ _ _



_ _ _ _ _ _ _ _ _  - —  —~~. —1-~~~
--— - 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~

- ~~~~~~~~~~~~~~~~~~ -

X/C ( LOCATE ON /CHORD I
0.00’ I I I I I I I F

0. JO 0.10 0.28 0.30 0.40 0.60 0. 60 0.7(1 0.00 0.90 1,00

- ::: I

I— — 1.50-cc

>( ~ 1
~~ — 1 . 7 ~ -

d
-2.00-

0
LI,.
p.4 _ 2 ,5(J

-3.00- 0 UPPER S1)f~FRCE
~ LOWER SURFACE

—3.25 -

-3.50-

Fig.15 Airfoil Heat Flux at M 0.7, Re= 0.923 x ~~~~ arid

TW/T~, ~
-0.883 —

66

- T 1  — i~:i



-- ___  __

X/C (LOCATtON/CHO RD )
I I I I I I I I F

0.00 0.10 0.20 0.30 0.40 0.~ 0 0.60 0.70 0.60 0.90 1.00

— 0. 20-

—0. 40-

— 0 . 60 -

-0.00 -

-
j

~~ — 1 . 4 0 ’
Li,.

I.-
a: 1 .60
tn-I

— 1 . 8 0 -
0
‘4-

‘-~ —2.0 0-a:

— 2.20 -

~~~4Q 0 UPPER SU RFAC E
~ LOWER SURFACE

-2.60-

—2 . 8 0-

Fig . 16 Airfoil Heat Flux at M = 0 .7 ,  Re=1 .6 7 3  x io6, and

TW/T~ 
=i .000

67

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



X/C (~JCtPJNON*/ C ROFdJ )
0.00 I I I I  I I ~ t ’

0.00 0.10 0.2.0 0.30 0,40 0.50 0.60 0.70 0.60 0.90 1.U0

—0.2 6’

— 0.50-

— 0.75-

~~ —1.00 -

I— — t , 5 0 -  -to
I-

~ —1. .6- —

LI.

I—
a: 2. O0 ’
Li
=
~ —2.2 5 -
0
Ii.

F—’ -2.60-a:

—2. 16 -

-3 ,00 -  0 U P P E R  SU R FA CE

~ LOWER SURFACE

—3.26-

—3. 60-

Fig . 17 Airfoil Heat Flux at rvl=0 .7, Re=1.67~ x io
6, and

TW/T~ ~0.941

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ —~~~._:~:.i:~~



i~~~~

X/C ( LOC A T fON /CH O R O I
0.SO J I I I 1~~~~ I I

0.100 0.10 0.20 0.30 0.40 0.60 0.60 0.70 0.60 0.90 1.00

0.40-

0.00-

-0.4 0-

—0.80-

ci:i

~~-1.2O-
(J~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

/

—~~.4a~
Li
=

-2.80-
0
Lit,.

‘—‘ —3.20 -a:

— 3 , 6 0 -

-4, 00- 0 UPPER SURFACE
‘~ LOWER S U R F A C E

-4 .4 0

-
- 

•A  Il t M 0.? ,  ~‘~ I ~~ ?
‘3 x to 6 , and

— — - —  - —  - — — —-- — - ---



X/C ( LO CAT IO N/ CHO R D~
I I I I 1 I I I 1

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 O.CU 0.90 1.00

;~~~ 

(I(

’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I— -3.00 -
to

— 3.50 -
-J
LI-

F-
a:
z

— 4 . 6 0 -
0
LI-

‘~~~ —5. 00-a:

— 6.50-

-8.00 - 0 UPPER SURFACE
I 

& LOWE R SURFACE

—6. 5 0 -  -

-p 1.00-

Fig. 19 A irfoil Heat Flux at 1i~~O.7, Re~ 1.673 x io
6, anI

T /T =0.82/4 -
W

70

— _______  —---—_- -- .5 - - - - —•---
~~~~~~ --~~~~~~

--—- —-- — - - - —--- - - - Ci
- - -- - ---——-- - --- --- ---- -— - - - - ---- -

-~~~~----— ---- -- --— - - - -  - -



_ _  - —-— - - - - 
- 

~~~ — -- - -

-~~ Appendix C 
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Stress Analysis Calculat i ons

Airfoil

jI~ornents o~
’ Inert~~t and Centroids . “Jith the aid of a

full scale drawing of the airf oil section such as Fig 10 ,

the area , centroid , and moments of inert ia  about the leading

edge were computed us ing Eq 21-?6. Then , the parallel axis

the orem was applied to get the moments of inertia for axes I —

through the centroid and for  the x-axis parallel to the chord .

The results were :

A = 3.430 in. 2

C~ = 3 .9~-7 in.

= 0.042 in.

= 0.1187 in.4

=17.09 8 in.

0.3940 in.4

~ater ial Selection . The material s used for the con --

struction of the a irfoil and end se ctions are listed in Tabl e

VII . A c omplete l ist ing of structural propert ies  needed to

perform the entire stress analysis is included in Table IV

by type of material .

Ec~~ivalent Forc e System. The computed uniform l i f t

force at the design c ondit ion was 12.458 lbs/in . of span for

a total of 299 lbf normal to the chord . The uniforml.y distrib—

uted drag force was 0.537 lbf/in . oi span for a total force

71 
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Table IV

Structural Lim its of b aterials

* *Type Material Tension Compression Shear

Yld Ult 
-

~ Yld Ult Yld Ult

2024— T4 Alum 40 64- 38 23 40
(Ref  9: 85)

AIsI-SAE—4130 117 136 136 102
~Steel (Ref 14~452)

bak , Whi te  @ 0.8 @ 2
(Ref 9:146)

Yld - Yield * All sLrcssns in 1000 psi
Ult - Ult imate  @ Not available

of 12.9 lbf. The momen -t of 672 Ifl.—lbf was di~ tr-ibu ted ui-il—

forml y at 28 .00  in . lb~/in . of n-an . Those ar~ ti~*:- the oret icc~l

loads c omputed in Section I I I .  This sys t -n~ of fo ruos  was

concurrent at the quarter  clior -d point .

Crit ical f o int s . Due to n oJe l  sy~in~e tr-y , only half of

the airfoi l  had to he ana lyec-d .  Th o~- c v c r~ 5 ci-it~ cal point-s

selected:

1. M id—sp an -

2. 4 .5  in. f rom mid— sp se

3. Center of a i rfoi l  boss

4 . 11 .0 in. from mid--sp an

5. End of span

Special Cons idcrrmtions . The elliptical shell whi ch

replaced the ai r fo i l  sect ion for the analysis haJ a wall

thickness of 0.229 in. for a 9 in.  major axis and 0.99 in.

72



_ _ _  

-

~~ ~~~~~~~~~~~~~~ _ _ _ _ _ _  ~~~~~ —-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-—

~~~~~~~~~~~~ iIJl~~~~7

minor axis . The ellipse was define d by solving the fol lowing

equation for thickness , t:

Art~ o~ Ei U p s~ = ~ {~~6 ( a )(~ -~ )] 3.~1- 3 ;~~
- 

- 

-

Equation 27 was used Lo compute the shear stress at cri t ical

points 1 through 14 ,  Equation 28 was used at point number 5

for the shear- stress of the solid elliptical section.

Stresses and Safot ~~ 1?actors . The airfoil was assumed

to behave as a simple beam with a uniform load and symrnotr- i-

cally overhanging ends. The normal and shear stresses w e - r e

computed for 4 locations at each cr i t ical  point :  the le :1ia~

edge , trail ing edge , top of the section at maxiiu:~ thickness ,

and bottom of the sect ion at maximum th ickness .  The s tresses

were c omh~ ned using Eq 30 and 31. The sa fe ty  fact ~n -s -ac-re

computed wi th  Eq 32. These results  are in Table V .

[~ount ing _S-t f-ut s

florn cr~ts of Inertia and ~ -nLr c~ d s.  The ver tical poi L~ c!:

of the s i-m -c t was assumed to i - :s ist han - i  in c - , w i t h  th c- u~-~ aUS ~

pipe only . The mom ciit of ine~etia of the 
-j /4 is~ . ,

sized pipe was 0.04-48 in. 4 The moment of ine r t i a  sc~ c e r l t -o Lm

of the horizontal  port ion was C u u p u t ~ d u s i i i~ Eq 21—26 wi th

the drawing of the cl’oss-Sectio): of t }ie s t ru t  in i’~~ 7. The

resul t was an area of 0.84-02 in.2, 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.4 about the axis perpen-

dicular to the axis of symmetry of the section .

Mater ial_ S el e c t i o n .  T h e  materials u sed for  L IIE- coi-i —

73 
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Maximum Stresses and Safe ty Factors -

for the Airfoil

L Cri~ icai roint ~~max ~~max ES ES —

~~~~~

LOCATION lO2psi lO 2psi Y1kL~) ULT 1- -~P 1Th

Top - 32.973 ~24.4l8 7.4 12.5

1 
- 

Bottom i4 . 8 7 3  2~~.101 8.7

Front 
• 
0.461 0.483 415.2

Back 0.512 0. 148 3 408.3 707.1

Top 19.140 l2.9~,1 i 13.5 22.7

2 Bottom 6.279 13.571 16.3

Fron t 0.389 0.4-OS 500.0

Back - 

0.426 o .4o 5 48~ .o 845.2

Top 0.086 1.155 200.0

3 Bottom 2.609 1 .4-31 114.4 189.7

Front 0.439 O.4)6 46t.3 816.5

0.432 o.4~~- /-V- - .3

Top 4.967 5.086 39.4

4 Bottom 5.228 5.087 38.1 66.2

Front 0.144- o.i44 1581.3 2786.3

Back 0.143 0.144 1581.3 
-______

5 Top 0. 0.485

@ Not computed
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struction of the strut are listed in Table Vii. Thu structui--

al limi-t s of these ma terials are in Table IV. The O~~I O X y  c-as- C

ing material was not used to support 1oa~s in th e e]~ -sis .

Eqs ivalrct Force •~ 1stem. Due to th~- inu-h ,1 symsn-ctry ,

onl y half of t~ - loads u~ ed to analyze the  a ir f o i l  c c t ’ - d  on

eac h ver t ica l  i ortior of the St i l l  t . The s L~-~ 
4- J r- a~ ef ? .2 7

lb1 wh~ eh aete :~ a-t t }a ::~~Ju 1 - of -t ) ic - st ru t - - - 
-~~ added to t h- --

To obt3 is a c u e ~- i -~nt f O~~~~c-~~~ cv s  , s t r 1 s t  dr~ a

was mev -~I j e i  - - in to ~ locatic: c-I 1- he a~~~~fO i .i C e  :- - t l

and a c e~~1 e ~-qoe 1. to the 1; -; - . fcc - - - t i m e s  Lh~ tr -~e~~ La L~-

dis - w s  else add~~-~ - ‘Tn resul t  ~~
-

, r ’ q s .  1v~ 1 en~ ~~~, - ‘tern

w c - ;  i c  - foil, ’., ing~

L 1 - V . 5  lb 1.

D — t3 .7 11~ .

1-1 291. .5 in . — i m - 1

This - - j o i v ~t. l  - st system for Ui.. v .-i -t . - - I ci-Li ~- :- was I - -
_ : C ~~~ -

la te .l in a s1 -  ~1~s- n:~nr:c r t~ ~m :  ~~ forces ~; m i - ’ ~ i~~ e -  : -

act~ m -
- Ofl tH- - t - i~~On t -- -~ ~~O 1 t n i .  U~~t ’n t? am- , - - tL o ~~~~

.. i : - .

base of th - vei-ti---ai e m l Iun , the m - e e s i t  is 1 -q - ~ i\ -: ~1s 1

te rn for  the h o i - i :~oht c1  p o m t - i o n  -- a s :

I, 149.5 ll~

1) 13 .7 lb f
N = ~4-4 - 2 .4 in.  -~~~ h

f

Cr i t ica l  ~ o i n t s . There were only two c i-i t i ca l  ~o~ n L s

to analyze on the s trut . These were the p o i m i i ~ of max arc

bend i ng m o m e n t .  One point was 11.0 in.  down from thc a i r foi l

chordline on the vertical por t ion of the s-trut .  The other

7-5 
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U -  as u e t  i c , ~ - - 4 :  t :  v, 4130 is sl in y  s I-cc] . . T i t i s  ;caterial
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Appendix D

De tails of T~ode] . Cons t ruct ion  -

As a cu lminat ion  of the design and analys is process ,

de ta il s necessary for the construction of the model have

been specified. Figure 5, 7, 8, 9, 10 , 20, and 21 dep ict all

of the irsijor parts that c ceei- 1-ise the a i r fo i l  and s t ru t  mount

sys tem.  Only Fig 20 and 2j  c-rp- ec -r  in this appendix.  Figure

20 cont ~’ :5 a poi-s~~ c- Live of the enti~-~c assembly.  Notes  which

explaTh :-:n- ~’; ial c c’iis~ -JeL ’atic--~ s dur ing  construct ion or clarif y

details lievc s been s- :luc 1-c- -:1 in the dra ’isrs . The ai rfo i l  see—

t ion s La ~ ‘ used is I-c . - r.icDoins-l] . Dour-Las Corporation , DS:~A

52 3, 5u~ n n e i l  tIc: 1 airfoil . Table VT 1-rc-vide -s goose tric coor—

d i i t s t e~ ic - c- f 8:733)  ueceso i--y to c o n t o u t -  the surface of the

airi ’oil ior  a 9 issl.  c : i u s I .

Sevci-sl  i t :  -- 1- s l s i r u  i - - c is] at Les — ion dui in~: c ons ~i- uc —

t i  Oi. . Tef l .  on ç e s .  — 

~s i - ~~ st L -
- us~ J on c - i l  contact  s a- facLi ;

be tween T a r t s  to i - ’ - -~
- . t l e r ~ -~~e of l ; q u n  c - u i  gascoui~ ni tro-

gen . A f L & ’ i -  t o  thermocouple:; I ~v -  bees hi~ tailcd ucin~ the

1 0— 32 us - ~-‘ith t i e -  cc-ste-i-s d:-illed as :;c-en bi Detail  A of

Fig 10 , Lb - cerjtc- i’n: inus t be hack filled --i t -h epoxy to secure

the thermocouple wires and in -~ulste the the rmoc ouple from

direct  contac t w i t - l i  the liquid ni t rogen .

Lastly, aluminumize d inilar and fib e r  glass ice ]  t -ils:,’c- red

insulation mus t; be u e d  to wrap all thermocouple wires and

the liquid nitrogen supply line that  ]eOMs to the mounting

stru t .
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Table VI

Airfoi l  Sec tion  Coordinates

- 

X Y
~ ~

‘
L ~ fl 

— 

X 
~L

.0045 .o4~6 - .0459 .O91 5~ 1 4. i4 oo .4963 - .4693 .9 656

.0090 .0639 - .064-2 .1281 - 4 .3200 .4948 -- .46 02 .9550

.0225- .0996 — . 0997 .1993 4 .5ooo .4925 — .4492 .9~4-1 7

.0450 .1379 - .1379 .2758 4 .6800 .4895 - .4363 .9258

.0675 .1658 — .1658 .3316 i-i- .86oo .4858 — .4210 .9068

.0900 .i864 — .1860 .3724 5.0400 .4814 — .401 5 .8829

.1125 .2039 - .2029 .4068 5.2200 .4763 - .3781 .8544

.1350 .2184 — .2172 .4356 5 .4-000 .4704 - .3500 .8204

.1800 .2423 — .2407 .4830 5.5800 .4639 - .3166 .7805

.2700 .2766 - .2760 .5526 5.7600 .4-565 - .2785 .7350

.3600 .3011 -.3025 .6036 5.9400 .4-4-84 - .2375 .6 859

.5400 .3367 — .3428 .6795 6.1200 .4395 - . 1939 . 6332-i -

.7200 .3633 - .3757 .7390 6.3000 .4295 -.1526 .5821

.900 0 .3869 - .4009 .7878 — 1 6.4800 .4184 - .1142 .5326
1 . 0 8 0 0  .4068 - .4212 .8280 6.6600 .4062 — .0788 .LI-850

1 .2600 .4232 - .4375 .8607 6,84-00 .3926 - .0468 .4-394-i .4 ’i-oo .4369 — .4~io .88 79 - 7 .0200 .3775 — .0184 .3959
1.6200 .4485 — .46 21 .9106 7 .2000 .3604 .0062 .3542

1.8000 .4581 - .4713 .9294 7 .3 800 .34-12 .0267 .3145
- 1.9800 .4662 -.4789 .9451 - - 

7 .56 0 0  .3195 .0428 .2767
2.1600 .4731 — .4850 .9581 7 .7400 .2950 .0542 .2408

2,34 00 .4788 - .4898 .9686 7 .92~ 0 .2670 .0602 .2068
2.5200 .4-836 - .4-933 .9769 : 8.1000 .2354- .0595 .1759
2.7000 .4874 — .4955 .9829 8.2800 .1997 .050? .1490

2.8800 .4906 ~ ./4-965 .9871 8.4-600 .1594- .0321 .1273
3.0600 .4931 -.4-962 .9893 8.64-00 .1138 .0031 .1107
3.2400 .4950 - .4-94-8 .9 898 8.8200 .0616 - .0379 .0995

3.4200 .4963 -.4923 .9886 9.0000 .0028 -.0910 .0938
3.6000 .4972 -.4885 .9857

3.7800 .4-974- — .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 corn-

ponents of the model.

Table VII

Specification of Construction Materials

Q~~p~~ent Mate 1~ ial

Airfoil

Center Section 2O2~ -T~ Aluminum
/

End Plates 2O214~_TLl~ Aluminum

Insulating End Sections White Oak (Hardwood )

Airfoil  Bosses 2O2~ -T24 Aluminum

Cooling Nozzles Type 3O~ Stainless Steel

Strut Boss Plates AISI— SAE41 3O Low Alloy
Steel

Mounting Struts

Exhau~:t Pipes AISI-SA~~ l3O Low Alloy
Steel

Thermocouple and LN2 Pipe AISI_SAELI.130 Low Alloy
Steel

Reinforc ing Bars AISI-SAE4 13O Low Alloy
Steel

Contour Shape C301 Epoxy (Aluminum
Filled)

Strut Mounting Plates AISI-SAE Low Alloy
Steel

Thermoc ouple and LN 2 Supply Pipe Type 3O)~ Stainless Steel

The requirements for fastening methods were based on
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the stress analysis . Two primary methods which will be em—

pl oye d are f i l l iste r  head , f ine thread , machine screws and

f i l le t  welds . Tabl e VIII Lists the fastening me thod with sizes

for all of’ the c omp onents of the model .

Table VIII

Specification of Fasteners

C omp onent Combination Type Fastener Size

Airfoil  Center Section Malve s Fillister Screw 10—32

Airfoi l  End Plates and Insulating

End Sections to Center Section Fillister Screw 10-32

Airfoil Boss to Airfoil Center

Section Fillister Screw 6-40

Cool ing Nozzles  to Airfoil . Boss Fillister Screw 6—40

Airfoi l  Boss to Strut Boss Plate Fillister Screw 6—4 0

Strut Boss Plato to Strut Pip e Fillet Weld 1/8 in.

Reinfcroing Bars to Exhaust Pipe Fillet Weld 3/16 in.

Re inforcing Lars to LN 2 Pipe Fillet Weld 3/32 in.

Struts to Mount ing Plate Fillet Weld 1/8 in.

Mounting Plate to Wind Tunnel Hexhead Screw 1/4 in.
28 Threads
per inch
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total heat fl ow were pred od for  a Mach nWnber of 0 .7 ,  }~ey—
nolds numbers of 0 .92 3 x 10 and 1 .673 x ~iO~

), and cool ing
ratios from ~ . .000 to 0.82 . The s tress an~Iysis c onsisted of
applying beam bending the ory , along wi th  some s imp l i fy ing
assumptions , to the model . Construct ion drawings and sreci-
f led  test condit ions for  Mach numbers of 0 .3 ,  0.5,  and 0 .7
are included . The prorosed test are to he conducted in the
subsonic tost  cect icn of the Trisoriic Test Facility at Wri gh t—
Patterson AFB , Ohio . ~~0
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