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SECTION I

INTRODUCTION

A serious aero/therinodynamic design problem facing hyper-

sonic atmospheric flight vehicle designers involves shock wave
interactions with boundary layers. These complex flows appear
at all flow compression junctions resulting from the flight
vehicle external geometry . Typically , these junctions include

- 

- 
interfaces between fin and fuselage ; wing and fuselage; inlets

• or pylons, and wings or fuselages ; or anywhere a shock from
one leading edge intersects a transverse surface. A survey of

flows of this class is provided by Korkegi in Reference 1.

They are characterized by large local gradients in surface

heating and pressures. Both quasi-steady and fluctuating

local pressure load amplifications are caused. These result

in critical Thermal Protection System (TPS) design points,

high localized and buffeting loads, and variations in aero-
dynamic moments.

The principal concern over shock wave boundary layer

interactions , par ticularly in three-dimensional flows involving —

turbulent boundary layers, is uncertainties in predictive
methodology for design analysis. Computational analysis

methods for this class of flows are limited in applicability

and extremely expensive in manpower , time, and computing

resources when they can be applied . A typical application

is described in Reference 2. Some aspects of wind tunnel

simulations are possible for small scale vehicles or for high
altitude flight. Even these aspects are impossible in appli-

cation to low altitude hypersonic flight or to large scale
hypersonic flight vehicles. The inadequately simulated

phenomena are fundamentally related to turbulent viscous

flow characteristics. Existing ground test facilities

limitations are principally associated with Reynolds 
number1
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n i m u l a t  ion  c~t p a h t  1 i t  y . S t u t u  t a t  i o u  of bo t t n d~t i  y l ay c i  s On

hy~ t e t n o i t i c t t u t o : . p l i e i  i c  1 t q h t  ~t ’ l i i ~ ’ los i i t ~’oI v i i t t j  Lo ge a t

i a t t :;~~~~t i t ’ ti  t ,u ’ u c ;  i t  t n i ;  ‘r low a I t I t t ide  I I i ~i I t t  is bcy oii i
l i t  ‘se l int  i t  a t  o il s .

• t i l t ’ A i t  Fot  cc 1” 1 i qh t~ 1) y i t a i t i  s l abor a t o r y  (AFFDL) has

p t t t ~~t i t ’d t he L i e  I in i t  L tn c i  t h i c e — d in i et i s  iona I shock wave/
: i i t t i ~t t y  l ayc  r i n  t ot  ac t  ion p l ie i tomou a in ground test s i m u lat i o n

i i i a t . ’ n t  1 i i t i t i t g  p i ot f  t a m  I o u  s e v o u  •t l  y ea r s .  Typ ica l  r e s ult s
a i t ’ d o n e i  I t it ’~ I i i  Re t o r e l ic t ’ I • r ound  t es t in t f  and ana 1 y sen to

• d a t e  1 t• t v e  t e s U f  t o~l in  a nUnil)et ci  e c t i c l a t  ion schemes i c r
• p i e d  t o t  in t l  t l t t ’  t ’su lt s  of shock wave - ‘ bo u n d a r y  l a yer  i n t e r a L ’t ions
• i i i  v e h i e  Ic & i t ’~~~~~i i t  appl  i c a t  j t ) I t , such is t hose i n  R e t  er ence  3 .

• I t to  • i c c t l I a c y  01 t hese  c o t i e  h i t  t o n s  b r  i i  iq h t  Reyno lds  numbe r • • •

I t ow s  t e ( l u i ! t ’s subs t in t  Li t  i o n . ~~~~~~ - - •

Un d o ,  A1’Fi ’ i~ spon so i sit  ip  , Sc i t ’ It O O  Ap~)l 1cat 1ons , I t i c . ( S A l )

has do :; i q nod an expe r i men t t or uie~t su r  I nq the ~‘ch i c 1 c nor  t ace ~~ 
-

h e a t  I t a u n t  or  • i n i l  p t e s s u l e response t o  t h r e e — d i m e n s i o na l ,
h y p e  i ~t t i c shock  Wave h e t u i t l ~t i y  I ay e i i i t t  e r ac t  I ons i n low a i t i  —

I l l t h ’ t 1 t g l t t  . A net ’oi t t i ~I t y  ~t 1 et ’ t I Vt ’ ot  t lit ’ e xpe r imen t  is t o
t l o u i o n n t  t a t e  t h e  p r e c i s i o n  w i t h  wh ic h  t h i s  type of ao ro ’t her mo—
d y n at u  i c oxpor  im o n t  can  he • t t ’coutp I ished in a f l i g ht env i ronment
T u e  t - xp t ’r I t i lL ’ n t  I c a l  I t’ t i  t h e  T n t  ci fe  rcnce F low Fl iqh t  Exper iment

I F  1 EX ) . I t  has been des i ttnc d , accord i t i t I  to AFFDL r oc u t i  l i e —

l i i e i t t  S , 1 o usc a p i  cv i ou n ly  I lown has ic  test v e h ic l e  c o n f i g—

o r a l  t o i l .  ‘Phi s v e h i cl e  was t i eS1  qned by Aero~~et Li quid Rocket

Company ( AJ L R C ) under  Do t ense Nuc t e a t -  Agency sponsorship
on t he l”i t i h t - e r  l aunched Advanced Mat  ct - i a  I s Exper iment  (FlAME )

I’ , o t i ,  am.  The p lanned  I FLEX p r ogr am W i l l  employ the I ir s t
St  ago  cof lt  i~ i t t r~i t ion of the FU\t4E l aunch  v e h i c l e .  The veh ic le
wi I I  be car r  icd to al t i tiulo and 1 a tinched by an V—4 air c t a t  t: ,
i t t  t he Santo m an t i o r  as t h e  o r ig  in a  I FL1~ME test vehic les .  This

c c i t t  t gm a t  ion is I I lu s t rat  ed , in  t lie c ar r y  posi t ion on t lit ’
F— 4~1 emp leyeLI  i n  t he FLAME p r ogr am , in 1” i t iu r o  1 - 

~~~~~~~~~~~~~~~~~~~~ 
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Ed l o W i n g  .‘t I ’ i ” I ) I .  sped t i c - i t j o l t S , SAl has d e sign e d  t h e
exp ~ t i nt en t  t or ir~~:x t o  tueasu i  e t he v o l t  i d e  sur Lace  r e—
spouse  t o  sh~~ -k w~ive ,~ito u n t l • i t y  l ay e t  i n t e r a c t i o n  in the

v i c i n i t y  ci  a s tab i l i z e r  t i n — t u s e i a g e  ~unc t ure on the
FLAMI ’ l au n c h  v e h i c l e  c on t ’ i q ur a t iu t i  ir s t  s tage.  Measure—

tnent s  ar e  t o  be made t h rough o u t  the supersonic Mach number

i~~ t i l t i O  and t o  Mach numbers  h igher  than Mach 5. These Mach

I l I l i l l I o r s  a i  e p lanned to occur  bc Lween 45 KFT and ground impact .

S O U L ’ •t spect s  o~ t h e  i nt o t  ac t ion f low geometry in t h i s  region

• i t t ’ i i  l u s t  r a t ed  it ~ F igu r e  2 .  T h i s  I igure  i l l u s t r a t e s  an
oi 1 — t  l ow v i  su i l  i~~•it  ion h o r n  wi t id  t unne l  tes t ing of an • :
I E L F \  v e h i t le model w i t h  t i n s  in the aircraft carry con-

~ i iu 1 u t 1 on  The h o w  on t h ~ t u f l  s ale vehic l e  s u r f a c e  in
t l j g t i L  would be exp t ’ct :ed to behave the same way , q u a l i t a t i v e l y .

I t i t h  g r a d i e n t s  in pressure  and heat t r a n s f e r  occur in the

i n l e t  t er o n c e  f l o w  region evident  at the f i n  base in F igure  2 .

The t in su r t ’ ace and fu se l age  s u r f ace  in t h i s  reg ion on the

I F L E X  vehic le  w i l l  he ins t rumented  to measure heat t r a n s f e r  
•

• i t i I j l r e s s l i r o .  The data  c o l l ect e d  by th is  ins t rumenta t ion

w i l l  t o  t r a n s m i t t ed  by t e l em e t r y  t o  the ground . 
-

•

The concep tua l  desi gn , propuls ion , aerodynamic conf ig-
i t r a t  ion  • i n 1  mass proper t ies  of t h e  FLAM E launch vehicle

i m t  s tage have been r e t a i n e d  b r  the IFLEX vehicle .  This

s i g i t i t i can t  cons t ra in t  has been applied to minimize efforts

cii to  assure  a i r c r a f t  c a r r y  and launch compat ib i l i ty

d e m o n s t r a t e d  in connection w i t h  the FLAME f l igh t s .  The

s t r u c t u r e  and TPS have been redes igned for  the single

st ~ig t ’ [Fl EX veh ic le .  Exper imen t  i n s t r u m e n t a t i o n  has been

selec t ed and i t s  i n t eg ra t i on  w i t h  the IFLF .X vehicle has been

d e f i n e d . l-:lectronics and t e lemet ry  s y st e m s  for  data col—

lect ior i  and t r ansmi t t al have been specif ied. A i r c r a f t

opera t ions  and f l i ght  test r ange in te r faces  have been ex-
p i o re l to assure TFLEX vehicle design compatibility .

4
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‘1’he i e t  1 1 1 1 1  I L ~!i ~1i i t i  i t ’~~; i g n  o~ t h e  l I - ’l l-~X pu o i i  am , c x —

I t i t f liC ’ I it  t U t i  vo l t  1 1 t’ at  o t L ’SL’i j h i d  i i i  t it i s  i epot  t — ~~t ’S 1 - l i t

I t  av-.’ t t l qn  ~It~h sl ’ t ’ t ’ i t ic-a t i - ~u is  I ci t he ~‘O1I i d e  :i ,~h~t ? i 1 t _ ’~i I i t i d

o 1 cc t t t ca I sv n t ems a t  ~.‘ I I 51 od 1 u Appt ’ult  i t  x I . They a t  0 a\’~t 1 1 —
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SECTION II

SUMMARY

The IFLEX test bed vehicle is nearly identical to
the FLAME vehicle first stage described in Reference 4 in
terms of its geometry , mass properties and aerodynamics.

However , the IFLEX vehicle Thermal Protection System (TPS)

and component detailed design have been changed signif i-
cantly to facilitate the planned experiment. A schematic

illustration compares the FLAME first sta9e and the IFLEX
vehicle in Figure 3. The IFLEX vehicle fuselage is 297.13

inches long. The vehicle weighs 3966 lbs at aircraft separa-

tion . It is boosted to hypersonic velocity by the first stage

(Pedro) motor used on the FLAME flights. The Recruit motor,

which powered the second stage of FLAME vehicles , has been re-
placed by an airframe section containing the IFLEX data acquisi-
tion and telemetering equipment. The IFLEX vehicle has only one

propulsion stage and there is no stage separation in flight.

The IFLEX vehicle will be launched from an F-4 C or D

type aircraft. The planned launch conditions are an altitude

of 45,000 feet, a Mach number of 0.95, and a launch flight
path angle of 30 degrees above horizontal. After launch, the

• vehicle coasts in a ballistic trajectory until the rocket
motor is ignited between 20 and 26 seconds after launch, de-

pending on the trajectory to be flown. For planned IFLEX

trajectories , ignition occurs well after apogee , at a flight
path angle between 25 and 35 degrees below horizontal. In a

typical trajectory , shown in Figure 4 , the IFLEX vehicle
accelerates to Mach 6 after motor ignition. After motor

burnout, it decelerates in a high velocity balli stic gli de
to impact.

The IFLEX vehicle has been constrained to conform closely

to the external configuration and mass properties of the

7
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Fl.A~lE v i - h i c  t o  ~hich was I l i g h t  t ’ i IUp a t ib~ l i t y  q u a l i t  ied and

~~~~~ hod t o r n  in  l- ’ — 4 J  ~t i  t ci a f t  . Th is  c o n s tr a i n t  was imposed

so t h a t t h e  t 1 r g h r  - l t a u a n c t ’ r o t  the I F L E X  veh icl e  as a
s~ or e  on the  !- -4  can be o b ta i n e d  on t l ie basis of the FLAME
v e hi c l e  ~t u i c i a r t  c o m p a t i b i l i t y  i iu a l i f i c ~i t i o n .  Documentat ion
or  t h e  El ~~Ml- . V — 4  c om p a t i b i l i t y  q ua l i f ic a t i o n  a n a l y s i s, w ind

t e s t S , v i l i r at i on ’s t ru c t  u r a l  tests , and l i v e  launches
h a s  l O t ’ i l  rev i ewed and t h e  ap p l i c a b l e  documenta t ion  compiled .

- n  t hese dat  a , r econtrnenda t ions fo r  F — 4 / I F 1 EX i n t e rl a c e
a t i ~1 1ew~-h  h a v e  been made .  These should max imize  u t i l i z a t i o n

• of he e x t  e n s iv e  F — 4 J , FLAMU e x p e i  I ence and preclude expensive

r e q ua l it  I c at i c u .

1FLEX I t . i  j e c t o r i cS  c o n s i s t e n t  w i t h  the launch cons t ra in t s,

expe m i n ~ent  and r ange  r e q u i r e m e n t s, and vehicle therma l e n v i—  • -•

ronment  r e s t r i c t  ions hav e been developed . The t r a j e c t o r y

is d e t e r m i ne d  by the launch  a l t i t u d e, veloci ty and f l i g h t

pa th  ang le , t h e  t ime a f t e r  launch tha t ig n i t i o n  occurs ( f l i ght  -:

p a t h  ang le  -and a l t i t u d e) ,  and the amount of act ive propellant
l t s a d i i t ~i in the Pedro motor (m a x i m u m  v e l o c i t y )

E i t h e r  Tonopa h Test Range  in Nevada , or Whi te  Sand s

M i s s il e  Ra nge in New M e x i c o  are su i t ab le  test sites for  the
IFL I -:X t e s t s .  F l igh t  opera t ions  for  e i ther  of these ranges

l iavo  been n o m i n a l l y  planned . These operations include con-

s i d e r a t i o n  of the launch a i r c r af t  and pilots , photo chase

a~~r c r a t t , f l i ght  path control ler  loading provisions, and

f l i g h t  p l a n  ( inc luding maneuver dur ing launch)  . The range

requi rements  invest igated included impact s a f e ty , recovery

operat ions , and a l l  data acqu i s i t i on  requirements.  These

• l aunch  and f l i g h t  operations are discussed in detail in

Section I I I .

The purpose of IFLEX is to investigate shock wave/

boundary layer  i n t e r f e r e n c e  induced heat t r ans f e r  phenomena

at h i g h  Mach and Reynolds numbers. The shock wave/boundary

L. ~~~~~~~~~ 

10 ~~~~~ 

.•-

— .~~~ ___.t 
~~~ — — ~~~~~~~~~~~~~~~ 

—



_  
•-‘•.--- -- •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- • - • • • - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• 1

l~’yer interaction experiment will be performed where the fin

generated shock wave impinges on the boundary layer on the

a f t  cy l inder . The f l i g h t  envi ronment  and scale of IFLEX wil l

provide a Reynolds number more than an order of magnitude

larger than that which can be obtained in ground test simu-

lations .

The vehicle will be instrumented to characterize the

fo l lowing:

1) Heat transfer in the in te r fe rence  f low area by

measuring the quasi-steady wall temperature , heat

t r a n s f e r , and pressure .  F luc tua t ing  pressures - 
•

wil l  also be measured . 
- 

•

2)  State of the upstream boundary layer by measurements 
• 

- •

of heat t r a n s f e r, wall temperature, static pressures ,

and fluctuating pressures .

3) Vehicle flight conditions by continuously measuring

the angle of at tack , Mach number , and freestream static - •

~~ 
- 

-
•

pressure. This is supported by ground based tracking

of the vehicle tra j ectory, and atmospheric soundings .

The desired f l ight t rajectories have been selected and •

• the test areas of the vehicle have been designed to provide •

the proper test environment. All necessary instrumentation

has been selected and its placement and operation designed

into the vehicle. Methodology for reduction of the data and
comparison of it with ground test data have been developed.

The measurements to be made and the experiment definition are

described in Section IV. The instrumentation and electronics

• required are described in Section V.

Measurements made by instrumentation during the experi-

ment and missile operation will be digitally encoded and
telemetered to ground based receivers. Continuously sampled

quasi-steady state measurements will include wall heat

transfer , skin temperature, pressure , three-axis acceleration ,

11
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and missile operation indicators. High frequency data to

be processed are limited Lu fluctuating pressure measure-

ments. All rn the quasi-steady state measurements will be

time-division multiplexed and then digitally encoded with

an eight-bit PCM system . The unsteady measurements will be

frequency division multiplexed and transmitted on the L-Band

simultaneously with the PCM serial-data stream . In addition

to the instrumentation and data processing electronics, a

C-Band transponder to aid in radar tracking and a UHF

command receiver to initiate the rocket ignition are inte- -
- 

-

grated into the IFLEX vehicle . All instrumentation and

electronic equipment have been designed or specified as 
- 

-

described in Section V. - • . 
-

The external configuration , stiffness and mass properties

of the IFLEX vehicle are nearly identical to those of the T~
FLAME vehicle. However , the detailed design has been changed 

•

significantly in order to perform the desired experiments. • 
- 

•

-

The basic changes are as follows:

1) The FLAME FIREX low temperature ablator TPS has been

replaced with a DYNATHERM high temperature insulator

with steel inserts in the instrumented regions. The
IFLEX objectives require that the amount of ablation

products and surface roughness be minimized . The

presence of either roughness or ablation products 
—

could contaminate the interference flow simulation or

instrumentation response.

2) The forward cone will be utililized to measure pitot

and surface pressures in order to accurately determine

the angle of attack and Mach number . This cone has

been changed to stainless steel to insure a non-receding

surface for these measurements.

3) The Recruit motor has been removed and a structurally

similar section has been designed to replace it. This

12
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section also houses most of t he  d a t a  pi ocessing equi p—

men t and the t e l e m e t e r  i. nq equipment

4 ) A th i - i t y —  in ch  dianie t or I n s t ilat e d  maqnesi  urn c y l i n d e r  has

been placed a round the l e d  ro mo t or to pi ov ide  in St rumen—

tation volume -and tic ilit at e the experiment . About

one—sixth of the c i  i c u mfer e n c e  ot this cylinder is stoo l ,

in the r egions where  t h e  measuren.ents arc to he made .

The fin support and rotation mechanisms have been

redesigned t o ~iccomod,i t e t. his l a r g e r  di amet  or

5) One of the fins has been modit ied to con t~ t i n  a n i nst  l U —

mented steel p l a t e  for t lie experiment . Also , st~iinless

steel caps have been pLiced on t he I in leading edges to -•

prevent shape change  t h a t  could i t  1 oct  t he experiment.

Detailed drawi nqs ot  a l l modi I ied p.irts  of t h e

IP 1l- X ve l i i c  le , more I li in 90 p e ic en t  of the o1~i(] I na I FL/~ME

vehi~- I e , li~ive been ukide . Therma l and st  ructura an-a ysos

ti~tve  been accomp 1 t Shed ~u; i-equiv ed t o facilitate vehic I e

r edes i g n  to ac co i i i o d it  e 1 l’i ,i - X e bie c t  iver; or t h e  I l i g h t

environment. The i e s u t  ts of t h ese  a n al ys er ;  a re  p r ese n t e d  S

i n t~ect ion VT

I-
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SECTION III

IFLEX LAUNCH AND FLIGHT TRAJECTORIES

Two guidelines have been followed in the design of

IFLEX which will simplify the experiment and minimize costs.

First, the vehicle has been constrained to conform closely

to the external configuration and mass properties of the

FLAME vehicle which was aircraft compatibility qualified and

launched from an F-4J aircraft during 1975. Second, launch

aircraft flight operations have been constrained to remain

below an altitude of fifty-thousand feet, thus precluding

the necessity for full-pressure suit capabilities.

Investigations of test ranges indicates that either
the Tonapah Test Range , Nevada , with aircraft operations from

Edwards Air Force Base; or White Sands Missile Range , New
Mexico , with aircraft operations from Holloman Air Force Base, - •

would be suitable for IFLEX testing. Final determination of

the test site is a function under the cognizance of the 3246th

Test Wing at Eglin Air Force Base, Florida.

3.1 Aircraft Interface and Launch

— The Defense Nuclear Agency sponsored programs conducted

during 1974 and 1975 to qualify the F-4J for carrying and

launching FLAME have been reviewed for applicability to IFLEX.

A sununary of these programs is outlined below , together with a

• listing of applicable documentation . This summary is intended

to serve as the primary basis for Air Force Armament Test
• Lab, Eglin A.F.B. (AFATL/DLJC) issuance of flight clearance

under AFSCR 80-33 (Class II Modifications).

3.1.1 Aircraft Installation

The basic configuration for carrying IFLEX on F-4C/D

aircraf t,as shown in Figure 5, is identical to that utilized
by FLAME, which was carried and launched from an F-4J. The

- - missile is mounted on a modified LM)-77 launcher which is

~~~~~~~~~~~~~~~~~~~~~~~~ 
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FIGURE 5. IFLEX Instal lat ion on F-4
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attached to the center-line station by means of an adapter .

The adapter positions the missile center-line such that it
- • is carried at a yaw ang if- of four deqrees with respect to

L - the aircraft center—line . This yawed carry position allows

the F-4 nose gear to retract past the missile forward section .

• To provide tail fin clearance , the missile is carried with one

pair of fins rotated 48 degrees from perpendicular to the other

(X-position). The mechan ism which rotates these fins to perpen-

dicular cruciform (+ position after launch separation is des-
cribed in Section VI. This unusually asymmetric carry con-

figuration was the subject of analysis and tests carried out

under the Defense Nuclear Agency FLAME program

3 . 1 . 2  A i r c r a f t  Compat ib i l i ty  Wind_Tunnel_Tests

Wind Tunnel Tests were con d uc ted , by the Arnold Engi- ~ 
-

eering Development Center (AEDC), on the F-4 aircraft

carrying FLAME . (The FLAME vehicle is also referred to as

Pedro-Recruit , the two rocket motor stages which constituted

the FLAME vehicle). Tests were conducted to investigate

carriage air loads and the eftec t of FLAME on F-4 static

stability . In addition , wind tunnel tests and computer

simulation of launch separation were conducted. The results

of these investigations are reported in Reference 5. The

effects of Pedro-Recruit on F-4J stability and control char-

acteristics were significant but were found to be within

acceptable limits. The report summary also states:

• “Carriage-position airloads data showed that the yawed

missile pylon resulted in large values of lateral aero—

dynamic coefficients , which necessitated the testing of

swaybrace supports during the static stability phase.
• Although these large lateral aerodynamic forces caused

the missile to experience major yawing , rolling , and

-
• lateral motions , the separation characteristics of the

Pedro-Recruit from the F-4J aircraft were found to be

satisfactory for all test conditions .”

16
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3.1.3 McDonnell Aircraft Company Analysis

The McDonnell Aircraft Company (MCAIR) conducted anal-

yses of the F-4J carrying and launching Pedro-Recruit. The
- 

~~
- results are reported in Reference 6. Aerodynamic character-

• 
•
~~ 

istics reported are:

a)  the long itudinal and lateral directional stability

characteristics

b) the Pedro—Recruit  installed drag increment

c) airplane/ store separation trajectories for the

nominal launch condition .

The s t ructural  loads analysis resulted in the following re—

commended flight envelope with Pedro-Recruit installed :

a) Speed Placard~ at altitudes from sea level to

40,000 ft - 450 Knots Calibrated Air Speed (KCAS).

At altitudes of 40,000 ft and above- 525 KCAS or

M=1.8 (whichever is less).

b) Maneuvering Envelope : a vertical load factor of

= -1.0 to 4.0. The stick throw is limited to

gradual coordinated turns

c) Gust Velocity : lateral gust velocity of 25 fps

at 525 KCAS .

d) Aircraft Trim : as required to maintain zero

lateral acceleration .

The Structural Dynamics Analysis results are summarized as

follows:

“There is no requirement for flight placards due

either to flutter or divergence of the captive

vehicle. ”

3 . 1. 4  U . S .  Naval Air Test Center, Patuxent River, Tests

• Based upon the recommendations of AEDC and MCAIR as

outlined above , the U . S .  Naval Air Test Center ( NAVAIRTESTCEN ) ,

after conducting a series of ground tests, air launched one

*“placard” is the terminology assoc iated with a performance
l imitation to be imposed by the pilot .
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inert and six live Pedro-Recruit rockets trom an F-4J air-

critt at the NASA Wallops and DOE Tonapah Test Ranges . The

NAVAIRTESTCEN work is reported in Reference 7 and 8. The
principal results of the NAVAIRTESTCEN aircraft compatibility

— testing are summarized in the following excerpts from those

reports :

(a) “ ... the nose of the a i r c r a f t  (F-4J)  was elevated

to the ang les w h ei c  the f i n  t ip  j u s t  barel y
cleared the hanga r  deck. The ang le obtained was
11.5 degrees  n o s e - u p . . .  .Nomin~~l a i r c r a f t  approach

angle is approximately 10 degrees aircraft nose

up. . . . It was recommended that all takeoffs be 
—

conducted approximately 12 knots faster than • • • • •

normal recommended speeds (7 to 8 degrees nose—

up pitch attitude) to avoid ground contact (11.5

degrees nose-up) with the Pedro-Recruit. All

takeoffs were accomplished with half flaps and

maximum afterburner thrust. The technique for

landing was full flaps , 8 knots fast , and no

flare. ”

(b) “McDonnell personnel on site at NAVA IRTESTCEN

conducted a ground vibration test to verify

analytical predictions ot aeroelastic stability .

The values of adapter stiffness and elastic axis

location obtained from the Ground Vibration Test

(GVT) were used in the divergence analysis. In

• addition , the GVT established that captive vehicle

natural frequencies did not coincide with major

airframe structural modes.”

(c) “The only cockpit modification consisted of an
easily removable FLAME control panel....The con-

— 
trol panel allowed the pilot to arm the rocket
and to turn on reentry vehicle telemetry power.

_ _  
_ _ _  ~~~ .:.: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Two warning l ights informed the pilot as to
which mode the rocket was in , SAFE or ARM. A

third li ght monitored command receiver channels
utilized for ground linked rocket motor initia-

tion. The electrical circuits and normal air-

craft store jettison circuits were satisfactorily
— verified during the conduct of the ground tests.”

(d) “Based on qualitative pilot opinion, the flying

• qualities were essentially the same as the basic

• F—4J aircraft with no external stores. Tests

were conducted SAS (Stability Augmentation System)
ON and OFF at each of the test conditions. Wind-
up Turns were limited to 3g at each test point.” - 

-

(e) “Following the successful separation of the inert

Pedro-Recruit on 9 October 1974, six live rockets
were successfully released during the period from
4 February 1975 to 4 June 1975. Release Mach

number/calibrated airspeed varied between 1.224/

263 KCAS and 1.366/323 KCAS. Release altitude

varied between 54,596 feet and 56,031 feet while

flight path angle varied between 30 and 33

degrees nose—up .”

3 .1 .5  Recommendations for  F-4/IFLEX Interface and Launch

In order to make maximum utilization of the extensive
F—4J/FLAME experience and preclude expensive requalification,

it is recommended that IFLEX interfaces with F-4 launch air—

craft be consistent with those which have been previously

qualified . Specific recommendations are outlined below:

FLAME IFLEX

F-4J aircraft equipped for pilot - Use USAF F-4C or F-4D

pressure suit operation above aircraft from either

50,000 feet. Launch envelope Eglin A.F.B. or Edwards

as recommended by MCAIR. A.F.B. Restrict launch

19
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FLAME IFLEX

operation below 50 , 000

e feet. No pressure suit

requirement. Otherwise

launch envelope as re—

commended by MCAIR.

— LAU-77A/A Launcher modi- - Identical installation .

f ied  in accordance with Liaison with Warner
MCAIR Dwg. 32-04806. Robbins code WR-ALC/

Five MK-9 Mod—0 cartridges MMIMA indicates that

• g ive ejection velocity action to obtain an Air
of 8.871 fps. Attachment Force LAU—77B/A-048-

to F—4 Aero 27A centerline 0593CH launcher should

bomb rack in accordance be initiated at an early

with MCAIR Dwg 32-04801 date to provide 12

months lead time prior

to launcher delivery .

Special adapter may be

available from the Navy .

Otherwise, a new adapter

can be fabricated by

the test activity from

MCAIR drawing.

FLAME aircraft control - Fabricate equivalent

panel replaced DCU—75/A special IFLEX aircraft

Special Weapons Control control panel and wir-
panel. A wiring adapter ing adapter at the test

cable connected FLAME activity (Eglin or

vehicle wiring to air- Edwards).

craft Special Weapons
Wiring.

PEDRO ROCKET - PEDRO Rocket with equi-

(1st Stage) valent propellant loading -

or less.

20



FLAME IFLEX

- RECRUIT Rocket - Identical external con-
(2nd Stage) figuration . Inert sec-

tion carries instrumen-
tat ion.

- FLAME WT & Balance - IFLEX WT & Balance
WT — 3933 lb. WT — 3966 lb.
CG - 213.5 in. cc - 212.2 in.

- Vehicle stiffness No - IFLEX structural design

divergence and no provides equivalent

resonant frequencies. or greater stiffness.

Ground clearance. - IFLEX increased diameter

Fin rotation provides reduces ground clear—

ground clearance to ance by 0 9 inches with
11.5 degrees nose-up , f ins  rotated . Ground _

_ _ _ -

Landing and take-off clearance is provided

conditions planned for to 10.6 degrees nose-up.

maximum nose-up a t t i tude Recommend landing and
of 8 degrees. Vehicle take-off attitude re-

fins if inadvertently striction of 8 degrees

scraped would fail as on FLAME . Aluminum

prior to transmitting f in  structure would
a damaging load into fail if scraped without

vehicle body and endangering safety of I - • .

launcher . flight. Recommend

ground observation of 
- •

take-of f run to confirm

no fin damage. TH1

• 
- 
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3 . 2  AERODYNAMICS

3.2.1 ç~~~~i 1~ration_Selection

The requirement to maintain the aircraft compatibility ,
which was verified for the FLAME program , dictated that the

aerodynamic configuration of the IFLEX vehicle be maintained

as closely as possible to the FLAME launch vehicle geometry .

The degree of freedom left was departure from that configur-
ation after clearing the aircraft. As described in Section

• VI , except for the small aft body diameter increase, the IFLEX
and FLAME launch vehicle external geometries are the same.

f
During the IFLEX design study , the possibility of

• flying the IFLEX vehicle with a fin configuration different
• than tha t on FLAME , after aircraft separation , was analyzed.

The vehicle is carried on the aircraft with one set of oppos-

ing fins rotated 48 degrees from perpendicular to the other

as illustrated in Figure 6. This is necessary to facilitate
ground clearance during aircraft take—off and landing. The

possibility of flying the IFLEX mission with the fin s in this

non-cruciform configuration was examined. A reasonably cam—

plex actuator system was employed on the FLAME launch vehicle

to rotate one set of the fins to form a cruciform geometry

after aircraft separation . Complexity and cost of IFLEX

vehicles could be reduced by eliminating the fin rotation

requirement. The fin rotation requirement was due to a

predicted loss of static stability at high Mach numbers

in the plane of the small (42 degrees) included—angle

between the fins in the aircraft carry geometry (the

x-y ’ plane in Figure 6) . A static stability wind tunnel

test was conducted to determine the variation in stability

with Mach number and fin configuration. The results of

this test are described in detail in Reference 9.

22
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The r e s u l t s  ot  the wind t u n n e l  t e s ti ng  v e r i f ie d  the
pr edict ions  ~~0Jt- IV AJLRC durinq t h e  1- LAMF launch veh ic le  de—

s iqn .  The behav~~cr of t h e  cen t e r  of pressure in the yaw

plane  is i l lu s t ra t e ~i in F i i u r e  7 .  With  the f i n s  in the non—
cruciform ( X )  c o nf iqu r a t i o n , s t a t i c  s t a b i l i t y  is lost in yaw

~i L  approx i” i~i t e ly  M~ =6 .  N e a r l y  a diameter  of s t ab i l i ty  is
m a L n t a i n e d , under  the same condit ions, wi th  the f i n s  in the

- ‘ru c i to r m  c o n f i g u rat i o n .

The poss ib i l i ty  of increasing the roll rate to provide
dynamic s t a b i l i t y  was explored.  As indicated in Figure 7 , the - 

- j
n o n — c r u c i f o r m  c o n f ig u r a t i o n  is s t a t i c a l l y  stable in the pi tch

plane , or p l ane  p e r p e n d i c u l a r  to the larger  a n g u l a r  separation

of t i n s .  The s tudy  reported by P h i l l i p s  in Reference 10 shows
that a vehicle which is statically stable in one plane (and

s t a t i c a l l y  uns tab le  in the other)  can be spin s tabi l ized by a

rol l  rate magni tude  appropr ia te ly  related to the s tat ical ly
unstable static margin according to derived stability criteria.
As an example , a set of stability bounds for the IFLEX vehicle

at ‘- 1=6.2 is illustrated in Fi-jure 8. Because of the known
variation in static stability during flight, and the likely

variation in roll rate , the risk associated with achieving

and maintaining roll rates within the required stability

boundaries was judged unwarranted . The fin rotation mechanism

employed on the FLAME launch vehicle has been adapted to the

IFLEX design , as descriled in Section VI.

3.2.2 Aerodynamic Data

The IFLEX aerodynamics for stability and pertormance

- • analysis was derived principally from the wind tunnel testing

described in Reference 9. This test was conducted in the

Arnold Engineering Development Center-Von Karman Gas Dynamics

Facility (AEDC-VKF) Supersonic Wind Tunnel A during the period
of May 8—10 , 1978. Missile static stability , axial forces dnd

body base pressures were measured at Mach numbers 2.0, 3.0, 4.0

24
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FIGURE 7. Fin Configuration In f luence  On Static Stability
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There were no base pressures measured in the fin wakes.

The drag increment build up effects are illustrated in

Figure 13 for M oo = 4. It should be noted that the effect

of f in base pressure is included in the difference between
fin-off and fin-on forebody drag. This may be significant

since the total projected fin base area (4 fins) is approxi-
mately equal to half the base area (5.15 square inches in

model scale).

3 2 3 Trajectory Simulation Aerodynamics

Since the IFLEX configuration generates a multishock
flowfield , there is uncertainty concerning -the adequacy of

local slope methods in predicting surface pressures. To in-

vestigate the pressure distribution behavior , the flow quan—

tities in the shock layer were calculated by the computer code
described in Reference 11, referred to as the NASA/Grumman
code These calculations provided pressure distributions on

the surface, shock layer properties , and body alone, inviscid
flow aerodynamic coefficients.

A typical pressure distribution predicted by the NASA !
Grununan Code is illustrated in Figure 14. The drag coef—
ficient variation with Mach number , for the IFLEX body without
f ins , is shown in Figure 15. The agreement with the experI—
mental data - at M

oo =4 is not as good as expected , since some
skin friction increment should be present between the two.
This may be partly due to fillets (corner rounding) required
in the geometry representations employed in the code. The
empirical base pressure coefficient representation C~ -l/M~
appears to be quite accurate for this configuration aRd flow
condition.

To predict the low Mach number drag characteristics of
IFLEX for tra jectory simulations , tangent-wedge pressures and

E_ 
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avetayc- lurbulent skin friction estimates were combined with

the pred ic t ion  in F igu r e  15 and the wind tunnel data for

the Mach number r ang e 2ç1~ , ~ 8. Empi r ica l  cons tan ts  f rom

Reference 12 were employed to estimate the drag in the tran-
sonic reqion . The resulting dra—j representation is shown in

Figure 16. The solid line shown there was used to represent
the aerodynamics in the nomina l IFLEX trajectories . During

the motor burn , the base pressure increment was subtracted ,

assum i ng near matched  exit pressure conditions .

3.2.4 Propulsion Simulation

The propulsion simulation for the IFLEX nominal tra-
jectories was derived from modification of the FLAME FLT 008

propulsion simulation reported in Reference 4. The lower

Mach numbers will be achieved by replacing propellant grain

with inert fuel. The e f f e c t  of this  change in propel lant
packaqing on the Pedro motor thrust history has not been ana-

lyzed in detail. For purposes of the IFLEX trajectory simu-

lation , it was assumed that the motor burn time would be re-

duced in the early , constant and nearly constant weight

flow portions of the propellant burn. Segments of the near

e q u i l i b r i u m  weight  f low were removed to provide the required

total impulse for the required maximum Mach number . The seg-

ments removed for the Mach 5 and Mach 6 trajectories are

illustrated in Figure 17. The result of this approach is a

thrust tail—off simulation for IFLEX which matches the FLT~ME
t h r u s t  t a i l — o l f , extrapolated to zero weight flow . The weL-iht

of propel lant  to be replaced wi th  inert  fue l is approximately
660 pounds for the Mach 5 trajectory and 380 pounds for the

Mach 6 trajectory . These represent Pedro propellant mass

fractions of 0.28 and 0.15 , respectively.
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3.2.5 Lateral Mass Asymmetries

The design of the instrumented region in the vicinity

of one of the four IFLEX fins , and the design of the instru-
mented fin, require the substitution of steel plates for the

aluminum or magnesium and Dyna—therm surfaces . The result

is a small lateral center of gravity (c.q.) offset relative

to the axis of geometry symmetry . This offset has been

es t imated  to be 0 . 2 5  inches . An o f f s e t  of this  magnitude is
estimated to result in a static trim angle of attack less

than 0.02 degrees in the plane of the offset.

3 .3  IFLEX TRAJECTORY - -

Since the IFLEX vehicle is uncontrolled , the flight - 
- :~

t r a j e c t o r y  is de termined by a combination of the vehicle state -

‘

at separat ion from the carrier  a i r c r a f t  and the timing of the
Pedro motor burn . The considerations in determining aircraft

separation conditions are principally aircraft performance

capabi l i ty  and sa fe ty . The considerations governing selection
of preset motor ignition conditions are aircraft safety

and t r a j ec to ry  shaping . The last degree of freedom in tra-
jectory shaping is the selection of active propellant weight

for the Pedro rocket motor , which principally in fluences rnaxi-
mum velocity and the a l t i tude  at which it occurs. These
t ra jec tory  shaping parameters have been investigated para-
metrically to select IFLEX trajectories. The impact of tra-

jec tory shaping on the TPS is discussed in Section VI.
-I

The vehicle is to be launched from the a i r c r a f t  in a
climbing attitude , with f l ight path angle approximately
30 degrees above the horizontal , at a Mach number of approxi-

mately 0.95. These conditions permit the aircraft to clear

the vicinity of the missile while the missile coasts ballis-

t ical ly over a parabolic arc to a downward oriented f l ight - 
-

path angle .
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The subsequent  v e h i c l e  t r a j e c t o r y  is t hen determined
by sel ect ion of the motor ignition time (or initial tlight

path .tnqh’) and propellant loading , or maximum veloc ity.

The l a u n c h  a l t i t u d e has been selected as 45 KF’r to permit

the aircr aft to maneuver away from the missile after

l a u nch  wi thou t  penetra t ing a maximum al t i t u d e  l imi t  of 50
KFT. t ower fli ght path angles could be selected to allow

h i gh er  I aun ch  a i t  i t u d e s . Uowever , these r e su l t  in more
;e~’.’ e t i t ’ -na I ~‘nv i i curnents and dec rea sod experiment I I i t~h t

t imes . A L ) ro t i le of maximum al lowable launch f l i g h t  path
aug Ie~ as a fu n c t ion o l aun ch  alt itudc’ is  shown i n  Figure
18.

~;e!ec t ion of t he  Peduo rocket igni tion time , along the
Tl- I .EX paral-t o l i c  ar c  coas t ing  t r a j ec t o r y ,  results  in selection
of the I I i  g u t  path aug e at ig n i t i o n . The signal for ign i t i o n
wi I 1 ho a gr ound  command t r ansmi t t ed  a f t e r  an on—board timer
has enabled the ign i t i on  c i r cu i t  . Ground based radar  obser—
v at  i ens w.i I i  provide.’ cia ta on lii qht path ing Ic as a b.isis

or t he igni t ion ime decision . ‘[‘ho nomina l 1 FLEX t ra~ ectory,
des i g n a  ted  Tra joctory A , has an igni t ion time 20 seconds a 11cr
l au n c h  and a maximum Mach number of 6 ( 2 6 . 4  seconds was t h e

Fl.A MI-: I q u i t  ion t I me) . The corresponding veloci ty and a t i—
ti ck ’ pro f i les ar e  shown in Fi gure  19. The f l igh t  path angle

prof i li’ is  shown i n  Figure 20. The un i t -  Reynolds number—M ach
number  ch ar ac t  oristics are presented in Fi gure 21.

The parame t r i c t h erma I protect ion system desi gn anal  yses
ut i t i z e d  t r aj ec t o r ie s  ~ , 2, 3, and 4 of Section V I .  These
I F . )  j e e t .o r  iO S  W(’ i’ (’ based on p r e l i m i n a r y  aero/propulsion est i —

ma t e~; . ‘l’hey di I I or l i - urn t ra oct oi-y A in t hat t he motor
I h r u s L  tail—of f was not repr esented  and p re l iminary  drag
cue f t  Ic  i ont  s which wer e used had va l ues lowet t han those I m a  I ly
elo r  ive e t  for  the l ower Mach numbers.  Because of the lower d rag  and
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resulting higher coast velocities , the therma l response pre-

dicted is conserva tive in regard to the therma l design. Tra-

jectory A and variants obtained by using earlier ignition

times and appropriately reduced motor propellant loadings are

the trajectories employed in the flight and experiment

planning .

3.4 Flight Operations Requirements

In addition to the actions (outlined in paragraph 3.1)

F required for issuance of flight clearance by the Air Force for

F4/IFLEX, the fol lowing recommendations concerning f light - -: -
~~~

operations are outlined.

3.4.1 F-4 C/D Launch Aircraft

Specific Air Force F—4 type aircraft which will be
available and suitable for the IFLEX installation should
be identified . In addition to the physical form factor corn-

patibility discussed in Section 3.1, the aircraft should
be equipped with a C-band transponder for acquisition and

precision tracking during dry runs without the IFLEX loaded.

It is recommended that compatibility with as many different

F—4 aircraft as practicable be retained for operational flex-

ibility of the project Liaison with both Edwards AFB and
Eglin AFB indicates that one or more suitable F-4 type air—
c ra f t  will  be available if requested by the project.

3.4.2 Project Pilots

The achievement of desired IFLEX trajectories is de-
pendent upon a high degree of coordination between the Project
Pilot and the Aircraf t  Flight Path Groun d Controller in
achieving the planned launch conditions. It is therefore

recommended that a single project pilot , backed up by a
qualified alternate, perform the training flights, dry run s
and IFLEX launches.
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3.4.3 Photo Chase Aircraft

A photo chase aircraft having performance capabilities

compatible wi th  the planned launch conditions should be plan-

ned . Photographic coverage of launch separation and f i n

rotation is required . The photo chase aircraft should not

be required for t raining operations .

3 . 4 . 4  Aircraft ih t  Path Controller

The project should furnish an aircraft flight path

control ler  who wi l l  work with  range personnel during the opera-
t ional phase of the project in providing precision voice
vector ing to the p ilot in order to achieve the desired launch

separation vector within the range safety and instrumentation

cons t r a in t s .  The range personnel would provide to him a
suitable radar display or plot , a ground-to-air voice channel ,
and retain “ go-no-go” responsibility for range safety . The

approach to launch point will involve pilot/controller team

work analogous to that of a fina l  precision Ground Control
Approach (GCA) under instrument f l i gh t  rules (IFR)  f l i ght.
The Aircraft Flight Path Controller may be provided by the

IFLEX contractor or assigned from among qualified military

personnel .

3. 4 .5 Handling and Loading Provisions

It is recommended that assembly of IFLEX at the
selected Air Force facility be performed by contractor

personnel . Similar ly ,  transport on the base, handling,
loading, telemetering ground checks, arming and (if necessary)

de—arming would be performed by qualified contractor personnel.

Base requirements for handling and loading are:

46
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• Missile assembly and storage building

• Aircraf t  f l ight  line location suitable for  loading
large ordnance.

• Runway arming location .

• Post-landing de—arming location .

• Missile t ransport  and loading equipment. The Air-

log 4000A trailer which is normally utilized for

removing jet engines was utilized satisfactorily

during the FLAME program.

• Flight line provisions for tie—in to range tele—

mentry for telemetering ground checks.

• Standard F-4 support for fueling and other flight
line support.

• Temporary of f ice space for  project personnel.

3. 4 .6 Flight Plan

The flight plan for IFLEX is desc r ibed in two separate
sections. The aircraft flight plan , from operating base to - -

-

launch and return , is discussed first. Then the details of - 
-

aircraft  pull-up , launch and post-launch maneuver are described .

3.4.6.1 Aircraft Flight From Base to Launch and Return

A minima l aircraft flight plan has been developed for
operations from Edwards AFB and launch at the Tonapah Test

Range 162 miles from Edwards. The purpose of this plan was

to investigate the amount of fuel reserve available over and
above the basic requirements of the flight. An equivalent
f light from Holloman AFB , 1a~ nching IFLEX over the White

Sands Missile Range “50—mile range” would be shorter:

Gross Fuel Distance Time
Weight Pounds NM M m .

48,168
- - I, a) Start Engines,
- 

~
- Take-off and

Accelerate to
-j 400 KCAS.

5 MIN SL?NRT (Normal Rated Thrust) 1303 -- 5
1 MIN SLS CRT (Cruj se Rated Thrust) 1013 -- 1

* Sea level standard conditions
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I
Gross Fuel Distance Time
Weig~~ Pounds NM M m .
45 ,852

1; MRT (Military Rated Thrust)
CLIMB AT 400 KCAS
M = 0 . 9  to 22 , 500 FT loll 32 3.8

44,841

c) CRT CLIMB TO
40,000 FT. 798 13 1.5

44,043

d) CRUISE To Launch
Point minus 15 miles
M = 0.9 (not required
at Holloman/WSMR) 1224 102 12 

- -

42,819

e ) ACCELERATE TO
M = 0 . 9 5  AND CRT - 

-

PULL UP TO 30 °
AT 45 , 000 FT. 945 15 1.7

41,874

f )  LAUNCH 38 , 004
g) CRUISE TO EDWARDS

AFB, M = 0.9 1620 162 14
- 36 ,384

h) FUEL
Rema in ing af ter
Return to Base = 5673 Lbs.

i)  Fuel/Time
Available for in—flight
holding and delays - approximately 3600 lbs/40 m m .  —

3. 4 . 6 . 2  Aircraf t Pull-up, Launch and Post-Launch Maneuver

The F-4 aircraft, after climbing to 40,000 ft and receiv— —

ing confirmation from the range that precision radar acquisi-

tion and track are established, is vectored to an initial 
5-

point from which the run-in, acceleration , final countdown

and pull-up are accomplished . During the straight run—in the

Aircraft Flight Path Controller issues very frequent vector

commands to establish the launch azimuth properly compensated

for winds aloft as they a f fec t  the entire IFLEX trajectory.
Simultaneously, telemetry is checked and rocket launch circuit

armed. The pull-up maneuver to 30° at M = 0.95 is initiated

48
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at the command of the Flight  Path Controller. The final

count-down is initiated from the ground but is turned over to

the pilot who continues the last four seconds of count, adjust-

ing the actual release for altitude, compensating for instru-
ment lag. The “fine-tuning” of this launch maneuver will

require both training flights and dry-runs on the range. The

time of actua l launch separation is telemetered to the ground
as is the indication of fin rotation . A single fixed correc-

tion to ignition time is computed automatically on the ground

based upon the radar plot of actua l release angle and at t i tude.
The range safety officer enables ignition based upon confirma-

tion of fin rotation and safe missile vector . The actual

ignition is then ground commanded automatically. After release

of the missile the F-4 executes a roll into a climb ing turn
to reach and hold a bank angle of approx imately 90 degrees
until past the point of maximum altitude . The purpose of this

post-launch maneuver is to achieve maximum separation between

aircraft and missile and to avoid exceeding 50,000 feet air-

craft altitude. Figure 22 shows the relative flight paths
of F-4 aircraft and IFLEX missile after missile release up to

the point of ignition (for a 22 second ignition). The peak

a l t i tude  reached by the aircraft is 48,306 feet and aircraft—

to-missile separation at ignition is approximately 1.15
nautical miles.

3.4.7 Flight  Operations

Based upon discussions with test personnel at Edwards
AFFTC and Egl in  AFAL,an estimate of the types and number
of f l ight operations for the IFLEX program has been made as
fo l lows:

• Staging Flights

These flights are for launch aircraft and photo

aircraft from Eglin AFB to Holloman AFB. They

would not be required for oper ations ou t of Edwards
AFB at the Tonapah Test Range . Four (4) flights
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(2 Flights/2 Aircraft); 3 hours each ; 12 hours

total.

• Tra’ning and Familiarization Flights

These f lights are for developing a precision launch
maneuver through practice of the Project Pilot

and Aircraft Flight Path Controller on the flight

test range. Two flights (1 transponder equipped

F-4); 2 hours each ; 4 hours total.

• Dry Run Flights

One dry run operation is planned for each of the

four launches to rehearse all aspects of loading ,

arming , telemetry and range radar and photo—theodo-

lite acquisition and track . It is possible that

a repeat dry run would be required on early launches ,

however, the dry run may he foregone on the third
or fourth launch. Four flights (IFLEX modified

F-4 a i r c r a f t ) ; 2 hours each ; 8 hours total.

• Live Launch Operations

Four live launches are planned . Based upon range
experiences, two back—up flight operations are

planned with Launch aircraft and Photo Chase.

Twelve Flights (6 Flights/2 Aircraft) ; 1.5 hours

each; 18 hours total.

• Summary —

The total number of flights planned is 22 (Eglin

support) or 18 (Edwards support). The total number

of flight hours planned is 42 (Eglin support) or

30 (Edwards support). All dry run and live launch

operations require unrestricted visibility from
ground to launch altitude. Training flights could

be conducted under more restricted visibility condi-
tions at the option of the pilot.
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3. 5 Flight  Range Requirements

Based upon l iaison conducted by SAl with test personnel
at Tonapah Test Range , Nevada , White Sands Missile Range, New
Mexico and Air  Force Armament Test Lab , Egl in AFB , Florida 

V
together with the technical requirements of the IFLEX experiment,

the following range requirements for the IFLEX program are

outl ined . It is believed that the requirements can be realized

either at the Tonapah Test Range or White Sands Missile Range.
Final  de te rmina t ion  of the test site is a project  function

und er the cognizance of the 3246 th Test Wing at Eglin Air Force
Base , F lor ida .

3 .5. 1  Impact Safety Requirements

The estimated foot print  of IFLEX at impact on the range

is based upon uncertainties in contributing factors tabulated - . -

below and upon the actual launch experience from the FLAME pro—
gram . It should be noted that dispersion in range is primarily
sensitive to variations in a i rcraf t  launch speed and direction.
Dispersion cross-range is primarily sensitive to aircraft
velocity direction and uncompensated cross-wind . Careful
t ra in ing  and coordination between the Pilot and Aircraft

Flight Path Controller, together with post launch ignition
time compensation, should reduce uncertainties below those

tabulated . Actual flight experience during FLAME confirms

this expectation.

• IFLEX Error Sources Contributing to Impact Dispersion

PARAMETER STANDARD DEVIATION

Wind 5-Knot Cross Wind -S

Uncompensated

Coast Time 0 .2  sec .
Pedro Thrust Misalignment 0.07 deg.

IFLEX Fin Misalignment 0.10 deg.

Pedro Thrust at Constant I~~, 1.5%

Pedro Burn Time 0.26 sec.

3 
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PARAMETFR STANDARD DEVIATION

IFLEX Drag 5%
IFLEX Stage Inert  Weight 0 . 7 %

• Estimated IFLEX Dispersion

The one sigma dispersion resul t ing from IFLEX error

sources are tabulated below and plotted on Figure

23.

STANDARD DEVIATION

RANGE CROSS
( f t )  ( f t )

Position at Beg inning of Maneuver 707 707

Response Time Rotating (1 sec ) 1, 4 4 2  -

Position at Release (1.5° Pitch
& Yaw) 1, 56 6 783

Al t i tude  at Release (250  f t)  902 —

Ai rc ra f t  Speed ( 2 4 . 2  fps)  9 , 257 —

Velocity Direction ( 0 .5°
Pitch & Yaw 4 , 584 1, 809

1.5° Pitch A of A 532 212

1.5° Yaw A of A 1,302 519

Separation Pitch Rate (5 deg/sec ) 607 86
Separation Yaw Rate (5 deg/ sec) 181 87
.2  sec Coast Time 2 , 952 —

Pedro Thrust  Misalignment 820 327

IFLEX Fin Misalignment 164 65

Pedro Thrust 683 -

Pedro Burn Time 1,060 -

IFLEX Drag 1,399 -

Pedro Inert Weight 153 -

Wind 5 Knot Uncompensated 163 1,112
— RSS Dispersion 11,305 2,463

3.5.2 Meteorological Data

In order to correlate missile velocity data with Mach
number and dynamic pressure, the best attainable data on temp—

I I era tures , pressures, and humidity from sea level up to 50,000
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feet are required . Also, in order to compensate for winds

aloft and reduce missile dispersion , accurate wind aloft

measurements should be reported to the project prior to missile

launch.

3.5.3 Test Range Radar

Real time radar acquisition and track of the launch
aircraft is required such that precision voice vectoring to

the launch point may be accomplished . A radar plot of the

missile trajectory is also required . Both launch aircraft

and missile will be equipped with C-Band transponders.

3.5.4 Photo-Theodolite Coverage

Photo-Theodolite coverage of the IFLEX from launch

separation throughout the trajectory down to a pressure =

altitude of 5,000 feet is required as a primary basis for
assessing velocity and altitude and a secondary basis for

ang le of attack and roll rate . Photographic coverage is
also requi red, along with range timing for documentary purposes.

The IFLEX missile has a stainless steel nose, and an amber
colored body . Paint may be applied to three of the fins. It

may be expected to burn—off a few seconds after ignition

however .

3.5.5 Range Telemetry

Range telemetry is required in L—Band (1.455-1.540 0Hz)
for all dry runs and launches. Reliable reception down to an

altitude of 5,000 feet is required . In addition , provisions
for performing telemetry ground checks is required . This
may be a range function , a function of the aircraft support

base , or a combination of these. The details of the IFLEX
telemetry system are described in Section V.

3.5.6 Recovery Operations

IFLEX will impact the surface at a velocity of approx-

imately 1,500 fps and at an angle of 35 degrees from the
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horizontal. Impact point projection and recovery of the

broken t r a g m e n t s  of t he structure is desirable if practic-

ab1&- .

— 
3 . 5 . 7  Data Requirements

The IFLEX project will require the following data to

be delivered by the range :

1) A magnetic tape record of all telemetry data

received t o r  a l l  launches .  This magnetic tape data wi l l

include the telemetry data stream , base stream , base timing ,

vehicle  position coordinates if possible and any audio corn-
municution between aircraft and ground control. This data ~~~~

-

will be recorded on a wide—band magnetic tape recorder.

2) All IFLEX flight telemetry data will be decoded so

that the 250 quasi—steady state and three fluctuating pressures

are annotated by data source , time , and amplitude (by per-

centage of full scale). This data will be in the form of a

formatted computer compatible digital tape .

3) The trajectory plots with timing require a one

sigma accuracy of -4- 25 fps in velocity and ± 50 feet in
altitude. This gives less than a 2 percent change in heating

rate. Angle of attack and roll angle accuracy of 5 degrees 
- 

-

at a minimum is required . Greater accuracy would be desired

if the cost to obtain it does not increase.
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SECTION IV

INTERFERENCE FLOW EXPERIMENT DEFINITION

The Interference Flow Flig ht Experiment ( I F LEX ) w i l l  in-
vestigate three—dimensional shock wave/boundary layer inter-

ference induced heat transfer phenomena at high Mach and

Reynolds numbers. Surface heat transfer and pressure measure-

ments will b~ made on the clockwise side (looking aft) of a

stabilizer fin on the IFLEX vehicle . Instrumented panels will

be imbedded in the fin and fuselage surfaces , where the shock

from the fin leading edge interacts with the boundary layer

on the aft body . The approximate geometry of this inter-

ference flow region was illustrated by the oil flow photo- 
- - 

- -

graph in Figure 2. The placement of instrumentation on

the IFLEX vehicle is illustrated in Figure 24.

Localized regions of high pressure and hiqh aerodynamic

heating in the vicinity of the fin shock intersection with -

- 

-

the body have been found in wind tunnel and flight environ-

ments. The maximum amplification of pressure and heat trans-

ter on the body have been found to scale with an interaction

strength parameter , MO~
SINOS, where is the angle of

the fin shock wave. The spatial extent of the interaction

— depends on the fin shock wave angle and the boundary layer

thickness. The peak pressure and peak aerodynamic heat ing
occur along a nearly constant angle ray from the f i n  leading
edge . The ray angle has been correlated to the fin and ;hock

wave angles by Token (Reference 13) -

The instrumentation distribution ~or IFLI- X has been

selected to provide measurements of pressures and heating

rates in the vicinity of the fin shock wave as its angle and

location varies during a flight . The locus of peak pressure

and heat transfer will sweep across the gauge locations illus-
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trated in Figure 24 as the shock angle changes during a

f l igh t . The measurements i l lustrated wil l  result  in heat
transfer and pressure distribution characterization across

the interference flow region, over a wide range of Mach numbers

in the f l ight environment.

IFLEX pressure and heat transfer measurements will be

made on metallic surfaces which experience variable temper-

atures during flight. This full—scale , flight environment

data will be compared with ground test simulation data and

used to extend existing correlations to Reynolds number and

wall temperature scales characteristic of flight . The flight

performance of IFLEX is compared to the existing ground test

data base, described in Reference 3, in Figure 25. The Reynolds

number range of IFLEX is seen to exceed the simulation

achieved in existing ground test facilities by more than one

order of magnitude . Both the wall and recovery temperature
vary such that their ratio also varies throughout the flight,
as described below in Section 4 . 3 .  At launch the temperature
ratio is near one. The wall has attained the adiabatic equi-

librium temperature while the aircraft delivers IFLEX to its

launch al t i tude. During acceleration, the rate of increase of
recovery temperature greatly exceeds the rate of increase of the j
wall temperature. This results in a minimum temperature ratio

of about Tw/Tr~~
O 2 S  on a trajectory with a peak Mach number

of six. The variation of temperature ratio with time reverses

after burnout . The Mach number decreases much faster than the

wall temperature decreases. Near ground impact the tempera-

ture ratio approaches one. For some of the longer duration

and/or higher Mach number flights , the temperature ratio ex-

ceeds one near ground impact.

An objective of the IFLEX program is to provide data on

interference flow induced aeroheating and loads for use in ad-

vanced hypersonic flight vehicle design. Consequently, the

measurements  made on IFLEX must  ~ e adequate to provide for
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scaling aeroheating and pressure distribution parameters to

other configurations and similar environments . Fluctuating

pressures are of interest since the shock wave induced

flowfield variations may be unsteady in time with high energy

oscillations of the associated pressure field. This is known

to be the case in separated flows and significantl y influences

aeroelastic and equipment vibration environment specifica-

tions in high dynamic pressure environments . In general ,

this requires the definition of Stanton Number , pressure

coefficient , and fluctuating pressure coefficient , with these

scaling parameters all normalized by appropriate local flow - -

conditions . The reduced parameters required are :

p V c T ~~~~T (3) - - 
-

o o o p  r w

_ _ _  

( 4 )
P0

— 

p 1 — p
0 (5) :1 

-

- -

P0 ½

In each case above, the subscript , o, refers to conditions

in the undisturbed flow upstream of the interference phe-
nomena. The axisymmetric geometry of the IFLEX vehicle ,

upstream of the fin-body interference flow region , provides

for reasonably accurate calculation of the reference flow

conditions which are not significantly influenced by the

boundary layer. Through use of the several available corn-

putational solutions of the inviscid flow governing equations ,

the density, 
~o 

velocity, V0; and undisturbed pressure , p0,

can he calculated . Typical calculation capabilities are

those described in References 11 and 14. In order to make

these calculations, flight Mach number and angle of attack ,
as well as free stream pressure and temperature , must be known .

The IFLEX vehicle will carry instrumentation for measuring

each of the other quantities , except recovery temperature ,

- 
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F 
-T ,  and specific heat , c~~, which is a gas propeity . Con

tinuinq censideration has been qiven to the design of a re-

.-ovel- y t ernperatui-e measurement. However , no method of
proven l e l i~ih I l i t \ -  has been devised at th is  staqe in the IFLEX
proqram d e si qn .  I t  is gene ra l ly  accepted tha t  recovery

temperature , tor turbulent boundary layer conditions , can
- 

- be es t imat  ed from the assumption ot a recovery factor in
the tan-i c t— 0. 89+0.05 f rom the de f i n i t i o n

T = T0 + r 2-~ - ( 6)
p

Pc c on t r ib u t e  to the accuracy of the Stanton number deri~-’ation ,

a reccvery tempera ture  measurement would have to be more
acc u r a t e  than this estimate .

At each of 50 measurement locations , static pressure ,

heat transter rate and wall temperature will be measured

on IFLEX. Pressure fluctua t ions will be measured at three

independent locations by high frequency response transducers .

The vehicle attitude relative to the velocity vector will be 
- - 

-

mon i t cued throuqh two measurement methods. On—board acce 1 era—

tions will be measured in three axes and differential pressures

on the forecone will provide the independent attitude measure-
ments. Mach number will be determined from a set of on-board

pitot and static pressure measurements , as well as from ~5-wound

based radar and optical velocity and position traces combined

with previously sampled and correlated atmospheric temperature
— data. The pressure and heat transfer rate measurements , in

conjunction with the reference quantities deduced as described

above, will provide the spatial distribution of St , C , and
0

C’ in the interference flow req ion , as well as in control
P0 - 5- - - 5-locations outside the interference tlow region .

As described in Section VI, the IFLEX vehicle heatshield
is an epoxy based insulator material which undergoes phase

chanqe resulting in outgassing and some surface flow at
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very high enthalpy and shear levels. Estimates of ablation

products concentration for the nominal IFLEX Trajectory A ,
with a maximum Mach number slightly higher than M~=6 have

been made. These indicate order of one percent ablation

products mass concentration in the boundary layer at peak

heating . Some surface roughness might also be expected to

result from ablation. To minimize these heatshield effects

on the interference flow measurements , the measurements will

be made on three steel plates imbedded in the heatshield.

Two of these plates are located on the aft cylinder and one

is located on the fin, as illustrated above in Figure 24.

An objective of integrating the metallic plates in
the heatshield is to provide sufficient running length

upstream of the instrumentation to allow the boundary

layer flow properties profile to adjust to the metallic

plate wall temperature . Ideally , the length of the plate F
upstream of the experiment should be sufficient for the

thermal and velocity profiles to relax from the hotter and

relatively rough insulator skin boundary condition to the
steel skin which is cooler and relatively smooth. There

is some controversy in the literature over the required

relaxation length. Experiments described in Reference 16

indicate that 10 times the boundary layer thickness is ade—

guate. In opposition , data and calculations described in -

~~~

Reference 17 indicate that a length of 40 to 60 times the

boundary layer thickness is required, and some residual in—

- 
-
- fluence may exist at twice that distance. On the IFLEX

vehicle, the forward plate on the cylinder extends more than

20 times the boundary layer thickness upstream of the inter-

action. Forward of this, the boundary layer is not in dynamic

equilibrium because of the rapid compressions and expansion

experienced in the conical frustum region , illustrated above

4 in Figure 24. Measurements on the aft plate will undoubtably

be influenced by the variations in wall properties upstream.
- 3 A quantitative analysis of this influence will be required

in flight data analysis.

- 
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During the IFLEX design study , consideration was given
to more direct measurements for characterizing the boundary

layer. These included boundary layer pitot-pressure surveys,

recovery temperature measurements and skin friction measure-

ments. However , the incorporation of apparatus for making

these measurements introduces additional potential failure

modes for the TPS. The additional design analysis and

ground test required to reduce the associated failure

probabilities is beyond the scope of the planned IFLEX

program .

The measurement requirements employed to select and

integrate the IFLEX instrumentation are described in the

followinq paragraphs . This section is concluded with a

discussion of approaches to data interpretation . The

selection and definition of instrumentation and electronics ,

required to make the measurements in flight and recover the

data , are described in Section V.

4.1 INSTRUMENTATION RESPONSE REQUIREMENTS

The measurement  requirements  for  IFLEX f l ights are simi-

lar to those in wind tunnel testing under transient con-

di t ions  such as in a shock tube or hot shot tunnel. The

measurements include those requi red to monitor flight con-

ditions , which are analogous to flow conditions and model ~ -

‘

attitude in the wind tunnel . The transient nature of the

IFLEX simulation has several time scales. Reynolds number is

changing at a relatively slow rate during the experiment , due
V

t.o velocity and altitude variations. The rate of variation

in Mach number dur ing  the f l i g h t  reaches a peak during boost
acceleration as illustrated in Figure 26. The rate of change
in heat transfer rate follows this profile as illustrated in

Figure 27. The wall temperature variation , indicated in

Figure 27, is slower due to conduction effects. The pitot

pressure history, indicated in Figure 28, follows the Mach

number p r o f i l e .  The h i s tou les  of these parameters are shown
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for  T r aj e c t o r y  A. The maximum rates of change are approx-

in~at  el y those listed below :

P a r i m e t c u  Maximum Rate of Change

M~ dM~/dt = 0.7 [sec 1
]

d
~~
/dt = 50 [Btu/ ft 2 — sec/sec]

T dT~/dt = 135 [ F/sec]
Pt dPt/dt = 35 [psi/secj

These variations are predicted for a nom ina l ly  constant
(zero) angle of attack. Actually, angle of attack is a —

veiy li — j htly damped sinusoidal function . The approximate

frequency history for angle of attack is shown in F igure  26.
15- lie m i n i m u m  t ime interval between two angle of attack points ,
-~~~~ apart , is qiven by

At � 
~ 

SIN 1 [
~

- —

~ 
] (7)

p u max

where \c-t is the angle of attack resolution required and - 
1-

is t lit ’ maximum ampi it ode in t r i m  angle  ot  a t tack per—

t u r h a t i on .  Assuming tha t  0 . 5  deqree worst case resol”t ion
is accep t a l ) l  e in anq 1 e of a t t a c k , and the maximum excursion
from trim is 1.0 deq z ee, then At = 0 . 0 2  seconds. These
should represent .  conservat ive  bound s since the data from
FLAM I - : f l i q h t s  indica te  maximum angle  of a t tack per turbat ions
smaller t h a n  0.5 deqrees

The time rates of parameters variation indicated for

Trajectory A lead to requirements for telemetry cycle times

shorter than 0.10 seconds. The maximum variation in any

of the measured parameters during a cycle would be: —

AM~ � 0.07

A4 
~ 

5 l3tu/ft2-soc

AT � 13.5 °F

� 3 .5  PS~ 

i 

-

~~~~~~~
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While faster cycle times may be desirable, it is doubtful
tha t response capabilities of available instrumentation
would be fast enough to derive benefit from attaining

them. The telemetry system selected cycles approximately

twice this fast , as described in Section V.

The fundamental response requirement for all instru-
mentation is that each measurement sampled during a data

cycle reflects the magnitude , during the data cycle, of
the quantity measured . The on-board angle of attack and

Mach number measurements will associate flow conditions

with each set of measurements recorded over a time interval

of approximately 0.05 seconds. Consequently , instrumentation

should respond in a time interval comparable to that cycle

time. As will be discussed in Section V, which describes p
the instrumentation selection , the rapid response require-
inent and the requirement to survive the severe thermal en-

vironment are conflicting . In general , rapid response instru-

ments tend to be more fragile.

4.2 PRESSURE MEASUREMENT REQUIREMENTS

There will be 63 quasi—static pressure measurements

made on the IFLEX vehicle. Two sets of static pressure

measurements , undisturbed sur face pressure and interference
f low induced pressures , are associated with the experiment.

The remaining three sets of sur f a ce static pressure, dif-
ferential pressure and pitot pressure measurements are
associated with the determination of angle of attack and

Mach number. In addition to the quasi-static measurements ,

there will be three fluctuating pressure measurements . Two

of these will be in the interference flow region and one

will be in the undisturbed flow.

On a nominal tra jectory , the undisturbed sur f ace pressure
on the af t cyl inder is approxima tely the level of the ambient
static pressure. This level is indicated , for Trajectory A,

in Figure 29. The range of pressures anticipated is 2-15 psi.

69 

_
5--— -- ~~— ~~~~ -- -~-—~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---~~~ 

—-- _ - I



___________ —

I 
~~ 

\i

/

,
// //

~~~~~~ 

-

\ -/ ./‘/ ;~
/1X - - . 5 -

’

- 5 - /

( I S d )  d ‘3HflSS3~JcI

5--,

70

- ___ &5-5- _~~5- -.5-- - - __5-~~~ 5-5-____ __ _ _ 5 -  _ — — -- - -_ — - -



_~_,_n_ ~~ r--—- --,~~~--~--r “r ~~~~~~~~~~~~~~~~~~~~~~~~~~ —- . r v ~~~~”~ -- -
~~~~~~ ~~~~~~~~~~~~ ~~~~~~~

Peak pressure in the interf erence f low region on the af t
cylinder is also illustrated in Figure 29. The principal

objective of pressure measurements on IFLEX is to measure the
difference between these pressures and to resolve the spatial

variation of the pressure gradient between them . Since the

maximum difference is approxima tely 4 psi , it is necessary
to resolve pressure differences of less than 0.5 psi to

accomplish the IFLEX objectives . The maximum pressures

expected in the interference flow region are those on the

fin wedge surface. These are illustrated for the nominal

zero angle of attack and for 5 degree angle of attack per-

turbation , in Figure 30. The combination of requirements

for pressure measurements in the interference flow region

indicates a gage specification to provide:

Maximum Scale = 25 psi

Resolution = +0.25 psi

Response Time = 0.05 seconds

The angle of attack measurement system requires the

measurement of quasi-static pressure levels on the fore-

cone and forward cylinder of the IFLEX vehicle at 90 degree

intervals about the periphery . In addition , d i f f e r e n t i a l

pressures between the 180 degree opposing measurement pairs

are to be measured in each case. The use of this data , with

a pitot pressure to be measured , to derive angles of attack

and sideslip is described in Section 4.5. These measurements

will be made, at station 30 on the forecone and station 105

on the forward cylinder, on the geometry illustrated in Figure
3. The pressure levels at these stations are approximately

cone pressure and free stream pressure , respectively, as

indicated in Figure 14. The history of cone pressure level

at the nominal (zero) trim angle of attack is illustrated in

Figure 31. Also illustrated is the pressure difference due

to 1 degree perturbation in angle of attack. For the system

to resolve 0.5 degrees angle of attack , half this difference

-z
- --  
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of approximately 0.5 psi must be accurately resolved . These

requirements are essentially those specified for the inter-

ference flow region quasi-static pressure gauges, above.
In addition , the differential pressures should be accurately
resolved to less than 0.25 psi,

The quasi-static pitot-pressure gage to be mounted in

the nosetip is principally a Mach number measurement device.
The scale for the gage is indicated by the nominal pitot

pressure history illustrated in Figure 28 above. Maximum

measurements approaching 300 psi should be accomodated , to
provide off-nominal high Mach number resolution. A 25 psi

error in pitot pressure at maximum Mach number corresponds

to an error in implied Mach number of M~, = 0.5. Therefore,
2 to 5 percent of the 300 psi full scale pressure would

provide adequate accuracy and resolution for this gauge.

Fluctuating pressure measurements will be made in two

locations within the interference flow region and at a

control location on the aft cylinder , outside the inter-

ference region. There is only limited information available

to provide instrumentation selection criteria for these

measurements . The criteria derived have been based on meas—
urements reported in Reference 18 for two—dimensional
shock/boundary layer interactions .

In Reference 18 , Holden reports rms pressure fluctuations
levels of 0.002 times the freestream dynamic pressure for at-

tached turbulent boundary layers , and levels as high as 0 . 2
times the freestream dynamic pressure near reattachment in

separated regions. Power spectrum of pressure and skin

friction fluctuations indicate a peak power at a frequency

- : corresponding to a Strouhal number of order l0~~ (frequency
non—dimensionalized by freestream velocity and boundary layer
momentum thickness). The spectrum of the pressure fluctuation
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near reattachment for a separation caused by a strong shock

(M =8 .6 and = 20) is shown in Figure 32. The absolute

pressur e scale is an in terpre ta t ion  of Holdens data giving
an overa l l  rrns f l u c t u a t i o n  of approximately 0.1 times the
maximum freestream dynamic pressure for IFLEX Trajectory A.

This large amplitude is characteristic of reattachrnent

pressures in two-dimensional separated flows. It therefore

is believed to represent a conservative upperbound for

IF LEX inter ference flow where boundary layer separation is

not antici pated . The frequency scale , which was also

established using IFLEX maximum dynamic pressure conditions ,

indicates that the peak pressure fluctuation occurs at a

few hundred Hertz .

in order to detect large scale fluctuations such as

these , if they are experienced , the requirements for the

fluctuating pressure gages in the interference flow region

are : 1) the absolute pressure range is 0.2 to 20 psi, and
2) the freq uency band width is 50 to 5000 H z .

4 . 3 HEAT TRANSFER MEASUREMENT REQUIREME NTS

Heat  transfer rates will he measured in three environ-
ments  on IFLEX. These measurements  wi l l  be made on steel
plates on the aft cylinder and on the fin. Locations of

these plates are illustrated in Figure 24. One environ-

ment is on the fin surface at the base ; the second is in the

interference flow region on the cylinder ; and the third is on

the cylinder upstream of the interference flow region . The

history predicted for these three levels is illustrated , for

- - Trajectory A , in Figure 33. The critical heating rate meas-

urement resolution involves the definition of the gradient

in the region between the peak interference heating and the

undisturbed surface heating on the cylinder. The maximum

rise in that increment is approximately 60 I3TU/FT2-sec .

Late in the trajectory this difference is predicted to be

5- 
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very small , with the heating rate in the interference flow
region actually falling below that in the undisturbed flow.
This is a result of higher wall to recovery temperature
ratio in the interference flow region than in the undisturbed
flow. The results shown in Figure 33 do not reflect the

effects of lateral heat conduction through the 0.2 inch skin,

so the eff ects of wall temperature differences are probably
exaggerated at a fixed time point. The corresponding surface

temperatures are shown in Figure 34.

Adequate definition of the gradients in heat transfer
rate in the interference flow region appears to require a

minimum measurement resolution of approximately 5 BTU/FT2-sec. - 
—

Accuracy to 1/5th that level would be desirable. On the

fin , and in the inter ference flow regions, capability to
measure heat transfer rates up to 150 BTU/ft2-sec is required.

In the undisturbed flow region , full scale capabilities of - 
-

60 BTU/FT2-sec will be sufficient.

As discussed previously, the accuracy of estimation of

Stanton number from measured heat transfer rates is limited

by the accuracy with which wall—to—recovery temperature —

ratio can be determined . Consequently, wall temperature
measurements are required if IFLEX heat transfer data is
to be compared with data from other flight environments .

The wall surface temperature measurement requirements
are defined in scale and response rate by the temperature

histories illustrated in Figures 34 and 35. The capability

to measure wall temperature up to 1000°F is required . Reso-

lution of temperature dif ferences of approximately 10°F
would be desirable. 5-

Calculations , described in Section VI , indicate the
maximum difference between surface and backface temperatures

on the 1020 steel plate selected for instrumentation
mounting is approximately 100° F. Consequently ,  the wall-

— 
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to-recovery temperature ratio il lustrated in Figur e 34 is

not significantly effected , at high wall temperature , if

backface temperature is used as surface temperature. A

second possibility will be evident from the discussion of
the Cardon Gage type heat transfer rate measurement instrument

- - described in Section V. That is, the temperature of the

reference ring on the gage must be measured to use in
temperature dependent calibrations. Therefore, it could be

used as a wall temperature measurement. Analysis indicates
- 

- that this temperature differs by as much as 200°F from instru-

mented plate surface temperature. Again , this difference
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does not significantly effect wall—to—recovery temperature

L a t i ( )  under h igh  wall  temperature condit ions. The d i f f i c u l t y

encountered in applying any of these substitutes for surface

t e m p e r a t ur e  is in in te rpre ta t ion  of heat transfer data for

the t r a jectory interval  dur ing  which the wall is cooling .
Because of the reversal in temperature gradients in the wall
during Ibis period , application of any temperatures d i f f e r i n g
s ign i f i c a n t l y from the surface temperature would require time
t r a n s f o r m s  based on analyt ical  methods. Consequently , the
requirement to measure a wall temperature that is within

appi-oximatel y 10°F of actual surface temperature stems from — -

the o b j e c t i v e  to measure heat t r a n s f e r  rate in the “hot

wall ” environment.

4.4 DISTRIBUTION OF INSTRUMENTATION

The characterist ic variations in heat t ransfer  rate and - . 
-

surface pressure in fin induced shock wave/boundary layer inter- ~~
- . 

-

actions are correlated as described in References 3 and

13. The locus of peak heating is correlated as a ray ema-

nating f r o m  a sha r p f i n leading edge with the angle

= O.24(~~ — 
~~~~~~ ) + (8)

where is the wedge-induced shock angle relative to the

undisturbed flow direction and is the wedge surface

ang le from the same reference . The history of this angle

and the shock angle are illustrated , for Trajectory A , in

Figure 36. This correlation was derived from data taken

on a flat plate . However , in Reference 3, it is shown

to be reasonably valid for a fin-induced interference flow

- ~
- on a body of revolution. These correlations do not extend 

—

— to definition of the maximum heating point along the locus

defined . Some of the data suggest that it is a distance

approximately 40 times the boundary layer thickness from
the leading edge of the fin , measured in the direction of
the undisturbed flow .
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Several methods were employed to estimate the turbulent

boundary layer thickness on the IFLEX vehicle aft cylinder ,

at the fin leading edge station . The most reliable is

believed to be based on the correlation by Roshko and Thomke,

presented in Reference 15. This correlation for boundary

layer thickness , ö, is

= 0.1215 Re
~~~ 

(9)

It was derived from adiabatic wall data taken in the range

Re � and 1.8�M �5. For a typical IFLEX

Reynolds number , Re 
= 2 X 10 at the fin leading edge, the

boundary layer thickness would be predicted to be approxi-

mately 2.5 inches . The lowest value of boundary layer

thickness estimated by any method employed was 1.0 inch.

Consequently, if the correlations with and for boundary

layer thickness are valid in the IFLEX environment, the

peak heating should occur between stations 280 and the

cylinder base. According to calculations illustrated in

Figure 36 , the maximum heating line will be 5 to 7 inches

from the fin centerline at Station 280.

Because of the packaging constraints imposed by the

fin rotation mechanism interface with the aft cylinder ,

instrumentation could not be located aft of Station 280.

The aft—most location that instrumentation (on a metallic

surface) could be designed into the IFLEX vehicle is

approximately Station 270. A set of triads of interference

heating instrumentation (static pressure , heat transfer rate,

and wall temperature) has been located on a line normal to

the fin centerline at this station. Two more similar dis-

tributions have been located one third and two thirds of the

distance to the fin leading edge, from this station. The

instrumentation distribution is illustrated in Figure 37.

A typical predicted heat transfer augmentation distribution

at the Station 257 measurement location is illustrated in

_ _ _ _ _ _  ~~~~~- ~~~~~~~~~~~~~~~~~~ ~~
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1:
The instrumentation on the f in  is not distributed in such

:~ 
a way as to resolve steep gradients .

The fluctuating pressure measurements will be made at
the locations indicated by the hexagon symbols in Figure 37.

Since there are no data available on di stributions of f luct-
uating pressures in 3—dimensional interference heating

regions , these locations are somewhat arbitrary . The two

in the interference flow region are located near the circu-
lating flow reattachnient line , where fluctuations are likely

to be largest in magnitude . They were placed where adjoining

instrumentation provides the best definition of the quasi-

steady environment. The third fluctuating pressure measure-

ment will be made in the undisturbed flow , upstream of the
interaction region . This will prov ide a reference point from
which the influence of the interference flow can be measured.

4.5 REFERENCE CONDITION S DATA REDUCTION

Mach number , angle of attack , and sideslip angle will

be determined from analysis of data from nine static pres-

sure measurements indicated in Figure 40. One measurement

will be the pitot pressure measured at the centerline stag-

nation point on the nosetip. A set of four static pressures

will be measured at 90 degree intervals on the forward

cylinder periphery at station 105. This station is down-

stream of the pressure expansion from the forecone and
upstream of the pressure compression on the frustrum . A

second set of f our pressures will be measured at 90 degree
intervals on the periphery of the forward cone at station
30. The pressure taps on the nose cone have been designated

Pl~ , ~~~~ P2~~1 P4~ and P5~ for the yaw , pitch and longi—
tudinal axes respectively . On the 9-inch cylinder they are

P6y~ P8~~1 Pl~ and ~‘9~ respectively . The pressure range

required for all yaw and pitch axes will be 0-25 PSIA. The

pressure range required for P5,~ will be 0—300 PSIA. Pressures

- 

~‘3~ ’ P2~, 
- P4~~1 P6

~ 
- P8~ and P7~ — P9~ will be measured
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wi th di f f e r e nti al pressure transducers wi th a range of +10
PSID. These pressure ranges will provide measurements over a

5 degree range in angle of attack .

The axis system employed for these measurements is that
defined in Figure 40. In this axis system , angles of attack

and sidesl ip are conventionally defined as

= tan 1 ~~ (10)

V
(11)8 = sin

where the subscripts refer to components of the missile

velocity vector , V . resolved on the x , y and z axes.

The procedure for determining the flight conditions

from the pressure measurements is iterative. The semi-

empirical correlations in Reference 19 are used to express

the coefficients at stations 30 and 105 in terms of the

angles of attack , Mach number and static pressure. For the

pressure measurements at station 30 on the nosecone, where
the zero angle of attack inclination angle is 6°, the

pressure coefficients are

Cp1 = R ( ’y’ , M ~,, a - ~- cz )  (12)

C~,3 = 
~~~~~~~ a —ct) (13)

C~2 
= R ( Y , M~, ~~~~~~~~ 

(14)

C~,4 = R(Y , ~~~ 
ct~~-~~ (15)

Pj -

where C . = — - —-— 1pi ‘t’~~~~, ii 2 
(6)

and where R(Y ,~~~, 0) = (~~~ - Y)~~~~ + ~6) SIN 2O + ~~~~~~~~~~~~~~~~~ (17)

In this equation , 9 > o  and V =  1.4 since air behaves ~pprox-
imately as a thermally perfect gas in this environment.
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t o t  t he  pi essure ino tsurements ~t t  station 105 on the icr—

Wa t J c~ i t  n J e i  , o nl y  t h e  w i ntIW 1tL1 p re ss u r e  coef t icients can be

dot m e d  u s t i i ~ r q u at iO f l  ~i7) since the equation is valid only

to t positive anqies of attack . The windward side in the a

and 8 p lan es  is determined by the sign of the measured di i-

t e t t n t i.t l p r e ssues , dp 68 p6 
- p8 and dp79 

= p7 
- p9.

The pi  t ’ S Sl t t  o cootficients in the a plane are

= (
~ (~ , M~ , a )  i f  dp 68 = p6 

— p8 >0 (18)

C , = R , t~~, a ) i t  dp 68 = — p8 < 0 (19)

l~h i t ’ii t I p 6~ is  ~t U O , then p6 i s  equal to p w i t h i n  the measure—
ment  toc i r i c y  and both are di rect  measurements of the s t a t ic
p r e ss u r e ,  t h e  p res su re  ‘ o eff  i cie nt s  in the ~ p lane  are

— R(~ , ~~~~~ , ~ ) i t  (lp79 = p7 
- p 9 > 0  ( 2 0 )  

- 

-

R~~~, M~ , t~~) it  dp 79 = p~ 
- p 9 < 0  (2 1 )

:\~ l . 1  L I I , W t I t N t i p 7 is ~elo , I hen p- , is equal  to p9 and both a r e
t i t  t ’r pr e  t ed as s t a t  ic pt es s u re  measurements

To t o i  in  t h e  i t  e ra  t ion , the s ta t ic  pressure  is t a k e n

as the a v e r a~~e of the  p r e s s u r e s  on t h e  forward  cy l inder , p6
t h r o uqh  p~1 . The t t e e st r e a m  Mach number is then estimated

t rom t h e  p ressu re  on the nose t i p ,  p 5, u s i nu  the Ray le iqh  -

P i t o t  Tube equa t ion ,

M~) = ( -
~~~~ ~~~~ M~ - (~~2 )

By J et  in i n q  the d i f f e r e n t ia l  pressure c oe f f i c i e n t  in

the a and ;~ planes , Cr31 and Cr42
, respectively, the an~iles

of a t t a c k  in these planes can be determined .

~~ p31 R ( i , N~ , a 0 — — R (~~, ~~~~ 
~~~~ 

+ a) (231

= ~~~~~~~~~ 
~~~~~~ 

— — R ( y , M ~ , ~~ 
+ t~) ( 2 4 )

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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With the ~ and ~ anqies of attack estimated , a hotter

estimate of the static pressure can be obtained by solving

Eqs. (18) or (19) in the ~ plane when cr>0 or a<O , respec-

tively ; and by solving Eqs. (20) or (21) in the fi plane
when $>0 or $<0, respectively . The new estimate of the

static pressure is aq tin taken as the tveraqe of these two

estimates . The new Mach number estimate is obtained impli—

c i tly  f rom Eq.  ( 2 2 )  . With the new Mach number and static

pressure , the angle of attack may be recalculated by solvinq

the differential pressure coefficient , Eqs. (23) and 1,24)

This iteration scheme convcries rapidl y because the

tliqht conditions are sensitive functions of the data , the

anqies  of attack are especially sensitive to the differential

pressures. In two sample cases run to check out the i t e ra t ion
scheme , converqence occurred in two steps .

The second system fo r  anqie of attack and sideslip ang le

determination is based upo n measurement of  three components

of ac c e l e rat i o n  in  the  body f i xed  a xi s .  The ang les of a t t a c k
are  t hen  deduced f rom the normal and side f or ce cha r acter-

i s t i c s  measured in wind t unne l  t e s t i ng , and the dynamic
pressure  derived f rom ground based measurements of veloc i ty

and a l t i tude . As i l l u s t r a t e d  in Sect ion III !, the normal
f orce c h a r a c t e r i s t i c s  ire linear in a n g l e  of a t tack , over

the r i u q e  of interest , so tha t

a = (25)
~~~~~ CN

= 
(26)

q~S RCY8

G i v e n  accurate atmosphere and trajectory data , the require-

ment to estimate vehicle weight is probably the governing

uncertainty in this method of determininq these angles. The
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~ t t u ~~ip ~t l  ~~ ur c e  ot these  t i  rots is residual propellant

~i t nt  LO S  - These shou ld  in t r o d u c e  e r rors  of less t h a n
5 ~~~~ cen t  i i ’. a t i ~; l t  ot  a t tac k  determin a t i o n . The accuracy

o~ the ~~~ce c o e f f i c i e n t  slopes determined from wind tunne l

data is  a pp r o x i m a t e ly the same .

3 . t ~N-fth~Ft id~NCE FLOW DATA iNTE R PRETATION

‘Ihe 1FLEX objectives include derivation of high Mach

.in I ro’ uolds number environment interference heating data

rur hv~-crsonic vehicle design , and determination of the

. L ¼ ~~CU a~~-y w i t h  which these  measurements  can be made in f l i g h t

cxpc r~~m en t s .  To s a t i s ty  these ob jec t ives , aerothermodynamic

‘ I Z  ~~~wd t~~~st  i : t  a i d  c o m p u t a t ion a l ana lyses  must para l le l  the
t i i q h t  ex p er i m e n t .  The g round  t e s t i n g  w i l l  provide data for
c o mp a r i s . i :  with fliqht t e s t  r e s u l t s , p a r t i c u l a r l y  for deter— -

~~ i t t i n . ;  t i e  s e ns i t i vit y of i n t e rfe r e n c e  heat ing  to the Reynolds
numbet LII t e ence between ground and f l i g h t  test .  This wind - -

t u n n e l  t e st i nq  w i l l  also provide data in par t ia l  subst i tut ion
fo the 1 oundarv layer  f low proper t ies  p ro f i l e  survey da ta ,
wh ich w i ll not be taken in flight . Based on this data and

the  measuiemt nts to be made in f l iqh t , computat ional  models
ot. the PL undarv layer approaching the experiment wi l l  be
so lected

The d i r e c t  comparison of IFLEX data with ground test

dat i wi ll Ic tacilitated by obtaining data on a geometric

scale mode l of IFLEX . With such data , direct comparison

with tELEX fiiqht data can be made . Ground test data re-

q u i r t r~~n t s  should extend beyond the f l i g h t  measurement
requirements for tELEX. They should include detailed

characterization of interference flow and approaching

boundary layer conditions as functions of the flowfield

parameters. For example , surveys of total pressure and

temperature in the interference flow and approaching bound- 
-

t r y  layer should be measured. At a minimum , the boundary

L.  
- . ~~~~~~~~~~~~~~~~~~~~~
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layer thickness and the velocity profile should be determined

as functions of the flowfield parameters, including Reynolds

number and Mach number. As wide a range of wall to recovery

temperature ratio as possible should be simulated .

Since the Mach number range and some temperature ratio

values encounted on IFLEX may be reproduced in existing

ground test facilities , these parameters should be matched .
However , since the Reynolds number range of IFLEX cannot be
reproduced in ground test facilities , some range of the
Reynolds number parameter should be obtained in ground tests.

One significant Reynolds number effect is its influence on

the location of transition. The proximity of transition is

ref lected in the shape of the boundary layer profile ap—

proaching the interference region. For IFLEX , transition

will always begin on the nose cone (before station 30), in

which case the running length to the interference region is

almost an order of magnitude larger than the running length

to the beginning of transition (the fin leading edge is at

station 240) . It is doubtful that early transition can be

obtained in a ground test facility without resorting to some

form of boundary layer trips. Therefore , the location of

natural transition should be varied , perhaps by changing

Reynolds number between locations just upstream of the

interference region to a location as far upstream as is

possible. Testing two model scales or in two test facilities

is required to accomplish the variation. The variation will

be useful only if a significant fraction of the boundary layer

is turbulent under the high Reynolds number condition .

With the ground test data , a direct comparison with

the flight test data can be obtained in which the Mach

number and temperature ratio parameters are matched. For

example , a somewhat cursory comparison of the maximum Stanton

number increase as a function of Mach number and temperature
ratio could be obtained . If the comparison is accurate , then
it might be reasonably assumed that existing correlations

93
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based on ground test data will have been approximately vali-

dated wi th  flight test data obtained at flight Reynolds

numbers. In addition , these correlations may then be used

with increased certainty in the design of similar flight

vehicles, if the comparison is not accurate, then a Reynolds

number effect will have been documented and a more complete

data analysis is required .

If a Reynolds number effect is observed , it is probably

a result of the heat transfer rate and pressure variation

dependence on the boundary layer profile . In this event,

some representation of the state of the boundary layer on

IFLEX will be required . The boundary layer characterization

will be obtained through some combination of flight test

data analysis and computational techniques. A number of corn-

putational techniques are available including , in order of

increasing complexity :
r

1) integral boundary layer solutions coupled with a

finite difference inviscid flowfield code (such as

the code by Solornan, et. al. of NSWC , described in

Reference 4-4) ;

2) differential boundary layer equations solutions,

again coupled with a finite difference inviscid

flowfield code ;

3) viscous shock layer equations solutions; and

4) solutions to higher order approximations of the
Navier Stokes equations

The selection of a computational technique should be

based on several criteria. One is the ability to reproduce

the ground test boundary layer data for the scale model of
IFLEX , another is the ability to reproduce the undisturbed

flow aeroheating data for IFLEX . Finally, the method selected

should be s u f f i ciently general in geometry applicability
to be useful for other vehicle configurations .

_______________________ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~1:::L. ~~~~=
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With the selected computational technique , the boundary
layer condition for IFLEX should be characterized and corre-

lated with the corresponding interference flowfield measure-
ments . This correlation would be narrower than the more

general correlation obtained when no Reynolds number dependence
was observed .
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SECTION V

INSTRUMENTATION , TELEMETRY AND ELECTRONICS

The measurements requirements for the IFLEX program

have been identified in Section IV. This section will iden—
• tify instruments suitable for making these measurements,

and equipment necessary for signal conditioning and tele-
metry to ground stations. Where necessary, the rationale

for selecting a specific instrument over others will be pre-

sented . The criteria for selection of specific instruments

has been strongly weighted toward candidates which reflect -

the performance hi story of like or similar instruments in a
flight environment. Descriptions of instruments provided

by manufacturers are included in Appendix II.

Three basic types of measurements will be made. The

quantities to be measured are pressure , temperature (where
heat transfer measurements are being viewed as a special

case of temperature measurement) and acceleration. Pressure

measurements fall into two categories: quasi-steady measure—

ments which include wall pressures and pressure measurements

to determine missile altitude and flight parameters, and un-

steady pressures , i.e., time resolved fluctuating pressures.

Temperature , heat transfer, and acceleration measurements are
viewed as quasi-steady . In addition to the measurement func-

tions , signal sour ces for missile operation indicators , event
markers , and initiators for a number of events will be required.
The distribution of data elements to be telemetered is

listed in Table 1.

5.1 PRESSURE MEASUREMENTS

The shock-boundary layer interaction regions will be
instrumented with 250 steady and 3 fluctuating wall pressure
transducers. The locations of these transducers and their

ranges were discussed in Section IV. In addition to these

wall pressure taps, 2 sets of 4 pressure taps each will be -

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



TABLE 1. Telemetry Channel Assignments

CHANNELS! NUMBER/ TOTAL 1- - 

MEASUREMENT MEASOREMENTS MEASUREMENTS CHANNELS

Heat Transfer 2 50 100

Static Pressure 1 50 50

Wall Temperature 1 50 50

Cone Pressure 1 4 4

Cy l i nder 1 4 4
Differential 1 4 4
Pressure

Stagnation 1 1 1
Pressure

Acceleration 1 3 3

Total PCM Data Channels 216

Monitor Functions TBD 
• 

-

- Total PCM Channels 250 
—

Fluctuating Pressures 1FM 3 3FM

located art the 6 degree conical section (at station 30) and

on the 9 inch diameter cylindrical section (station 105) of -

the missile. Pressure taps will be spaced 90° circumfer —
entially at each station and will serve as pitch and yaw

indicators. Also , a stagnation point pressure will be
measured as indicated in Figure 40 (Section IV).

All tr ansducers and associated electronic equipment
must be compatible with the missile pre-flight and flight

environments. Peak accelerations were estimated to be 25
q ’s and the vibration environmen t requirements specified by
MIL-STD-81 C, Method 514.2, category d.1 and d.2 are assumed

adequate. The shock environment requirement was taken to be

that of the same standard , Method 516.2, Procedure I. The

actual env ironmen t is not known and analysis has not been
accomplished to predict it.

—
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The temperature environments for pressure transducers
are dictated by the methods of installation. Quasi—steady

measurements can tolerate longer lag times so that the trans-

ducers can be installed suff iciently f ar removed from the
vehicle skin . Pre— f light ground temperatures represent the
highest expected temperatures for these transducers. The

fluctuating pressure measurements require very close coupling

to the vehicle surface so as not to distort the frequency and

amplitude of the pressure fluctuations. They will , therefore,

experience higher temperatures.

5.1.1 Vehicle Attitude and Flight Condition Sensors

The expected flight parameters and required sensitivi-

ties for the pitch and yaw transducers have been identified

in Section IV. A conventional configuration has been selected

for the location of the pressure taps, that is 90 degree cir-

cumferential spacing at two selected missile axial stations,

as shown in Fi gure 40 (Section IV) . The expected ranges
are 0 - 15 psi for the cone pressures , 0 to 5 psi for the

j cylinder pressures, and 0 to 300 psi for the stagnation point •

pressure. The ranges for the cone and cylindrical section
are practically identical and can be covered by the same

transducer . Therefore , only two transducer ranges need to
be considered : eight each in the 0 to 15 psi range

and one in the 0 to 300 psi range.

The signs of the angle of attack and sideslip angles

are determined from the pressure difference between two

sensor locations separated 180 degrees circuntferentially .

When these differences are small , and the absolute pressures

are large, it becomes desirable to measure the pressure
difference directly using differential transducers . For

convenience, this approach has been selected using 0—5 psid
differential transducers. Little resolution is lost, however , :~
if the difference is determined by subtracting one absolute

pressure measurement from the other for the relatively low

pressure expected .
98 
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The transducers required to measure vehicle attitude

and f l i ght performance are located in the forward sections
of th e missi le where ph ysical space constraints  are not par-
ticularly severe. Transducers can be effectively isolated

from the vehicle wall so that the temperature constraints are

those of the pre-f light environment at the White Sands Missile

Range , assumed to be less than 150°F.

A large number of transducers would meet the specified

pressure range and acceleration , vibration , and temperature

environmental constraints . The selection of specific trans-

ducers was therefore based on performance history in flight •

environments. Transducers well suited for this application ,

with a well established record , are capacitive-type general

purpose transducers (Series 1332/1333) manufactured by ~ 
- 

-
-

Rosemount , Inc . These transducers exhibit excellent accuracy

(0.1% Full Scale), have excellent long term stability , are

• rugged in construction , and have a high-level output (0 to

5 Volts DC) . These transducers are fully temperature com-

pensated to 150°F. Detailed description and specifications

can be obtained from the manufacturer .

The specific models selected for the cone and cylinder

pressures are Model l332A , Code 4 with a range of 0 to 30

psia and Model 1332A , Code 8 with a range of 0 to 500 psi

for the stagnation point pressure. The 4 differential pres-

• sure transducers selected are model l332B Code 2. The trans-

ducer , together with some overall dimensions , is shown schemati-
cally in Figure 41 with a diagram describing its operation . :~

• 5.1.2 Surface Pressures

A survey was conducted to identify candidate pressure

transducers suitable for measuring the quasi-steady and

fluctuating pressures in the shock—boundary layer interac tion
- - region of the IFLEX vehicle. Because of the large number of

measurements required in a small reg ion of the missile an d
- • because of the very limited physical space available to

- - - 
Li
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house the transducers , small transducer size is a primary

selection criterion . The relatively rapid changes of the

environment to be measured and the requirement to cycle 10-20

times per second preclude the use of Scanni-Valves . These

devices were considered since they are used routinely in ground

test facilities to sample a larqe number of pressure taps with

a few transducers. For the IFLEX application , one transducer

must be dedicated to each pressure tap.

5.1.2.1 Quasi-Steady Pressures

The requirement for the quasi—steady pressure measure-

ments were identified in Section IV , and are restated in - -
summary here:

Frequency Response: 0 to 5 Hz

Pressure Range : 0 to 200 psia

Number: 50 transducers

The above requirements present no particular difficulty for

a l a i q e  number of transducers. The imposition of the flight

envi ronment  and very l i m i t e d  available space eliminates all
t r a nsducers tha t  are v ibra t ion/ acce le ra t ion  sensitive, or
those that are relatively large , and/or those which require

e la b or a t e  c ir c u i t r y  for  exc i ta t ion  or signa l processing. The

sma l l  size  and simple circuitry requirement virtually dic-
tates the use of semiconductor or piezoelectric devices . The

semiconductor transducers arc best suited for low frequency

or quasi-steady applications while piezoelectric devices are

ideally suited for high frequency applications (and not well

suited b r  steady or quasi-steady applications)

A transducer well suited for this application is a

Diffused Semiconductor Strain Gage (DSSG) device. This

t ransducer is typically small , vibration insensitive , has

small static error , and is among the lowest in price . A par-

tioularl y attractive configuration of this type of transducer

is manufactured by Kulite Semiconductor Products , Inc . and

101
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to higher temperatures due to heat transfer from the hot

vehicle skin and the hot gases of the boundary layer .

Piezoelectric’i transducers operate reliably over a wide
temperature range , are small and are compensated to be
insenitive to the missile acceleration and vibration environ-

ments. The frequency response isexcellent , typically 1 Hz to

greater than 100 KHz and cost is not prohibitive . A typical

high temperature piezoelectric transducer and a flight rated

charge amplifier required for this transducer (PCB Piezotronics)

are shown in Figure 44

Kulite , Inc also manufactures a small Diffused Semicon-

ductor Strain Gage (DSSG) transducer , with a wide operating

temperature range which has compensation for vibration and

acceleration. Such a transducer and typical dimensions are

shown in Figure 45. Specifications can be obtained from the - 4
manufacturer. Either a piezoelectric or a DSSG transducer

is suitable for the proposed measurements. Important per-

formance parameters for the two types of transducers are

compared in Table 2.

Table 2. Comparison of Piezoelectric and DSSG Tranducers

Piezoelectric DS~G

Frequency range 1 to 100 KHz DC to 50 KHz
Maximum pressure 50 Kpsi 5 Kpsi
Resolution Noise limited Noise limited

Accuracy 1% 0.25% 
-‘

Acceleration and Compensated Compensated
vibration

Operating temperature -100 to +600 °F -65 to +525 ° F
range

Compensated Range —100 to +600°F 80 to 450°F
Size Small Small

Disadvantages Needs char ge Need signal
amplifier . High amplifier
output impedance.
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FIGURE 44. Typical Piezoelectric Pressure Transducer
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Neither transducer can tolerate the expected vehicle

skin temperature or direct exposure to the boundary layer

temperatures. The piezoelectric transducer has been Se—

lected for  IFLEX applica tion because its high tempera ture
compensation range extends to higher temperatures. Also

insulated shield cable leads are available for these
instruments. Transducers will be thermally insulated from
the vehi cle skin and moun ted in a hea t sink of suf ficien t
heat capacity to absorb excessive heat transferred through

the gas or leaked through the insulation. An installation

schematic for these transducer s is shown in Figure 46.
Dimensions and exact configuration of the heat sink have not

been determ ined . Ori fice size and the length of the duct 
fl

connecting the transducer to the orif ice must be selected to
be compatible with the transducer volume and the requirement
of the 5 I<lIz frequency limit. Ground testing will be

required to establish these.

5.1.3 Impact Pressures

The determina tion of boun dar y layer profiles and/o r
wall shear stresses requi res the use of impact pressure
probes or rakes. Any rake or probe protruding above the

missile surface will cause downstream perturbations in the

boundary layer. Measurements made downstream of such rakes

will therefore be of questionable value . Also , the deter- H

min ation of boundary layer profiles from impact pressure
r akes is grea tly compl ica ted if the local flow angulari ty is
not known a priori or when boundary layers are 3—dimensional.
The determination of wall shear from Preston tube measurements

suffers from the same angularity problems. Skin friction

balances are complicated devices , are usual ly  bulk y and do fi

not have an established flight test reputation . For the

above reasons , neither rakes nor Preston tubes or skin
friction balances are recommended . )
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5.2 HEAT TRANSFER/TEMPERATURE MEASUREMENTS

- The measurement of convective heat transfer to solid

boundaries is routinely accomplished through either of two

approaches. The first is a “thin skin transient” heat

transfer method , in which the entire wall becomes the sensor;

the second involves the use of discrete calorimeters.

Calorimeters can be grouped into two basic categories ,

namely slug (thermal mass) type or asymtotic type . Slug

type calorimeters integrate heat transfer over time periods.

They are therefore inappropriate for the IFLEX application

where the rapidly changing level of heat transfer rate is

to be resolved . As described in Section IV , the heat transfer

rate to be measured on IFLEX changes by half the maximum scale

to be measured in less than one second , even it angle of

attack variations are not resolved . For the IFLEX application ,

only thin sk i.n transient or asymtotic e.ilorimetry are ap-

propr i ate approaches . These have been evaluated , as descr ibed

below , and the latter has been selected .

5.2.1 Thin Skin Transient Calorimetry

The thin skin transient heat transfer measurinsi tech—

ni que is the most widely used method in ground test tacilities .
The technique involves the instrumentation of the back

surface of a thin walled structure with a large number of

thermocouples. The rate of change of t emperature , teqet:hcr

with the known thermal pr oper t ies  of the structure , becomes

.i measure of the heat t r an s te r  to the surface . A thin model

wall is required to insure reasonable response times and to

minimize the importance of latera l heat conduction in the
skin. The thermal diffusivity of the skin material also plays

an important role. In the normal application the thin skin

model is suddenly exposed to a c o n s t a n t  aerothe rmal e n v i r o n m e n t .

Ideall y, the model wall temperature is much lower than

recovery temperature so that temperature versus time data
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can be recorded for  long periods . The accuracy of the

technique diminishes rapidly as the model wall approaches

recovery temperature since the slope of the temperature

versus time curve is required . The same statement applies

for any case where the rate of change of temperature with

time becomes small , that is when the net heat transfer to
the wall becomes small.

The interpretation of thin skin heat transfer data is

uncomplicated when model wall thicknesses are constant and

no stru ctural members or other heat sinks, such as pressure
taps or transducers , are in contact with the ‘iiodel wall. The

presence of such heat sinks complicates the required lateral

heat conduction corrections and can render the technique

ineffective for low heat transfer rates .

The principal concern in the selection of heat transfer

rate measurement instrumentation for IFLEX is the resolution

of the rapid changes in that quantity . The response

time of the thin wall heat transfer model can be estimated

from the solution of the one-dimensional conduction equation

for constant material properties (i.e. temperature independent

material properties) . The time constant for a 0.100” thick

wall thickness , and properties of 1020 steel selected for the

IFLEX instrumented plates, is on the order of 0.2 seconds.

This value is considered too large in light of the expected

maximum rate of change of heat transfer rate of 50 Btu/ft2/sec/

sec.

For application to IFLEX , several alternatives in design

were considered . A reduction of the wall thickness and/or

use of a wall material of greater thermal diffusivity would

obviously reduce the time constant. Other problems would be

introduced , however. The temperature of the thinner wall

would more rapidly approach and follow recovery temperature.

This would lead to smaller net heat transfer , resulting in

reduced resolu tion of the tempera ture versus time slope . A
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second problem , which may even be important for the 0.100
inch wall thickness , results f rom d i f f e rential thermal ex-
pansion of the thinner skin relative to the more massive,
colder structure. Finally, as the wall becomes thinner

and hotter its strength decreases . Then the possibility

of buckling will increase.

The thin skin transient technique is therefore not

recommended for the IFLEX application.

5.2.2. Asymtotic Calorimeters

Asymtotic calorimeters measure the conduction of heat

within the sensor . The sensor is calibrated to measure the

output signal proportional to the heat input to the calor— - -

imeter . Two types of asymtotic calorimeters have been used

in reentry vehicle flight test applications (Reference 20).

The Gardon type gage, which measures the lateral heat con-

duction in a thin film is the most common . An insulated 
)

rod type gage which measures heat conduction in depth has

also been used . The insulated rod type of instrument has

response characteristics similar to the thin skin transient

technique and will therefore not be considered further .

5.2.2.1 Gardon Type Asyrntotic Calorimeter Description

The Gardon type asymtotic calorimeter is a mechanically

robust heat transfer gage with a short time constant. Common

designs yield electrical output suitable for recording or

- 
- telemetry without amplification. No electrical excitation is

required so that the gage is totally passive. A schematic of

a Gardon Gage is shown in Figur e 47 .  In the operation of
the calorimeter, a heat flux is absorbed by the surface of
the thin circular fo il sensing disc which is welded to a
massive cylindrical heat sink . The assumed uni form heating
rate absorbed by the disc flows radially to the heat sink .

- 
- 

- 
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The radial conduction causes a temperature difference to

exist between the center and the periphery of the foil.

This temperature difference is directly related to the heat
absorbed .

The materials for the construction of the Gardon Gage

are selected from a class of widely used thermocouple

materials so that the heat sink and the sensing disc actually

form a thermocouple . A second thermocouple is formed by

welding a wi re , of the same material as the heat sink , to

the center of the sensing disc. The difference in voltage

is measured between the thermocouple at the center and the - 
-

one at the heat sink junct ion.  A typical material combination
for commerically available Gardon gages is a copper heat
sink with a constantan sensing disc .

For the IFLEX app lication, the copper/constantan gage
would have to be water cooled to protect the copper. Water

— cooling was not considered practical because of weight ,
volume and complexity considerations associated with a large
number of ins t ruments. A survey of al ternatives showed that
a well established Gardon Gage manufacturer (Hycal , Inc.)

markets a hi gh temperature gage suitable for the IFLE X
environment . This is the gage i l lustrated in Figure 47 .
It d i f f e r s  from the standard gage only in the fact  that the
heat sink does not participate in the electrical loop , that

is, the disc/heat sink junct ion is not a thermocouple. The
sensing disc is chromel . There is a constantan wire welded
to the center of the disk and another welded to it at the
heat sink junct ion.  The d i f f e r en t i a l  thermocouple is made

between these two wires.  The stainless steel heat sink acts
as a sink only , and not as a thermocouple member. A 304
stainless steel heat sink was selected by the manufacturer

for its far greater compatibility for welding to chromel
and its improved high temperature properties over copper .

In addition to the differential thermocouple, a chromel
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constantan thermocouple is welded to the stainless steel

heat sink to monitor heat sink temperature . All thermo-

couple leads are changed to copper wires at a stainless
steel housing , designed to assure constant temperature for

all junctions . The design features are illustrated in the

wiring diagram and schematic of the transducer in Figure 48.

The method of installation and the overall appearance of

the gage is depicted in Figure 49.

5.2.2.2 Heat Transfer Gage Response

The Gardon Gage is an asymtotic calorimeter which senses
a heat flux by means of a temperature difference which pro-

duces an electrical output (voltage) related to that temper-

ature d i f fe rence .  In practice , the instrument is calibrated

by imposing a known heat f lux on the element and recording
the output voltage directly . This procedure in essence by-

passes the intermediate temperature measurement which is,

however , required to gain an understanding of the functioning

of the instrument.

The temperature response of the Gardon Gage was described

by Gardon (Reference 22) using the radial conduction equation

Pc = + 
~~

. [
~~ 

(kr ~~~ (27)

where P = density

c = specific heat

q = heat flux

s = f oil thickness
r = radius (variable)
k = conductivity

T = temperature
t = time
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For k = constant, 
~~ r=0 = 0, and (T)r R =Tb = constant,

equation (27) becomes

(28)

where a is the thermal diffusivity of the disk material given
by a = 

~~~~. The steady state solution of Equation (27)
was obtained by direct integration of Equation (28),

4T* = Tc* - Tb = (29) 

1 - -  -
~~~

where R = f oil r adius

T~ = temperature at foil center
Tb= temperature at foil edge

* = denotes the steady state condition

The transient solution of Equation (27) is complicated - 

-

even for constant heat flux . However , an integral solution

can be obtained if a quadratic temperature variation over
the sensing element of the form T = A + Br + Cr2, is assumed .
Such a solution provides good insight into the transient

response of the sensor. The ordinary differential equation

relating the transient flux to the temperature difference

across the disk surface is then given by

= ~~ ‘T - T ) + 
2Pcs d (Tc - 

Tb) (30)
b 3 dt

The solution of this equation for constant heat flux is

2 6czt 
314T = T c

_ T
b =

~~~~ 
( 1- e ~~~~~~ )

this result is seen to differ from ijT* in Equation (29) by

the transient term in brackets,

~~T _
~~~~~~~~~ (32)

The time constant provided by this solution is

6ct
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This result compares well with the exact solution of Equation

(28) , given in Reference 23, which results in the time constant

2
= 5.65a (34)

The hot wall gardon gage manufactured by Hy—Cal Engine-
ering has a 1/8 inch diameter sensing disc of chroinel welded

= to a stainless steel body . The response time of this trans-

ducer is then given by the thermal diffusivity of chromel

(0.175 ft2/hr at room tempera ture and the sensor geometry

from equation 33

2
= ____ = .09 sec. (35)

The time constant for the above instrument is seen to

be adequate , even for the maximum rate of change of heat

f l u x . The Gardon gage was originally developed for application
in radiation environments (Reference 20). There the wall

temperature difference between disc center and heat sink

does not a f f e c t  the net heat transfer , for reasonably low
sensor temperatures . In the application to the convective

environment , the sensor and heat sink temperatures become

important in the determination of the film heat transfer

- 
coefficient , especially in the presence of hea t trans fer
gradients. This effect has been termed the non-isothermal

- 
- 

heating or non-isothermal wall effect. It has been treated

extensively in the literatur e . Reference 24 presents a
concise treatment of the non—isothermal wall effect for

- - 119
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steady heat t r ans f e r . I t  is shown that  for small streamwise
heat transfer gradients (small relative to the sensor dimen-

sions) , non-isothermal wall ef f e cts may be neglected . For

the IFLEX application , where sensor dimensions are on the
— order of one tenth of the boundary layer dimensions , these

non-isothermal wall effects can safely be neglected .

For ideal performance of the Gardon gage , the heat sink

should remain near a constanL , low temperature . For the

hot wall calorimeter recommended, the low temperature require-

ment is removed . However , for the instrument selected, the

sink temperature lags recovery temperature over all but the

terminal segment of the flight trajectory . With this con-

dition satisfied , the difference between the center temper-

ature and the rim temperature only approaches zero near the - 

-

trajectory end. Therefore , the heat transfer data will be

accurately measured over most of the trajectory . Some res—

olution wil l  be lost late in the trajectory , when heat
transfer rates become small. At that time , the vehicle wall
and sensor heat sinks approach recovery temperature by
vir tue of increased wall temperature and decreased recovery
temperature. The absolute accuracy of the gauge , in the
region of low heat t ransfer  to hot walls, wi ll require
experimental determination.

-
~ 5.2.3 Wall Temperature Measurement

The wall outer surface temperature must be measured in

the vicinity of the calorimeter without modifying the wall

temperature by the measurement apparatus. This will be done

by using chromel-alumel thermocouples mounted as shown in

Figure 50A . Thermocouple wires (0.016 inch diameter) are

spot welded at the wall surface. They are insulated from

the cooler inner region of the wall by a 0.032 inch OD
alumina sleeve.

The thermal response of this region of the wall was

analyzed to insure (1) that the thin wall (.020 inch) at the

120
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- (B ) Therma l Response of Wall Thermocouple . (Trajectory 1, 34 Seconds ,
Shock interaction Heating)

FIGURE 50. Wall Temperature Thermocouple
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thermocouple junct ion did not have a temperature s ignif  i-
cantly higher than the basic wall (0.200 inch) -temperature ,

and (2) that the temperature gradient across the thin wall

(in depth) was not significant as the wire may be in contact

with the wall anywhere along this region. A thermal model

of the wall and 0.32 inch hole was made and is shown in

Figure SOB . The wall material is 1020 steel. The worst case

of shock interaction heating at maximum velocity , using
trajectory 1 of Section VI, was used . The thermocouple

wire is not included , but the wall (.020 inch thick section)

was treated as continuous where the wire is in contact. The

maximum temperature gradient along the wall s~,rface , A to C,

and the maximum gradient through the thin section , A to B,

are shown . Sufficient heat is conducted between the thin wall

section and the surrounding material such that these gradients

are not significant when compared to the wall temperature or

the recovery temperature.

The installation of the thermocouple is shown in Figure

49, along with the quasi-steady pressure taps and the heat =

transfer gages .

5.2.4 Reference Junctions for Thermocouples

The interpretation of thermocouple data requires that

the temperature of the reference junction be known. For

ease of data interpretation , this temperature must remain

reasonably constant and uniform for all “cold” junctions.

For the IFLEX application , a copper heat sink well removed

from the missile walls will be used . All thermcouple

reference junctions will be made within that block. The

temperature of the reference block will be recorded by a

resistance thermometer .
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4 5. OTHER MEASU REMENTS AND INDICATORS

Three components of acceleration and various system

operation indicators will be measured in addition to the
pressure , heat transfer , and temperature measurements des-
cribed in the previous sections.

- 
- 5.3.1 Acceleration - 3 Mutu lfl Perpendicnlar  Axes

Acceleration in 3 orthoqona l axes will be measured to

provide IFLEX vehicle dynamics data . These data will also

be in the D . C .  to 5 117. data bandwidth wi th  . lcceh?r at ion
sensitivity ranges of 50, 10 and 1.0 q ’s fo r  the long itudinal,
pitch , and yaw axes respectively. The aXes orientation are - 

-

illustrated in Fiqure 51. The Entran 1)evices , Inc ., Model =

EGC—240 series meets the requi i ements I or th i s exp e r i men t
(Fiqure 52) . The s tandard  temperature compensation r anq e of
th i s  device is 80° to 180°F. This r an qe  i s  not adequate f o r

the r .-~nee of t e m p er a tw e  expec ted  I n t ho thermal l’~ protect ed

area (0 to l 0 O 0 ~~~) . En t r a n  Device~; w i l l  p rov ide  a n o n — s t an d a r d ,

t empera ture  compensated u n i t , wi th simi l .ir character istics.

Output s igna l F.~~. vol taees w i l l  be +100 my for the 10 q

dcv ices and +200  mV for the 0 q device.

5. 1. 2  Missi le_fl~ eration_Indicators

~ ig na 1 sou rces f o r  I he ml ss 1. le operat ion i nd i cater s  w i l l
be f rom switcn closure~; 

, bat t e ry  vol aec nioni t ors , thermo—
couple or thermistor tempe r ature I ndicat  o~-s and ot her s as

needed . These indicators are purposel y def i ned qene~- .- i l l y

so that as the need for one is established It can easily be

incorporated into the system . U has net yet been determ i ned
- which are c r i t i c a l  and which miqh t  be included on a space

•iva i lable basis. Sped fi c  IT I qht opera t ions i-equi rements wi ll

dictate some installations . As indicated in Table 1, 34
- 

channels of PCM telemetry are available for these Indicators .
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FIGURE 51. Accelerometer Axes

SENSITIVE

/ AWG 34-7/42
/ TEFLON INSULATED

T1~L o 
_ _ _

__
_ _

.740” 
_ _ _ _ _

j Q 1/8” MOUNTING COMPENSATION

FIGURE 52. Accelerometer Dimensions
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5.4 DATA ACQUISITION SYSTEM

- 
- The task of the airborne portion of the data acquisi-

tion system is to comb ine the outputs of the various trans-
ducers and transmit them to a ground recording station . The

basic subsystems consist of the following :

1) Signal conditioning electronics - These circuits

convert the transducer outputs into forms which
are compatible with the multiplexing subsystem.

2) Mult iplexing system - This is the system used to
combine all the modified transducer outputs into

a form which can be used to modulate the telemetry

transmitter . Several forms are available which

are compatible with the ground telemetry receiving

equipment.

3) Telemetry transmitter - The selection of this unit

is based on the capabilities of the range receiving

equipment as well as the requirements imposed by

the multiplexing system . 
-

4) Telemetry an tenna - In addition to the patter n
dictated by the relationship to the range receivers
during the flight trajectory , the flight environment

imposes severe restrictions on the physical design.

- = No cooling is planned for the equipment except for heat
sinks . The most critical item for maximum allowed temperature
is the telemetry transmitter (137°F). Except for the brief

= 
flight time , the maximum temperature that the IFLEX will be
subjected to is that encountered on the ground prior to flight.

Limiting this temperature to 120°F is recommended.

5.4.1 Signal Conditioning

The outputs of the various transducers incorporated

cannot, in general , be directly connected to the mul t iplexing

— 
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system. To implement a multiplexing system in a straight-

forward manner the inputs must be confined to a few ranges

of voltages. In addition , dif ferent types of transducer s
impose special requirements on the conditioning electronics

to obtain the required signal levels. Specifically, these
are :

a) Piezoelectric device. The piezoelectric element

in a device generates an electrical charge when
a mechanical input is applied . The resulting out-
put voltage is inversely proportional to the capa- f -

city of the circuit Since the cable connecting

the device to a multiplexer forms a portion of

this capacity , the output voltage is sensitive

to cable length.  Common practice is to use a i -

charge amplifier to overcome this complication.

A charge ampli f ier  is merely a noninverting
operational (servo) amplifier which drives the

input to null and senses the feedback current
required . The feedback required is thus only

dependent on the charge generated . Units such

as the Kist ler  Instrument Co. Model 553A , occupy ing
less than one cubic inch volume , are readi ly
available.

b) Strain gages. All strain gages operate on the 4
principle of measuring a change of resistance which
accompanies imposing mechanical strain on an element.

Since the resistance change does not in itself

generate a signal , an excitation supply is required
as a minimum . In this case, signal conditioning

may incorporate amplification and filtering in
addition to supplying the excitation for a bridge.
The Aydin Vector mul tiplexer uni t selected a lso
contains strain gage excitation and low level

amplifiers making external circuitry unnecessary.
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c) Thermocouple devices. In common practice, thermo-
couples have one element connected to a frame ground .
Since many natural thermocouple junctions exist
within an airframe, it is imperative that instru-
mentation thermocouple junctions not be connected
directly to a common ground . Signal conditioning

electronics for these devices consists of a dif—

ferential input amplifier with good common mode
rejection. Again , the Aydin Vector inultiplexor

package can incorporate low level signal amplifier
with 80 dB common mode rejection.

5.4.2 Multiplexer

Two types of multiplexing are incorporated in the pro-
posed system. One type is a sampling, or time division multi-

plexing. It is applicable for slowly changing signals, where
a series of discrete data points provide sufficient infor-

-
- mation. The second technique is frequency division multi—

plexing . Here a high frequency carrier (as compared to the
signal to be measured) is frequency modulated . Upon sub—

sequent demodulation the original signal is continuously

recorded . Frequency division multiplexing is reserved for

- - 
rapidly varying signals such as fluctuating pressure measure-
ments.

5.4. 2.1 Time—Division—Multiplexer

- - 
The time division multiplex system is designed to pro-

cess up to 250 data points at a minimum rate of 20 samples
- per second per data point. This system must also determine

the sampling sequence and identify each sample.

Two time division systems were considered . They are

the Pulse Amplitude Modulation (PAM ) and the Pulse Coded

Modulation (PCM) systems. The PAM system requires less
transmitted signal bandwidth and has lower initial cost,
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but its limiting factor is that the successful reception of

amplitude data is proportional to the signal—to—noise ratio

at the receiver . PCM is essentially the same as PAM with
the exception tha t the signal is digitized prior to trans-
mission . PAM is also digitized, but after it has been re-
ceived and demodulated . The PCM signal is essentially a go

or no—go signal. Because of this it is virtually immune to
error generated by noise . The PCM system has a disadvantage

compared to the PAM system in that it requires more bandwidth
to carry the same information. After analyzing the IFLEX

requirements it was concluded tha t the PCM system is corn-
patible with the mission. The PCM system was therefore 

- 

- 

-

selected . All quasi—steady data will be telemetered through

the PCM system .

The basic elements of a PCM system are shown in Figure
53. The analog channels that the PCM system will handle are :~
all the quasi—steady state measurements (250 inputs). The

multiplexer is an electronic switching device that turns

on one channel at  a time and is controlled by the PCM system
programmer and sync generator . As each channel is turned

on, the analog amplifier and sample/hold circuit samples that
- signal amplitude and holds it at that amplitude. The sample/

hold circuit  holds that  value while the analog to digital
converter (ADC ) converts the signal from an analog amplitude

to a binary number. This number is fed to the mixer amplifier .
- The PCM programmer then repeats the whole process for the

next channel sampled . The PCM programmer determines the

sequence of sampling , generates a frame sync code and gener-

ally controls the entire signal conditioninq process .

The Aydin-Vector MMP-600 PCM system appears most

adaptable to IFLEX objectives. Table 3 depicts some of the

features of this system . Resolution can be selected from

7, 8, 9, or 10 bits; 8 bits has been selected . The reason

for  this selection is that  8 bits represent 256 steps (28)

- 
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Table 3. Features ot the Ay din Vector MMP-6 00 PCM System

PCM System

Resolution 8 bits

Bit rate 100 ‘c b i ts  sec
Sampl ing ra te 50 samples/sec
Output format Bi phase

Power 24 to 32 \-‘DC ~ 400 MA
Dimensions 1.77 x 1.52 x 6.13 inches

Wei g ht 1.3 pounds
His to ry  of miss i le  and reentry vehicle applications

Sa ndia Corporation
NASA Marshal l  SRC - 

- 

-

Scout 4th staqe 
- -

General Electric-hearts

Spar tan Mis si le  
- 

-

Operating Restrictions

Temperature -13 to 185°F

Alti tude—unlimited

Shock 100 g ’s for  11 MS
Vibration sine 10 g ’s and random Mil—Std-810B
curve “AM” (29.3 g ’s mis)

and each step corr esponds to about 0.25% of the full range.
This resolution is compatible with the accuracy of the trans-

ducers whose output is diqitized . The bit rate can be from

1 to 500 kb/sec ; 100 kh-’scc has been selected . The PCM out-

put format selected is Bi-~ on the advice of the personnel
at Tonopah Test Range (Nevada). Ficiure 54 illustrates the

small physical size of this PCM system.

5.4.2.2 Frequency Division Multiplexer

The requirements for the frequency division multiplex

system are 3 channels for the 3 f l u c t u a t i n g  pressures . The
Aydin—Vector system is recommended for this application .
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It s  requirements and features are shown on Table 4 .  Figure
55 shows a block diagram of the signal flow path’ for the

3-channel frequency division multiplex system . The output

signal- amplitude of the pressure transducer is used to

modulate the frequency of the voltage controlled oscillator

(VCO) . Each VCO has a different center frequency . These

three frequencies are mixed together with the PCM serial

data stream and in turn used to modulate the frequency of
the t r ansmi t t e r .  Art out l ine  drawing of the Aydin—Vector
analog system is shown in Figure 56.

The VCO ’s will be of the constant bandwidth type

(IRIG channel numbers 7C , 11C and 15C). These have center

frequencies of 64, 96 and 128 KHz with deviations of +8 KHz.

5.4.3 Telemetry Transmitter (L—Band)

The telemetry transmitter requirements and selection
- are specified in Table 5. The nominal output frequency

(L-band) was specified by the Tonopah Test Range and White —

Sands Missile Range to be compatible with their existing

receivinq equipment. The Aydin-Vector T-l05-TV is r ecoin-

mended as the transmitter that most nearly meets the re-

quirements. Figure 57 details the specific mechanical

characterisitics of this transmitter . A power output of

2 to 5 watts will be used , based on recommendations from

both Physical Science Laboratory (PSL) , an antenna manu-

facturer , and White Sands Missile Range personnel. A

10-watt version could ionize the surrounding air and possibly
cause arc-over. A further consideration for limiting the

power output is that high power transmitters have on occasion
created a problem at the White Sands Missile Range . The

signals reflected from nearby mountains were strong enough

to interfere with the direct transmitted signal.
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FIGURE 56. Aydin Vec tor Frequency Division Multiplexer And
Mixer Amplifier
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AYDIN VECTOR 1-105 TV SERIES

INPUT VOLTAGE: 28 ±4 VOLTS INPUT CURRENT: 2.0  A MAXIMUM

r~ 
MOUNTING HOLE

\ NO. 6 CLEARANCE
4 PLACES

- Q J ~~ ~~)

3.50” - -~

o
_
~~

POWER CONNECTOR 
____________ R.F. OUTPUT CONNECTOR

3.. 

t Q..~~~
.._MoDULATIoN INPUT CONNECTOR

FIGURE 57. L-Band Transmitter
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Table 4. Requirements and Se l ection of the Frequency
Divisi on Multiplex System

REQUIREMENTS

Bandpa~~; 10—5000 11~
Low Leve l input

3 channels

Operd tt ’ in •t flhi~~. i i  e f t  ight env i r onm e nt

Small size

SELECTION - AYDIN-VECTOR

I3~t 1R i 1)4t~~ 0—800 liz

in put V() It .tq ’ I U mV tu 5 V ~ I nq Ic etided or
(II I t( ’ F~~~I )  I i .i 1

Opct.tt I uq Ro~;t ri ct loin;

Tc mp er .i t  ui -c  — 3 1  t o  212°F

Al. t i t ude unlimited

Vibr .tt ion 30 q ’s rms

shock 200 q ‘ ~; b r  10 mS

cccl c i at  ion 100 q ‘s

ii x w x d — 1 .42 x 1 .72 x 1.02 i nch

I tt- ~

-~~~~ --- ~~ --- • - - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  ~~~
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Table 5. Tel emetry Transmitter Requirements and Selection

REQUIREMENTS

Frequency output 1.435 to 1.540 GHz (L-Band )

Bandwidth 10 Hz to MHz
Power output 2 to 5 watts

Small size

Operate in missile flight environment

SELECTION - AYDIN-VECTO R t- l05-tv
Frequency = L-Band

Bandwidth 10 Hz to MHz

Power output 5 watts

Size 2.50 x 3.50 x 1.32 inches

Volume 16.5 in3

Weight 1.0 pounds

Operating Restrictions

Temperature 2 to 137°F (base plate)

Vibration 20 g ’s

Shock 100 g ’s for 11 mS

Acceleration 100 g ’~
Altitude unlimited - 

—

5.5 RADAR TRANSPONDER (C-BAND)

The frequency band specified by the Tonopah Test Range

and the White Sands Missile Range is the C-Band (5.690 to

5.765 GHz) . A high pulse power (100 watts minimum) output

was specified by the Tonopah Test Range (TTR) so that the

[FLEX vehicle cou]d be acquired and tracked prior to launch .

Because of the intermittant operation , higher power levels

are acceptable on the transponder than on the transmitter .

A Motorola SST-27lC was selected as the radar transponder

for this experiment. An outline drawing of this transponder

is shown in Figure 58. Its size and performance are

summarized as follows :
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MO TOR OL A
SST-27J.

3.6 5±.O 1

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

3,42± .O1 3,72±.O~

o~~~~~~H2.Ll0+.03
© O O  

-

C _ _ _ _ _ _  ..) _ _

4.L0+ ,03

FIGURE 58. C-Band Radar Transponder
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Output frequency - 5.728 GHZ

Peak pulse power output - 400 watts

Size L x W x D — 4.40 x 2.40 x 3.72 inches

Weight - 3.2 pounds

Input power at 24 - 30 VDC - 0.7 amps maximum
Environmental

Vibration - 25.4 g ’s

Shock - 100 g ’s for 11 ins

Acceleration — 100 g ’s

Temperature - 65 F to 167°F

The SST-27lC is no longer in quantity production (as
of March 26, 1979) and that it should be replaced with a
Motorola standard model which is the SST 171. This device

occupies slightly more volume , 39 in3 instead of 33 in3, and

has otherwise similar specifications as the SST 27lC .

5.6 TELEMETRY AND TRANSPONDER ANTENNAS

Since the vehicle will be rolling during the flight,

omnidirectional antenna patterns for the telemetry and radar
transponder would be desirable. However , the f l ight profi les
reveal there is no real requirement for a signal to be trans-
mitted directly forward . Absence of this requirement allows

consideration of a flush-mounted antenna configuration .

Fur ther , it was determined that the vehicle will be in view
by at least two ground-based antennas during the entire

flight. Thus, notches in the airborne antenna pattern are
unlikely to result in signal dropouts. It is desirable that

both antennas be combined into one 9-inch diameter structure

that will  be attached at Location 36.89 on the IFLEX vehicle.
A lso , surf ace flow disturbance due to the antenna must be
held to a minimum .

Two design approaches were considered . The recommended

approach is the Physical Science Laboratory of New Mexico
State University (PSL) quadra-loop design. The L-Band
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antenna consists of four PSL quadra—loop radiators spaced

90° apart on a 9-inch diameter bolt-in section. This bolt-

in section will also accommodate the transponder (C-Band)

antenna system. One PSL quadra-loop radiator is illustrated

in Figure 59, and Figure 60 shows the bolt—in section with

both the L-Band and C-Band antenna systems in their proposed

locations . Energy is radiated through the flush quar tz
windows.

An alternative approach is to employ a wrap—around

an tenna design either by PSL or Vega Precision Laboratories -.

(VPL). In this approach both L and C-Band antennas are com-

bined in one package; the L-Band antenna is a 4-element array ,

while the C-Band is a 24-element array . The quartz windows
are not compatible with the wrap—around antenna , so non—
uniform ablation is not a consideration. However , the antenna
radiator must be thermally insulated . In this design the
Dyna-Therm DE-350 insulator would be used over the antenna

radiators. The disadvantage is that the electrical trans-

mission characteristics of DE—350 in the L and C bands are

unknown . Therefore, they would have to be determined before
this system could be recommended . This would require meas—
uring the radiation pattern when transmitting through the

DE-350. DE-350 was formulated to eliminate the presence of
alkali metals so that an ionized layer would not form during
ablation. However , preliminary experiments conducted on ;
DE-350 at SAl , at the intermediate S-Band frequency of

2.450 GHZ, indicate the induced power losses may be exces-

sive. The opinion of PSL is that the quadra-loop antenna
— 

will be adequate if surface recession of the Dynatherm

DE-350 in the vicinity of the quartz windows is sufficiently
small  as it is predicted to be.

5.7 ROCKET MOTOR IGNITION AND FIN DEPLOYMENT

~~~ The sequence of fin deployment and rocket motor igni-

tion is initiated by a lanyard which is attached to the
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launcher. When the IFLEX vehicle clears the launcher , the

lanyard releases two mechanical timers. One is for the
motor , the other is for fin deployment . The fin deployment

timer connects an actuating squib-directly to a battery .

This squib deploys the fins. The timer for the rocket motor

arms the ignitor squib so that a UHF command receiver is

able to fire the motor. The circuits for these functions

are shown in Figures 61 and 62.

5.7.1 Timer

The timer selected is the Raymond Engineering , Inc.

Model 1060 interval timer . It will be used for both appli-

cations with a difference in the time interval setting . An

- outline drawing of the timer is shown in Figure ~ - .

5.7.2 Motor Ignition Command Link

5.7.2.1 Command Receiver

The UHF command receiver recommended by White Sands
Missile Range for use in the IFLEX vehicle to initiate rocket
ignition is a Cincinnati Electronics Corp., Model CR-h O (1).
It is illustrated in Figure 64. This command receiver has
the capability to command up to four total events , so if
other applications arise the system is expandable.

5.7.2.2 UHF Antenna

The UHF antenna for the command receiver does not have
to survive the flight environment . Therefore, a relatively
inexpensive spike antenna supplied by PSL (Model 23020) was
selected for this function. As shown in Figure 65 , two
elements mounted 180 degrees apart insure coverage by the
command t ransmit ter . The location was selected so that the

f low upstream of the experiment region wil l  not be a f f ec t ed .

143

_ _ _ _ _ _ _ _ _ _ _  

A 
-

I ~~~~~~~ 
~~~~~~~~~~~~~~~ ~~~~ ‘— — 

~
_.—II_ —

~~~~~~~~~ -_ — -



_-,-- _ —_w_ - ~~~~~~~~~~~~~~ — — — — -

IPC~~~~~ O

C-,
5-4

i-
E 1 H u ~

_ _ _ _ _ _

V r
A A

r~~~~~~~~~~~ ~~~~~~~~~~~1 
U

Li_t.~ ;.~~11j
0 0 ) 4

O H

144 

----

L 
- _ _ _ _ _ _ _ _ _ _ _ _ _ _



F rIr?._._r
~.~

_ — 
~~~~~~~~~ 

~~~~~ 
— ~-, -~~ 

— 
“ -_ — ——-—-—-“--_-t_ — — ,— -a~~~ —rn.--—- !‘~~~~~~~

— 
.
~~~~~~~ - - ~: ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘I H

_ L
_ _ _  ~ ~ç--- 

_

-

±

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

‘

14,4 E-I -

L~~~~ 
_ _ _ _ _~~j ‘.0

- 
- .

- .-
i . —1

_____________ I—I - -

(Z4

ID
.

145

__________________ A - - -~~~~~: -- - -- L ~~~~~~~~~~~~~~~~~~~~~~~~ ~~- _ 
~~~- - -----



-— —

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

--

i

I H

1: 
_ _

( ‘wv ic i .c:
-

~~~~I ,1os’t
JP~T~~ . :-

~H r—i J1 c~
_ _ _ _  

- -

I 
~~~~~‘‘ ‘‘~~

- .  __, C.~~
- H

U
I-.

LU
LU ~~~~z~~o

L
T,

J L fl J

U U____ -

~~~ 3.
zoz
>-

146

-i
~:. 

:‘-
• 

-.
- r~~- -



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

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

CINCINNAT I ELECTRONICS
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FIGURE 64.  Command Receiver
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5.8 ELECTRICAL POWER

5.8.1 Externa l Power

While the IFLEX vehicle is attached to the launching

aircraft it will draw 28 VDC power from the aircraft. This

power will be used for electronics , heaters and battery

charging .

5.8.2 internal Power

When the IFLEX vehicle is launched, all systems will
be operated by battery power except that there will no

longer be heater or battery charging power . The internal

missile electrical power requirements are listed as follows:

Voltage - 24 to 30 VDC

Current drain
Telemetry transmitter 4000 MA

Radar transponder 700

PCM system 400 
.1

Transducer excitation 300

Unassigned 100

5500 MA

Pyrotechnic ignitors To be determined

A typical missile flight will last approximately 50 seconds
from launch to impact. A safety factor of 5 was selected
which specified a battery with a minimum capacity of 500 

- 
1

milliamp-hour . The battery system selected was a battery
of 24 cells of “C” size nickel-cadmium construction . This 

I
produces a 30 VDC nominal battery with 1800 milliamp—hour I
capacity . Several manufacturers (Gates, Marathon, and Power
Sonic) produce cells of this geometry, shown in Figure 66.
Performance of the battery pack is illus trated in Figure 67.
The total package weighs four pounds and occupies 50 cubic I ~i

inches.
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A separate power source is required to initiate

pyrotechnic devices (i.e., fin deployment and rocket ignition)
because of possible shor ts and transients that may ke.-i-m—

pressed into the electronic power source if they were not
independent. The specific requirements for the ignition
of the pyrotechnics remain to be established after final

selection of the particular pyrotechn ics to be used.

The proposed battery for pyrotechnic ignition could be
enclosed within a slightly larger electronics battery pack

than illustrated . The addition of six more cells would add

about one inch in width and two inches in height or about

13 cubic inches. This would create a battery of 7.5 VDC
nominal with a capacity sufficient to ignite the pyrotechnics.

I
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SECTION VI

VEHICLE DESIGN

t
The principal design constraints for IFLEX result from

the necessity to maintain the aircraft compatibility quali-

fication of the FLAME launch vehicle . This constraint re-

quires maintenance of the FLAME launch vehicle external
geometry and mass properties. The fundamental difficulty

imposed by this constraint results from the necessity to -:

fly IFLEX through a significantly more severe thermal

environment than was encountered by the FLAME launch vehicle

first stage. The FLAME launch vehicle dropped the first

stage a f te r  achieving maximum Mach number . The IFLEX vehicle - - 
-

continues f l i ght  o f this complex configuration for 10 to 15

seconds of heat soak, into a lower altitude , higher density
environment.

The IFLEX vehicle conf igura t ion  was shown compared to : -:
the FLAME launch vehicle first stage in Figure 3 (Section II).
Both are cone—cylinder-flare—frustum-cylinder configurations of

near ly  identical  dimensions.  The axially symmetric external

surface inclinations (6 degrees , 6 degrees , 11.75 degrees for

the cone, flare , frustum) have been maintained identically.
‘Ihe aft cylinder on the IFLEX vehicle has a sligh t ly la r ger
dimension to accomodate experiment ins t rumentat ion between
the Pedro rocket case and the external  sur face .  The f i n

~c’onietry of the two vehicles is the same.

The IFLEX vehicle s t ructure  has been designed to be
aeroela s t ica l ly  as s t i f f  or s t i f f e r  than the FLAME vehicle
s t ruc tu re .  Regions tha t  are different structurally than
I- ’LN4E are the larger diameter  f i n  support r ing , the non-in sul-
ated forward stainless steel cone , and the carbon steel and

-~ 
-

- 
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stainless steel panels that serve as the experiment surfaces.

These regions have been analyzed extensively in regard to
strength , thermal stress , and thermally induced distortion ,

and designed accordingly. The results of these analyses are

presented in this section.

The FLAME launch vehicle employed an ablative insulator
coating called FIRE X RX-2376A for external thermal protection.

As described in Reference 25, FIREX has a relatively low

ablation temperature (280 °F)  and a moderate heat of ablation
(1800 Btu/lb). These were adequate for the relatively short

flight times of the FLAME first stage. However, the rela-
tively long flight time to decreasing altitude , which is char-
acteristic of the IFLEX trajectories, results in about four
times the total cold wall heating experienced by the FLAME
f i r s t  stage . The amount of FIRE X coating required to provide
thermal protection on the IFLEX mission was j udged prohibitive - -

f or two reasons. First, the thermal response of the material -
-

in the flight environment is not sufficiently well charac-
terized to provide confidence that uniform ablative perfor-
mance would be expected . Second , the large volume of ablation
would result in downstream interference between the ablation —

products and the aeroheating experiment instrumentation.

A wide range of candidates were considered for the

IFLEX vehicle external surface thermal protection system
(TPS). These ranged from complete metallic (non-ablative)

to complete ablator coat~ings. The experiment requirements
are best met if ablators are not employed . Ablati’ng surface s
invariably result in gaseous and particulate material in the
boundary layer , as well as surface roughness and varying
degrees of shape change. These all result in variable

boundary layer characteristics and flow contamination which

will change the character of the viscous/inviscid flow

interactions to be investigated in the experiment.
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The problem associated with designing a metallic

TPS were assessed in some detail during the IFLEX design

effort. They are principally associated with the thermal
expansion resulting from the high surface temperatures for
the IFLEX mission and the large linear dimensions asso-

ciated with the vehicle components. Considering stainless

steel or titanium walls with thicknesses varying from .075

to 0 . 2 0  inches , and depending on the location on the vehicle ,
metal surface temperatures were predicted to be on the

order of 800° to 1400 ° F for the IFLEX desi gn trajectory
discussed below . These temperatures eliminate the use

of t i tanium , and require the metal to be either stain-

less steel , or a super-alloy such as Inconel. (The de-
— d ining strength of t i t a n i u m  wi th  temperature , in this

temperature range , is unacceptable .) A pre-design effort

showed that such a vehicle was feasible from the stand
points of total  weight , s t rength , cost, and manufac tu r ing .
However , the mass d i s t r i bu t i ons  appeared ~ike1y to d i f f e r
s lqn i f i c an t l y  from that of the FLAME f i r s t  s taqe .  It
would at least require a significant increase in design

‘.‘~~for t  to insure a s a t i s f a c t o r y  c .q .  location to main ta in
-~ i i -cr a ft  compatibi l i ty. In addition , employment of a

hot metal structure greatly increases the desiqn effort

uccessary to evaluate thermal expansion , therma l stress,

and therma l protection of interior components. The prin-

ci pal problems appeared associated with the de~~iqn of
joints in which thermal expansion must be accomodated .

The loss of strength , disruption of the flow surtace ,

and possible l eakage of hot air into the vehicle i nterior

would have to be analyzed . Design of the metallic skin

requires consideration of buckling due to thermal stress

and pressure loads , and surface dynamic s tabil i ty. Aug-
mcntod heating and higher skin temperatures must  be con-
sidered in the shock interaction areas near the lugs and
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f ins. Many of these design problems require adaption

and extention of the state-of-the—art in high tempera-

ture structural design.

Advancement of the state-of-the-art in structural

design- is not an IFLEX program objective. Consequently ,

the likely cost and risk associated with design and

manufacture of a metallic TPS was judged beyond the scope

of the IFLEX design program . In consideration of the

aeroheating experiment requirement to minimize ablative - -

TPS interaction with the vehicle flowfields , a hybr id
external surface TPS was selected . A metallic surface

is employed in the immediate vicinity of instrumentation
and in less critical heating areas upstream of the exper-
iment. The remainder of the external surface is protected

by an insulator with a high decomposition temperature
(approximately 850°F) This approach reduces the linear

dimensions of metal lic surfaces to minimi ze total expansion
at joints and permits insulation at joints. The hybrid

TPS approach by no means eliminates the join t and therma l
stress design problems , but it greatly reduces their

scope and number .

In the following paragraphs , the thermal and struc-
tural design analysis of each section and subsystem of
the IFLEX vehicle is described . Some of the more than 50

design drawings prepared to specify the structure manu-
fac ture  and assembly requirements are included for illus-
trative purposes. These detailed design drawings are

catalogued in Appendix I and are available from AFFDL/FXG.

6.1 TPS MATERIAL EVALUATION

The thermal protection system consists primarily
of an insulative/ablative coating protecting the steel ,
aluminum , and magnesium structure.  Experiment regions are
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made of either stainless steel or 1020 steel which is

insulated from the inner structure. These steel sur-

faces have been designed to allow for thermal expansion
and to minimize thermal warpage.

The trajectories used in the thermal analysis are
presented in Figure 68, 69, 70 and 71. These trajec-

tories diff er from trajectory A of Sec tion 3.3 in that
they are based on preliminary aero data, which had a
lower drag coefficient. This results in a lower velocity

decay rate. Hence, these trajectories have a higher
coast velocity , relative to the peak Mach number , re-
sulting in a more severe thermal environment. Trajec-

tory 1, Figure 68, has a 26 second ignition time and a

maximum Mach No. of 6.0. It represents the highest

heating rate and was used in the thermal analysis where

ablation rate and thin skin response was of concern.

Trajectory 2, Figure 69, has a 20 second ignition time

and the maximum Mach No. of 6.0. Its maximum heating

rate is less than that of Trajectory 1; however , its

total integrated cold wall heating is about the same

and its flight duration is longer. Thus, it was used in
the analyses where in—depth thermal response was critical ,

such as the insulated magnesium skin.

Trajectories 3 and 4 of Figures 70 and 71 have a

lower maximum Mach number of 5.0. They are being con—

sidered as alternate flight trajectories in an effort to

reduce the rate of ablation .

6.1.1 Insulator Material Evaluation

The material selected for the body surface is Dyna—
Therm DE-350, and Dyna-Therm DE-370 for the fin surfaces.
Dyna—Therm DE-350 is a room temperature c-uring, silicone
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modified , epoxy polyamide. It does not form a char layer as

it ablates and it is expected to maintain as smooth a surface

as any of the plastic or elastomer coatings. It has been

used on Spartan , Terrier-Recruit, Castor , and Sidewinder , and
is currently being evaluated for use on Standard Missile II.

Dyna-Therm DE-370 is a rigid epoxy compound which forms
a char-layer as it ablates. It is lighter weight than DE-350

and is expected to provide somewhat better thermal protection;

however , it may have a rougher surface because of its char
layer . The DE-350 and DE—370 properties are presented in

Table 6 taken from References 26 and 27.

TABLE 6 Properties of Dyna-Therm DE-350 and DE-370

Parameter DE-350 DE-370

Density , lb/ft3 69 62 
- 

-

Tensile strength, psi 240 3000

— 
Specif ic Heat , Btu/lb- °F 0.36 0.38

Conductivity .. Btu/ft—hr— °F 0.08 0.067 @ 0-100°F

0.082 ~ 250°F 
—

0.087 @ 350 — 475°F

There are test data available for DE-350 for the environ-

ment being considered , hence it was possible to estimate the

amount of ablation using the relationship

J i
where xtla= rate of material removal, lb/sec-f t

2

= cold wall heating rate , Btu/ft2—sec

= cold wall heat of ablation (0 °F wal l ) ,  Btu/ lb
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The cold wall heating rate was determined using the
computer code described in Reference 28. This code computes
the aerodynamic heating using local similarity with the sur-
face being represented as a cone , flat plate, wedge, sphere ,

etc.

The cold wall heating of the IFLEX 11.75 degree frustum

and the aft cylinder are presented in Figure 72 based on tra-

jectory 1. The frustum environment is representative also

of the heating on the forward cone near the nose tip and on

the 5 degree ramp on the fins. The aft cylinder is the low

end of the heating regime , and other sections fall between
these two . The maximum shear stress was calculated to be - 

-

30 lb/ f t 2 on the frustum , and 16 lb/ f t 2 on the aft cylinder .

A summary of the available ablation data for DE-350 is
presented in Table 7, along with representative requirements

of the IFLEX vehicle. The Flamemaster Data Sheet is taken

from tests which formed the Material Specification 11244452,
Reference 29.  The values were computed from the ablation

rates presented in Reference 26 and 29.  The hot air test of
Reference 29 consisted of placing the samples at a 10° angle

of attack in a Mach 2 .0  air stream with a cold wall ( 0 ° F)

heat f lux of 170 +10 Btu/ f t 2-sec , an aerodynamic shear force
of 21 ±3 lbs/ ft 2 , and an entha lpy of 1000 +50 Btu/lb for 10
seconds. The ablation depth was 0 .08 inches. This test
environment is very similar to the IFLEX Mach 6 trajectory
environment for the frustum, except that the maximum aero-

dynamic shear on the IFLEX vehicle is slightly larger , and
the maximum total enthalpy is less.

The aerodynamic shear also affects the values, as

can be seen in Table 7. The low shear environments of Ref-

- — erences 28 and 29 resulted in quite high values of Q~~~.
Figure 73 presents the ef fec t  of shear on based on data

3.63
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published in Reference 30. These values are in agreement

with the published data of References 26 and 29 and will

be used in this study .

The amounts of ablation of DE-350 on all surfaces were

computed using equation 38 and the environment of Trajectory
1. A of 3500 Btu/lb, based on the maximum shear stress

on the frustum , was used for all sections. This is conser-

vative for regions other than the frustum and fin ramp . The
insulat ive coating thickness selections , substructure temp-
erature rise (predicted using trajectory 2 and the code de-

scribed in Reference 28) and the amounts of ablation are pre-

sented in Table 8. The amounts of ablation should be conser- 
-

vative since the air enthalpies and shear stresses are less

than the test conditions during much of the flight and the

mass loss is based on the total heat to a cold wall. The

temperature d i f fe rence  between the freestream recovery temper-
ature and the wall temperature is expected to be less than
that in the test , and the average heat input is lower , al-

though over a longer time period , resul t ing in more conduc-
tion into the coating .

The ablation rate can be reduced by using the less
severe Mach 5 trajectories and/or earlier ignition times.

This was investigated by calculating the cold wall heating
— on the f rus tum for trajectories 1, 2, 3, and 4. The results

are shown in Figure 74. The cold wall heat flux for the

less severe trajectories is much lower. The surface temp-
— 

eratures of the Dyna-Therm insulator , without material

— ablation , were also calculated , and are shown in Figure 75.
The surface temperature for the Mach S f l ight are still high
enough that some material degradation will occur , but it
should be small.

For the heat transfer experiments, the ra te of ablati on
is the major parameter of concern . To investigate this and

to compare the different trajectories, the rate of ablation
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was predicted at the flight time corresponding to maximum

heating/aero shear occurrence. The shear stress calculated

is tile shear stress to an insulated walL Table 9 shows

the reduction in ablation rate that can he obtained by using
slower and/or higher altitude (earlier ignition times) tra-
jectories. The ablation rates calculated for the Mach 5 tra-

jectories are quite small.

TABLE 9 - Ablation Rate Comparison - Ablation on Frustum

MAXIMUM COLD SHEAR * ABLAT ION
TRAJECTORY TIME WALL HEATING STRESS cw RATE

NO-. sec (Btu/ft~—sec) (lb/f t
2) (Btu/lb) (in /sec)

1 40 170 30 3500 0.0083

2 36 122 23 4000 0.0052

3 40 85 19 4200 0.0035

4 36 63 14 4600 0.0023

Figure 76 shows the surface temperature obtained on the

insulation at station 39, on the 9 inch diameter cylinder.

The maximum temperatures are on the order of 900 to 960°F.
The epoxy in the Dyna-Therm coating will not start to decom-

pose until temperatures on the order of 800 to 900°F are

reached . Therefore , very l i t t le material degradation is
expected for this f l ight environment.

6.1.2 Metallic Materials Evaluation

The experiment requirements impose the need to use non—
insulated meta l surfaces in some regions of the vehicle, as
discussed in Section IV. These regions include the forward
cone and instrumented plates on the aft cylinder and fin. 4
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Two materials are being used, stainless steel and 1020

steel. The stainless steel provides high temperature capa-

bility in regions where it is required and low carbon 1020
steel is utilized where required because its higher thermal
conductivity reduces warpage. The 1020 steel is limited

to a maximum temperature of 900°F to prevent rapid oxida-

tion and surface scaling . A thorough thermal analysis
was performed in order to facilitate the investigation of
thermal expansion, thermal stress , shape retention, heat
conduction into the substructure, attachment requirements,
and surface temperature environment for the experiment.

The analyses were performed using AISI 301 stainless
steel and AISI 1020 low carbon steel. The property data are

presented in Table 10.

TABLE 10. Steel Material Properties

PROPERTY 301 STAINLESS STEEL 1020 STEEL

~

Density , lb/ft 501 491

Specific Heat,
— Btu/ lb— °F - :

@ 0°F 0.1 0.11
@ 1600°F 0.16 0.20 —

Thermal Conductivity , - -

Btu/f t-hr-°F
@ 0°F 9.3 30.0

- -~ @ 1600°F 11.8 19.5

- 1
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6.1.3 Internal Insulation Materials 
- 

-

The hot metal panels being used on the structure must
be insulated from the magnesium structure. The insulation

material being used is Fiberfrax 970 Paper , described in Refer-

ence 31. It consists of alumina and silica fibers. It i~as
a thermal conductivity of 0 .032  Btu/ f t -hr-°F at 500 °F , and
0.049 at 1000°F. When sandwiched between 2 meta l plates , it
is compressed ; however , it must not be compressed by more

than a factor of 2.5. The minimum thickness presented in the

drawings must be maintained at all times.

6.2 Forward Conical Section Design

The forward cone, shown in Figure 77, replaces the
FLAME payload section . It has a metal surface to insure a

smooth, non-receding flow surface to facilitate the pressure

measurements for the angle of attack determination. It will

contain ballast for center-of-gravity control.

The cone shell , from station 6 to station 38, is made -

from 0.2 inch thick AISI 321 stainless steel annealed sheet.

It has no external thermal insulation . The surface tempera-

ture profile during flight and the temperature gradient for
the time of flight at which the maximum temperature differen—

tial from outside to inside occurs ate shown in Figures 78
and 79, respectively . Thermal strains and stresses were

calculated from these temperatures and are shown in Figure

80. Both the thermal compressive stress at the outer sur-

face and the thermal tension stress at the inner surface are
below the corresponding allowable yield stresses for the

material at the respective temperatures. The compressive

stress from external pressure is small. The 0.2 inch thick

skin is gradually tapered to the thicker cooler material at

station 37.1 to avoid any excessive thermal stresses . The

maximum radial deflection , at station 38, at the time of

maximum skin temperature (874°F , Figure 78), is 0.032 inches.
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Therefore , the material and thicknesses for the shell are
- 

- acceptable for strength and deflection .

Station 0 to 6 will be a stainless steel plug .

6.3 FORWARD CYLINDRICAL SECTION DESIGN

The 9 inch diameter forward cylinder , shown in Figure
81, replaces the RECRUIT motor of the FLAME. It will be

made of insulated steel (0.10 in. CRES, 0.15 in. DE-350)

in order to maintain the stiffness of FLAME. This section

will contain the telemetering equipment, telemetering

antenna , and battery ; mounted on an aluminum plate. The

equipment installation is to be specified during the mock-

up phase of the vehicle construction . The forward cylin-

drical section will also contain ballast.

6.4 FLARE SECTION DESIGN

An insulated stain less steel 6 degree conical f lare
will replace the fiberglass 6 degree conical flare utilized

on FLAME over the motor attachment point. It is shown in

Figure 82.

The conical shell structure from station 114.94 to

160.61 is made from 0.100 inch AISI 301 stainless steel sheet

annealed . The shell has external insulation,0.15 in. DE-350,

to prevent a severe rise of temperature of the metal during

flight. The allowable external pressure for buckling was

calculated to be 73 psi. The maximum external pressure

occurs near the end of flight and is 16.82 psi (2422 psf).
The stresses from body axial and bending loads that occur at -

this time are small , therefore , the margin of safety for
this time is high. The margin of safety for the time of

f light for maximum stresses from body axial and bending loads
is also high. Therefore, the 0.1 inch thick stainless steel
shell provides satisfactory strength.
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• 6.5 CONICAL FRUSTUM SECTION DESIGN

Between the 6 degree conical flare and the af t cylin-
• drical section is an 11.75 degree conical frustum. This

sec tion, shown in Figure 83, will be identical to the corres-
ponding FLAME section. It will house the signal conditioners ,
heat transfer instrumentation, the timers, the motor ignition
squibs, and the battery .

The frustum structural shell from station 160.61 to

185.05 is made from 0.100 inch thick magnesium A231B sheet

and has intermediate frames at stations 168.36 and 176.99.

The shell has external insulation, 0.2 in. DE-350, to pre-

vent a severe rise in temperature of the metal during flight.
The shell buckling characteristics were analyzed for each of
the three bays and for overall buckling between the end frames.

The maximum allowable pressure was 38.44 psi for the center

bay . The maximum external pressure occurs near the end of

• flight and is 26.78 psi (38 57.psf.). Assuming the internal

pressure is small , neglecting the small stresses from body
axial and bending loads that occur at this time, and using a
factor of safety of 1.15, the margin of safety is calculated
to be 25%. The margin of safety was also calculated for the

stresses occurring at the time of maximum body axial and
bending loads and was found to be high.

6.6 AFT CYLINDRICAL SECTION DESIGN

A 30 inch 00 cylinder was designed around the Pedro
rocket motor to facilitate the experiment, as shown in Figure
84. This section will be made of 0.10 inch magnesium alloy,

insulated with 0.12 inch DE—350.

Two steel rings, which can slide on the motor case ,
provide radial support for the cylinder in addition to the
end rigid mounting to the motor case. There is a non-

insulated 1020 steel plate on which the pressure and heat
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transfer measurements will be made . The steel plate ex-

tends the length of the cylinder , from station 189.61 to

station 259.63. The plate extends 60° around the circum-

ference of the cylinder . The plate will heat up in fliqht

and will he insulated from the magnesium alloy structure as

required . It will be free to expand forward and around the

circumference .

• The ‘ift structure is shown in Figure 85. It consists
• of 0.1 in. magnesium alloy , insulated with .12 inch DE 350.

There is a small instrumented stainless steel plate mounted • • -~
on insulation above the magnesium . ,~• -

The fin support rings and hydraulic fin rotating mech-

anism are similar to that of FLAME, except that they are

scaled up to 30 inch diameter . This is shown in Figure 86.

The system drives the two movable fins to rotate 48° to •~J .
• their fli ght position after launch.

6.6.1 Instrumented Plate Design

The fuselage skin is steel plate from station 190 to

259.63 and from station 266.8 to 271. The plate covers an

arc of approximately 60°, which extends from fin number 3

in a counter clockwise direction (facing forward). From

station 189.6 to 238 , the material is 0.10 inch thick AIST

1020 steel. This piece has an intermediate i inq radial sup-

port at station 215 and another at station 238. From station

238 to 259.63 the skin is 0.20 inch thick 1020 steel . From

station 266.8 to 271 it is 0.07 inch thick AISI 321 stainless -
steel. These plates have no external insulation . The attach—

ments , where necessary , have holes which are either slotted

or oversize to allow for thermal expansion . Durinq fli ght a

shock wave stands over the aft plates starting at the fin

leading edge and extends aft at approximately 20° to the tin
center line . Higher aerodynamic heating occurs inboard of

182
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th i. s shock wave .  The temperature qr ad ien t s  through the
skin 5 t re  shown in Figures 87 and 88 , for the time in f l i ght
whet e maximum temperature ditterentia l between the outside
and inside skin occurs. These calculations are shown for

various thickness AI SI ~~I stainless steel and AISI 1020
carbon steel plates. They are shown for locations both
fo r w a r d  and a ft of the shock wave. In the shock interference
reoion , the augmented heat flux is calculated through use
of correlations from (R e t erence 3) . H

= 4 [s(MsinO _l) + 0.75]

where 4 a heat flux in shock interaction region

4 = hea t f lux wi thou t shock inter action

M Mach number

shock anqie

i- i.iure 89 shows the plate surface maximum temperatures as a

tunction of plate thickness.

- Therma l strains and r ad ia l  deflections were calculated
for t hese plates considerin~.i the location of the attachments

and conservatively assuminq no warping restraint at the free
edqes . These r a d ia l  deflections were found to be acceptable
(less than 0.14 inches). The thermal stresses were calculated
and found to be acceptable. These plates do not carry body

axial or bending loads , and the stresses from external pres-

sure are small.

These plates will experience significant thermal ex-

pansion. These expansions were calculated at maximum plate

temperature. For the forward plate (0.10 inch thick 1020

steel) the maximum temperature is 800° F, from which the

longitudina l deflection is 0.29 inches and the tangenital

is 0.08 inches . Considering the 0.20 inch thick 1020 steel

• 185
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plate , the maximum temperature forward of the shock wave is

540°F and aft is 805°F , from which the lon gitudina l expansion
behind the shock wave is 0.10 inches and the tangential expan- —
sion at the aft end is 0.07 inches. For the aft plate (0.07

inch thick stainless steel), the max imum tempera ture forward
of the shock wave is 1000°F and aft is 1320°F , from which the
longitudina l deflection behind the shock wave is 0.05 inches

and the tangential is 0.09 inches, either way from the center .

The plate attachments will allow the plates to expand

longitudinally and circumferentially by using slotted , oversize
bolt holes in the frame . Considering the large plate corn-

bination , station 190 to 260, it will be allowed to expand for—

ward so that the instrumented region will experience little

distortion . This is shown schematically in Figure 90. The

aft bolts , region A to B , will not allow longitudinal movement.

Lateral expansion is allowed at J3 by using oversize bolt holes

in the frame . The forward end of the plate , region C to D,

will be attached through slotted bolt holes to allow longi-

tudinal expansion . These slots are also oversized in the

lateral direction to allow the lateral expansion . The plate

is attached by bolts around its entire periphery in this

manner. The two intermediate support rings are allowed to

slide fore and aft on the motor case.

The aft stainless steel plate, which experi ences much
less total therma l expansion because of its smaller size, is

• allowed to expand in a similar manner .

The magnesium or aluminum skins and structures support-

ing hot metal plates are insulated from the hot metal by a

layer of Fiberfrax 970 Paper , as discussed in Section 6.1.3.

the most severe contact area is the aft mounted 0.07 inch

thick stainless steel plate. It will be insulated by a 0.125

inch layer of Fiberfrax , compresse d to a minimum tI~ickness of
0.05 inch. The predicted magnesium skin temperature rise,

• 
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during trajectory 1 flight , is presented in Figure 91. It

• is safely below a maximum allowable temperature of 300°F.

6.6.2 Fin Support Ring De4g~ H

The fin support rings have been increased in diameter
from 28.6 to 30 inches. This 5% increase in diameter causes
less than 2% increase in bending stresses in the rings. There-

fore , the fin support rings are considered to be satisfactory
for strength.

6.6.3 Pedro Motor Case Attachment

The rocket motor will expand both longitudinally and
radially during the thrusting phase. This expansion was cal-

culated to be 0.05 inch longitudinally and 0.04 inch radially,

based on a Pedro motor internal pressure of 705 psi and a 0.11

inch 4130 steel case. The external structure surrounding the

motor is designed to handle this expansion. The magnesium

cylinder is riveted to joints that move ‘with the motor; thus, -

the magnesium will stretch, with a maximum stress of 4600 psi.

Assuming that all forces are transmitted by the joints at

either end of the motor, the loading per rivet is about 430 lbs.

These rivets can withstand a force of 620 lbs/rivet.

The steel test panel will be rigidly attached at the

aft end. Slotted bolt holes will allow the frame to move

forward relative to the plate. This is shown schematically in

Figure 90.

6.7 FIN DESIGN

Three of the four IFLEX vehicle fins will be the same
aluminum honeycomb design as FLAME, except that a stainless
steel cap is being placed over the leading edges. The fourth
fin will differ only in that a 1020 steel instrumented plate

~• will be mounted in the ramp region next to the body, as shown

190
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in Figure 92. It will be allowed to  expand aft and outward
to account for therma l expansion .

6. 7 . 1 F in Lead n~~~E Der.i~j~

A steel leadinq edge cap will be used on the ins.

This cap will consist of a 0.09 i n c h  stainless steel plate
rolled to form the 0.90 inch OD leading edge (0.10 inch

stainless stee l is used in the thermal model) . Additiona l

material (steel) is added behind the stagnation point to

provide addition al therma l mass. The thermal model schematic

of the desitin that was -malyzed i~~~ shown in t i q u t t. 93 The
steel ~. ip will be insulated f rom the leadinq dqe iluminum

structure The ~. a]~. u l  i t t  d t hei ma l i t  ponse of t lu leading

edqc cap , p r e d i c t e d  t or Tr.i h~ct oiy I , is presented in F.i qu r e
94.  I t  is shown for the ont ire su r f a c e  at 40 seconds i l ight •

time . Figure 95 presents the stagnation point temperature as

a function of t inie .

At 1200°F, the steel cap longitud i nal therma l expansion is
0.5 inches . It will be al lowed t o  expand outward towards the

- • fin ti p throu~ih the use of elonqat od r i ve t  holes in the tin

1 eading odqe inner structure .

6. 7. 2. instrumented Fin Plato Des i~Jn

F in number , out ’ of the two fixed fins , has a trapi—

zoidal steel plate on cit her side lust a f t. of t ho l oad i ng edqe

and at the root chord - The st eel p1 ates have no e x ter n al  in-

sulation. These plates will he 0. 2 i nch  thick 1020 steel . -~~

This steel was selected over stainless stee l in ordei to mini—

mize the warpa~ie , as discussed in sect ion  6 . 1 . 2 . The t emp er—

a ture qrad ient for the  t ime of f I ight t ha t  q i yes  t he maximum

temperature d i. t t e ren t i a  I between out  s ide  and inside for vai- i—

ous t h icknesses of hot Ii Al ~;i 121 stainless steel and A l SI 1020

192
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carbon steel are shown in Figure 96. Figure 97 presents
the surface temperature response with time. These predictions

are for a location 6 inches aft of the leading edge.

Thermal strains and normal defi.ections (warpage) were

calculated from these temperatures , conservatively assuming
no warping restraint. The deflections are shown in Figure 98.

The results show a large reduction in normal def lection in
going from stainless steel to carbon steel. Also, there is
very little increase in deflection for 0.2 inch thick over
0.1 inch thick carbon steel.

The thermal stresses from the nonlinearity of the temp-
erature gradient, when the plate is free to warp, are small.

The bending stresses of the plate from external pressure are

less than 30% of the allowable bending stress of the material.

The lateral expansion of the plate at maximum temperature

(880°F) is 0.10 inch chordwise and 0.04 inch spanwise. All of

the attachments , except the forward inboard one, have either

- • 
slotted or oversize holes in the plate. Thus, the plate will

be allowed to expand aft and outward.

6.8 ELECTRONICS COMPONENTS THERMAL PROTECTION

• The electronic equipment used for data acquisition and
telemetering must be maintained within specified temperature

• limits during captive carry and missile flight. This equip-

merit is mounted on an aluminum plate in the forward cylinder

and on wall brackets in the frustum . These sections are in—

sülated from aeroheating during missile flight, and the plate
-

• 
has significant thermal mass ; hence , the thermal environment
can be determined by the captive carry conditions. The mini-

mum and maxim um vehicle internal temperature limits during

captive cirry are set at -60°F and +60°F, based on cold and
hot atmospheres per Reference 32 and the following assumed

• aircraft flight conditions:
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Mach No. Altitude Recovery Temp .
(kft) (°F)

Lower Limit 0.8 45 —60

Upper Limi t  0.95 30 +60

Fach of the components must be maintained within the

temperature limits qiven in Table 11. Thermal control is

maintained through a balance of component internal heat qener-

ation , thermostat controlled heating blankets , and heat losses

through conduction , convection , and rad iation. The required
heating blankets , ~i description of the mount insulation in—

tended to control the conductions losses , and the desired

total transmittance are presented in Table 11. These values

ar c  only des iqn  est imates and the therma l design mus t  be up-

dated through bench tes t inq when the actual hardware arc
available.

6.9 MASS PROPERTIES

• The vehicle weight and center-of—gravity data are pro-

sented in Table 12. The electronic packages , which have a
total weight of approximately 10 lb , are included as part of

the ballast , as well as their mounts. The resulting C.G. for

the loaded vehicle is 212.23 inches , more than an inch forward
of the FLPJ’~E vehicle C.G. of 213.51 inches. This , ~ilong with

the large amount of ballast, should make it possible to corn-

• pensate for any additional weiqht due to inaccuracies in esti-

mating the weight of the instrumentation wiring, tubing, and
additional insulation. - --
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TABLE 12. IFLEX Vehicle Mass Properties Summary

WEIGHT (LB ) C.G (INCHES )

Nose Section 38.2 26.22

Antenna Section 15.0 42.89

• Ballast 300.0 47.00

9 Inch Section 74.9 76.88
60 Flare 73.5 138.72

ll°44’ Cone 44.0 175.11

Pedro Forward Adapter Ring 23.7 187.60

• Forward Launch Lug 6.0 187.40
• Bolts 2.0 188.00

Pedro Motor 2870.0 229.00

Shell Around Pedro 108.9 226.50

Aft Launch Lug 2.0 265.00

Pedro Aft Adapter Ring 18.1 261.35

5000110 Ring 23.5 264.66

Forward Slide Ring 21.8 265.42

Aft Slide Ring 21.8 285.84

Tail Can 30.5 274.53

5000126 Tail Skirt 23.6 287.88

4000127 Tail Skirt 4.4 294.35

Fin Deployment Beams 4.5 275.63

Fin Deployment Hardware 6.0 275.66

Instrumented Plate 1.2 268.93

Instrumented Fin 71.1 281.69

Basic Fins (3) 181.1 282.89
-

• VEHICLF TOTAL 3965.8 2 12.23
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SECTION VII

• PROGRAM PLANNING AND COSTS

The scheduling and costs likely to be associated with
a f ligh t test program such as the one described in the pre-

- 
S vious chapters have been evaluated. Both schedule and cost

• have been estimated in an objective fashion since bids to

accomplish the efforts involved have not been solicited..

The schedule is postulated on appropriate contractors, ranges,

aircraft and components timely availability . The costs are
• based on SAl estimates of 1i~e1y contractor rates and SAl

projections of manpower required of those contractors , yet
unidentified . The cost estimates for components such as

electronics and instrumentation have been based upon candiate

vendors estimates for the FY80 time period. Again , no bind-

ing bids have been solicited .

7.1 PROG RAM PLAN

The f light pro gram define d in this repor t can be
organized in four major task areas with the sub—tasks listed

in Table 13 . Each task function is described in the fo low-

ing paragraphs.

7.1.1 Vehicle Fabrication and Assembly

The IFLEX~ vehicle wi ll be f abricated according to the
design drawings provided in the appendix to this report. The

Pedro rocke t motor must be acquired with propellan t loadin g
appropriate for the performance characteristics selected .

Telemetry and electronics systems for signal condition ing
must be r lcquired and integrated. These systems include the

antenna and power sys tems such as descr ibed in Section V .

— • • •• • • • - - • •- - -~ • • - ~~~~~~~~~~~~~~~~~~ 
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TABLE 13 . IFLEX Program Task Breakdown

1.0 VEHICLE FABRICATION AND ASSEMBLY

1.1 Airframe Fabrication

1.2 Rocket Motor Acquisition

1.3 Electron ics Acquisition and Assembly

1.4 Instrumentation and Electronics Integration

2.0 FLIGHT TEST OPERATIONS

2.1 Range Safety and Flight Qualification

2.2 Logistics and Field Assembly

2.3 Aircraft Flight and Range Operations

3.0 AEROHEATING EXPERIMENT

3.1 Instrumentation Acquisition and Calibration

3.2 Data Acquisition and Coordination

3.3 Data Reduction and Analysis

4 . 0  REPORTING
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The electronics systems and instrumentation must be integrated
into the airframe during fabrication .

• 7. 1 . 2 Fli ght  Test O~~ ra t ions

Both the contractors and government agencies involved
in the I FLEX program wi l l  partic ipate in f l i g h t  test opera-
t ions. The sat isfact ion of range safe ty  and a i r c r a f t  corn—
pa tib i li t y  and f l i g h t  qua l i f ica t ion  requires coordination
and direction from the program sponsoring organization , the
organization responsible for  f l i g h t  clearance , the organiza-
tion providing f l i ght operations (a i r c r a f t  and pilot) and
the organizat ion providing the range . In the program scenario
employed for  planning purposes , these government organizations
are iden t i f ied  in Section III. The role of the contractor is
to provide the data necessary to obtain range and f l i g h t  - -

operation s clearances.  Then the contractor provides the
necessary logistics and f ie ld  operations to load the IFLEX
vehicle on the a i r c r a f t .

7 . 1 .3  Aeroheating Experiment

The aeroheating experiment beg ins wi th acquisition
and cal ibrat ion of instrumentat ion. In most cases , the
candidate suppliers identified in Section V wil l  accomplish
some cal ibrat ion of instruments provided . Suff ic ient cal-
ibration to meet IFLEX requirements must be specified un i-
fo rmly  to all  suppliers or accomplished in addition to that
provided with the instrumentation . Data acquisition require-
ments and formats must be coordinated with the flight range

to assure appropriate telemetry reception , recording and
formatting . Finally, the instumentation calibrations and

• telemetry data must be combined through a data reduction

program. The data reduction will transform the telemetry t
• recovered into appropriate descriptions of aeroheating para-

meters measured as functions of the flight environment. This
requires combination of telemetry data and veh icle tra jectory

• data .
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7.1.4 Reporting

The contractors reporting requirements should include
periodic status reports , a comprehensive f l ight  test planning
review prior to shipping the f i r s t  vehicle from its assembly
poin t, pre and pos t fli ght repor ts for each fli ght, a final
summary review of the flight program operations and a final

summary review of aeroheating data. The latter two reviews

should be integrated to form the program final report.

7 . 2  IFLEX PROGRAM SCHEDULE ~ -• • ~

A functional schedule for the IFLEX program is illus-
trated in Figure 99. It is assumed that a two month separa—

tion between flights will provi de the flexi bility of modifica-
tion to the latter two fligh t plans base d upon the outcom e

of the first two flights. The early initiation of the data

analysis task will provide the data reduction program.

7 .3  IFLEX PROGRAM COSTS

Costs estimated for the IFLEX program , by subtask ,
are listed in Table 14. These are based upon estimates

by SAl of prices contractors are likely to be able to per-

form the various func tion s for , assuming the availability
of tra ined , know ledgable eng ineers and technicians. In mos t
cases these estimates have been confirmed as reasonable by

candidate contractors and suppliers , for a FY80 time frame ,
• - given the above availability assumptions.
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APPENDIX A

LIST OF DRAWINGS

• This appendix presents a list of all drawing numbers
and titles. Drawings are available from AFFDL/FXG.

DRAWING NO. TITLE
-

• 4000098 SLIDE RING - IFLEX

7 4000099 LUG-FWD LAUNCHING - IFLEX

4000100 LUG: LAUNCH, AFT IFLEX
5000110 RING, TAIL 

•

5000111 BASE PLATE, FIN-IFLEX ~~• --

5000112 BASE PLATE, INSTRUMENTED FIN-IFLEX

5000113 RING, ADAPTER - IFLEX
5000114 RING, TAIL ADAPTER-IFLEX

4 000115 DOUBLER , FORWARD LUG-IFLEX • • -~~~

4 000116 SPACER , FORWARD LUG-IFLEX

4000117 RING, FWD CYL ASSY-IFLEX TAIL
4000118 RING, AFT CYL ASSY-IFLEX TAIL

4000119 RING, FWD , SKIRT ASSY-IFLEX
5000120 FIN , SKIN—IFLEX

5000121 FIN, SKIN, INSTRUMENTED-IFLEX

5000122 CORE, FIN - IFLEX
5000123 CORE, FIN, INSTRUMENTED - IFLEX
4000124 RING, AFT SKIRT-IFLEX TAIL

4000125 CYLINDER, SKIRT ASSY - IFLEX

4000126 SKIRT ASSY - IFLEX TAIL

4000127 FAIRING , IFLEX TAIL STRUCTURE
5000128 CYLINDER ASSY, TAIL - IFLEX
4000129 LEADING EDGE IFLEX FIN

5000130 FIN ASSY, IFLEX
5000131 FIN ASSY, INSTRUMENTED - IFLEX
5000132 TAIL SECTION ASSY - IFLEX

2000133 SPACER
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DRAWING NO. TITLE

2000134 INSERT, SLIDING RING

2000135 PLATE, SLIDING RING , IFLEX

4000136 CYLINDER , IFLEX ACTUATOR

4000137 PISTON , IFLEX ACTUATOR

5000138 ACTUATOR ASSY , IFLEX

4000139 CAP ASSY, LEADING EDGE, INSTRUMENTED - IFLEX

4000140 IFLEX INSTRUMENTATION SCHEMATIC

3000141 KPM -2 -25 MULTICHANNEL TRANSDUCER

5000142 CYLINDER , TAIL - IFLEX

3000143 TRANSMITTER , TELEMETRY , L-BAND

3000144 HOT WALL CALORIMETER MODEL C-182l-J---ZZ-R-XXX-YYY

3000145 ANTENNA , C-BAND AND L-BAND

3000146 TRANSPONDER , RADAR , C-BAND
3000147 POWER SUPPLY , INTERNAL

4000148 DOOR , TAIL ACCESS - IFLEX

4000149 DOUBLER , TAIL ACCESS DOOR - IFLEX

5000150 FORWARD SKIRT - IFLEX

4000151 PLATE ASSY - AFT INSTRUMENTED

4 000152 PANEL ASSY - AFT INSTRUMENTED

3000153 MULTIPLEXER , FREQUENCY DIVISION

3000154 MULTIPLEXER , TIMER DIVISION

4000155 ANTENNA ASSY - C-BAND AND L-BAND
• 5000156 MAIN ASSEMBLY - IFLEX

5000157 PLATE ASSEMBLY - IFLEX MOTOR SECTION FAIRING

5000158 FLARE ASSY - IFLEX 6°

5000159 NOSE SECTION ASSY - IFLEX

4000160 ADAPTER FRAME Z SECTION

4000161 RING - 9 INCH SECTION , FWD ADAPTER

5000162 9 INCH SECTION ASSY - IFLEX

5000163 FWD SKIRT ASSY - IFLEX

3000164 PRESSURE TRANSDUCERS - ANGLE OF ATTACK

3000165 COMMAND RECEIVER - UHF

3000166 MECHANICAL TIMER • -

3000167 ANTENNA , UHF - COMMAND RECEIVER
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DRAWING NO. TITLE
3000168 ACCELEROMETER , FLIGHT DIAGNOSTICS
3000169 TRANSMITTER , TELEMETRY L-BAND 5 WATT

3000170 TRANSDUCER , FLUCTUATING PRESSURE
2000171 SLUG , PRESSURE TAP 

-

• ‘~
•
~~

t

‘ 4 $

I A—3 
-



—~-• --- •--—--~~- - -  
n—--- _wn_--— -________ -

— - 
______

n

• .- APPENDIX B • 
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This appendix conta in s the available manufacturer ’ s
specifications for instruments identified in Section V. 
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PRODU CT DMA Situ I 2.’OO

SERIES 1332/ 1333
GENERAL-PURPOSE
CAPACITIVE-TYPE ~~~~~~~~~ ~
PRESSURE - 

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

TRA NSDUCERS ,•.
• 

-

~~~~~~ ~~~~~~~~~~~~~~~~ •

-• High-level 0-5 VDC Out put
0.1% F.S. accuracy

Excellent long term stability
• Many standard ranges for absolute,

gage and differential pressure measurements

INTROOUCTION
- - reliability performance wher moderate levels of vi bra-Ros.mount s 1332 and 1333 Senes of Capacitive lion, shock and accelerati on are present. Th. us. ofPressure Tr ansduc ers offer high accurac y in ~ high quality and military grade electronic componentscompact size and a price comp etitiv e with many less further ensures dependabl e, low maintenanceaccurate devic.s. The common feature of 28 VDC input operat ion . it necessary for tota l system integrat ion, theand 0-S VDC output for each of the many standard 0-S VDC output can be specially calibrated over sped-

ranges available can greatly simplify the design of f ,eI~ pressure ranges.systems where a large number of measurements over a
wide rang. of abso lute, gage and differential pressure TYPICAL APPLICATIONS - •

spans a,s required. Engine Test Stands
Series 1332/1333 Transducers util ize Rosemount ’s FlIght Test Instrumentation

proven capacitive sensor technology in a design Fuel Control Systems
perlicularty su itab le for high-v olume production. The Barometr ic and Air Data Measurements
construction of these transducer s offers th. user hIgh Industr ial Control Systems

RosemcarLt __
‘UL P. SdWS Na 1?’&O*- 3fl’mI.W~ 3$S,s3

.4’ -

• ~~~~~~~~~~~~~~~~~~~~ ~~~ 
______________________________
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BLOCK DIAGRAM
MOORS 1332/1333 CAPACITIVE PRESSURE TRANSDUCERS

ISIIIUNCI PUISSUSU IP~ POUT •OU
D PTIUTNIIA I M ODSIT. 01 CAft VUNI
P01 0*01 MODItI fNO POll P01

PACIOST VIIINPUT OMITplIssull
5(50lPz) POUT

*5501 VII *00115)

.11 V~~ 

QICItIATOl I5CIT*T~ N 

*0$U5T pev ~ TtIN*~

UGNAt

INPUT 

CONtIOL OSCiLIAlOl

flNl$*N*

CAll OUOUNO II ONMI

5/ ISV COMMON ‘ -
S - - -

P

PRINCIPLE OF OPERATION ACCURACY

Al l Series 1332 and 1333 Transducer s feature Rose- The stat ic error band of the Series 1332/1333
mount’ s patented capacltve pressure sensor design. Transducer Is 0.10% of full scale output. This error
The unique low-stress diaphragm and precIsion Includes the effects of hysteresis, repeatab ility, L
capacitance measuring circuit provide high-accuracy resolutIon and non-l inearity. The effect of
performanc e, env ironmental factors can be Root-Sum--Squared

(ASS method) with the statIc error band to give the
As shown In the Block Diagram, the sensor capsu le overall operating accuracy for the specifIc applicat ion.

generates a capac itance signal directly proport ional to
the pressure sensed . A controlled product oscillat or — Temperature is the most significant error source in
cons istIng of an oscillator , a feedback network and a any pressure transducer. The Series 1332(1333 £
control amplifier — excites the sensing capsule such transducers are compensated with com puter-selected
that the signal cur rent fr om the detector is a linear electronic component s to opft miz. transducer
function of the sensed pressure. The signal ii scaled by performance over the range of 0’ to 150’F.

an output amplIf Ier to provide a low- impedanc e, high-
level 04 VOC output signa l,

2 Ros.rnourst

-~~ - 
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PERFORMANCE SPECIFICATIO NS AcceleratIon

Shock
iSg ’s, II ma

Non-LInea ri ty
±0 09% FS. maximum.

HysteresIs
- . ±0 04% F.S. maximu m. ELECTAICAL SPECIFICATIO ISRepeatabili ty

±0.02% F.S. max imum.
Resolution
±0.01% F.S. maximum . Output Voltage

Temperature 0 to +5 VDC into a load impedance of 5K ohms or
Zero Effect ±0.004% F.S.? F Typical greater.

±0.007% F.SJ F Maximum Power Supply
Span Effect: ±0 004% F.S.PF Typical +28 VDC power supply required 0.6 watt (21 mA)

±0.007% F.SJ’ F Maximum maxImum.
VIbration Reveree Polarity Protection

±0.04% F.S./G No damage from continuously reversed input leads.
Acceleration Short CircuIt ProtectIon

±0.04% F.SJG or 0.005 psi/O (whichever Is greater) No damage from continuously shorted output leads,
- •~ in most sensitive axis. Negligible error in other axes. Output impedance

Overpresaure 10 ohm maximum.
±0.1% F.S, maximum calibrat ion shift as a result of Insulation Resistance

overpre ss ure w ithin specified limits. 100 megohms , minimum , at 50 VDC.
Supply Regulation

±0.02% F Sivolt ove r input voltage range of 22 1032
VDC. 

- 
-

Response 
~~~~~ PHYSICAL SPECIFICATIONS

5 ma for 63% response
Long Term Stab ilIty (8 months)

±0.15% F.S. maximum calibration drift during a six
month operating period . Weight 

-8 ounces maximum.
A~ iretm.nts

Zero: ±2% F.S. MaterIals
Span: ±2% F.S, Stainless steel case silicone rubber “0” rIngs.

Each transducer will be permanently marked with
the following minimum InformatIon.

MOdel No.

ENVIRONMENTAL SPECIFICATIONS Electrical Connect ions
- Serial No.

Input Voltage
Output Voltage

Pressure Media
Any medIa compatible with Nl-Span-C and stain-

less steel,
Reference Media (dIfferential or gage)

Oty. non condensing gas. OPTIONS
— Uedte
300% full-scale pressure for ranges up to 15 psi.
200% full-scale pressure for ranges up to 50 psi. g~,erA~ caII~ aeon
150% full-scale pressure for ranges over 50 psI, and for The standard 0-S VOC output can be calibrated for22-32’ Hg range. many ~~~~1andard anire ranges If requited.
OperaBeg Temperature Range Contact your local Rosimount Field Sales OffIce for
0 to 150 F compensated (-IV to e5’C) further Information.
-s to 200 F uncompsnsat.d~storags (-54 toWC) Mal111 ~~~~~~~~Vibration Features cable strain reiIef~ specify Reasmount PIN

0.1 Inch doub le amplitude or 10 g’s peak from 510 C10071-100I-0250 (Bendix P/N PTOSAIO4S(SR) or
2000 Hz. equivalent).
NI-5 a.,.C is. I,ad,m.1 at lnl,maNnIsI NlcS.I Co.
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- DIMENSI ONAL OR A WIN~ S ___________________________

MODELS
— “~~~

—-- 5-OS MAX (TYP ICAL) 1332A /13320
Il/IS NIX — — ~~~~ 07 ~~~~ 3.52 fTYPI C AL) 0-SING SlAt IN CONNICYOS

_ _ _

_ _  

jAil

PSISSUSI TITlING PSI MS ~~~~~~~ LASh ASIA Cash v INY 7 ILICTIICAL CONNSCIOS
(flPICA %) (TYPICAL) 

_ ,,
/ 

)lYP~~~~~~~~~~S WI T H

CASI SITA ININO SCIIW . lIMO VI TOX 2150 AND SPAN ADJUST (TYPICA L)

POSITIVI PSISSUSI ~~~~~ ~~~ 
).,~~ — MODELS

P°~ ’ 
~~~~~~~ _________________________ 1332B/ ~~332D

1~~~~ J. -
wos

y~~~~~~~~

-

~ 

- 

~~~~~~~~~ tTh
P5155051 FITTING (2) PhI MS 33AS6. 2

I.I/ IS F LATS — i—. ~ ~~ ~~ • 
AX IS 

MODELS

I - 
(TYPICAL) 1333A /1333G

1/2 -14 NPT FIMA LI P5155011 FITTING

ORDERING INFORMATI ON
MODEL
1332A ABSOLUTE PRESSURE TRANSDUCER
13328 BI-DIRECTIONAL DIFFERENTIAL PRESSURE TRANSDUCER
13320 UNI-DIRECTIONAL DIFFERENTIAL PRESSURE TRANSDUCER
13320 GAGE PRESSURE TRANSDUCER
1333A ABSOLUTE PRESSURE TRANSDUCER (HIGH PRESSURE)
1333G GAGE PRESSURE TRANSDUCER (HIGH PRESSURE)

PRESSURE RANGE
CODE MODEL MODEL MODEL MODEL MODEL

- - 1332A 13328 1332D 1332G 1333*IG
1 0-5 psia ±2.5 paid 0-5 paid 

— 

0-S psig 0-500 psialpsig -t
2 0-10 psia ±5.0 psid 0-10 paid 0-10 psig 0-750 psia/psig
3 0-15 psi a ±7.5 psid 0-15 paid 0-15 psig 0-1000 psi i/psig
4 0-30 psia ±15.0 psid 0-30 paid 0-30 psig 0-1500 psia/psig 

- -5 0-50 psia — 0-50 paid 0-50 psig 0-2000 psia/psig - - -

6 0-100 psia — 0-100 paid 0-100 psig 0-2500 psia/psig ~~~~~~ —
7 0-250 psia — 0-250 paid 0-250 psi9 0-3500 psia/psig
8 0-500 psia — — 0-500 psig 0-5000 psia/ps ig
9 3-15 ps ia — — 3-15 psig 0-10000 psia/psig
10 22-32” H9A — — — —

f”7 32A 2 .~~ TYPICAL MODEL NUMBER

ROSe1 1lOufl Inc. POST OFFICE BOX 35129 MINNEAPOLIS, MINN E SOTA 55435 . 
-

PHONE:(612)941.5360 TWX : 910-516.3103 TELEX: 29 0183 CABLE: ROSEMOUNT — -

B— 5 Revised 1/78
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MINIATURE . QUARTZ . CHARGE MODE 11
HIGH-FRE QUENCY PRESSURE TRANSDUCER 

II[fl ~~~~~~~~~~~ j
for charge amplifiers Model 1 13A I

PIEZ OTRO I)T.~.S

• 500.000 Hz , one microsecond response — 
Is*o~~-,”.,tI,n,~~~w S u I ? 4

• acceleration -compensate d quartz element G i i l ” d  ~ “ O :  
/

- • low strain and motion sensitivity 

~~~~ / “
. floating clamp nut; metric or American thread “~

• flus h we lded , flat diap hragm; static calibration

• improve d interchangeable quartz mini gage ..
~~~
-L

-
~~ —d tb~

~~~ tfl~ r~t

TRANSDUCER ASSEMBLY
For shock wave , blast , exp losion , ultrasonic and (AS Supp l ed )

dynamic combustion pressure measuren lents req4.lir-
ing ultra-fast response.

SPECIFICATIONS: Model No. 113A
Range, Full Scaie psi 3000
MaxImum Pressure psi 10,000
Resolution psi 0.5

Model 1 13A high frequency, quartz transducer Sens itiv ity pC/psi 0.35
measures u lt ra•fa st  dynamic pressures for full vacuum Resonant Frequency Hz 500 .000
to 3000 psi (15,000 psi optional) - This miniature Rise Time j1sec 1

t transducer measures transient or repetitive pheno- Linearity, B.S.L. % F.S. 1
mena relative to the initi i i  or average pressutt~ level; Resistance ohms 1 01 2

over wide amplitude and frequency ranges under the Cap.ICII.Ini- ’  pF 12
most adverse environmental conditions. System volt Accelerat ion Sens it ivi ty psi/g 0.002age sensitivities range from 0.01 mV/psi to 300 mV/ reolperature Coetf icient %/°F 0.01psi depending upon the dllip lif ier involved . The Temperature Range °F 400elect rust~Itic charge signal from t his conventional Flash Temperatulc °F 3,000peizoeiectric transducer is converted into a voltage Vth ratIOIT/S h~~ k g 2000/20,000
signal in a PCB similar charge amplifier.

Thread , Clamp Nut UNF 5/16-24
The structure of thissophist icated instrument con- Polarity Neg.

talns a super rigid compression -mode quartz element :~Model No. (Optional Ranges)
wit h an integral compensating accelerometer to re- Low-Range 100 psi 113A02
duce vibration sensitivity and part ially suppress High-Range 10,000 psi 113A03
internal resonance effects. The net result is un-
matc hed dynamic response from a transducer that
installs interchangeably in existing systems. 

_________________________________________________

INSTALLATION: MOUNTING PORTS
Miniature quartz transducers install flush or re- -~ ‘~

cess ed in exis ting or new mini-gage ports directly in 
f 

-

~~~t he test object or in a variety of threaded mounting 5/TO 24 0, 5/50 24 o,
adaptors, as illustrated. A floating nut , with either a Ml . is ThIS . Mi 75 Thd .

! I
5/16-24 or Mi x 0.75 thread clamps the transduce r - - .  -

I t  .780
lat i o~ and removal of the sealed transducer assembly. Is2O~ - I .4

~~
f f

in place, isolates against strain and facilitates instal- I 400 I 400 - I(

To order a typical system , specify: the transducer I -
model number (1 13A ),  low-noise transducer cable 

~(003A 10’ or ot her length ); laboratory charg e amp li- 221 0. 0400 .  Typ —, -
her (model 462A); output cable (002A03’) and iSO Ous — — 250 0. — —‘
mounting adaptor (60 Series), if required . For the
metr ic threaded version (Mi x .75 clamp nut), add
the suffix “ M” aft er the model number. 

____________________________________________

-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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AIRUORNE CHARG E AMPL IFIER ‘

~~

‘ (
~J~

for charge mode transducers Model 423R . .-.. ._ ..-•~- -

PIIZOTRONICS
• connects directly to telemetry VCO 15.1’ fl.a
• do it youuelf ranging and biasing 

~
-
~

•.-—.1 ~• to lerat es large source capacitance ( ‘3000 pF) E. ‘
~ 

-

• works with low source tesistaitce 710

— • provIdes high-level, low Impedance output I Oil

• contains built-in aCtive filter - 
(~

‘)

• withstands 20,000 q shocks ‘ ‘f- - - - ---

- - 190 .-I I...
S — • comhines sniall a•ze , low mass and case ~ol~tton . - i

--

Fist matching conventional charge-mode p u b -  6~O 
—

elect s ic tr ansducers to telemetry VCO ’s or to re - t --  - 
- 

— —

cordars in project ile , flig ht , field , or vehicular appli  
_______ ____________

-

cations — ideal for stocking . SPICIFICAT IONS Model No. 4?31t
Input Rasige (to ; 4 15 V out put) pC ISO to 115000

Gain (Adiustable) iitV iit~ 0.3 to 30
linearoy %I S

M,i h’I -1 ,‘ l(l ,siJ~ii.,t.4l.Ip gau l ltIbIflI,llAtuIP -lia;ge an4t~l itlI ’l Frequ,nc~ llssponse 1 3 415 ) (5 1 Ha I t o  8000
tr ~n~ttii In’. ifl(ltIt ~(iai QP si gnals It 11511 10115-0111 11111:1 ) piPit ’ I requTnt-y R~~ons~Pips I I I ,  t I in-,~4 ti  I PI I IT tO voltage ‘nqIi.i)s , 01 II) I tIOITPII (ill t p lp oi l  ter ITU* 3 IllS) Hz I to 1000(3
ni ’ I SI an’.mi S Sing Ill lOT ~-~ i in ~g 10551 s i m on *-s Signal t -~ndi flitchaIge T 11141 ColiStailt sec 0 (6
tIOIliIIt5 ncIudp~ i angilig staqi,t.i , itiling. til termIlq . (siasing and Output Signal volt 0.5 to 5.0

if I l - t i l l g  this t iny, ;tigqpst . en~apsuIat d amplif ier opelates Output Limit; 
- 

vo lt 0 to S 8
Output Rip ’ . (Ad~ustable) vo lt 0.5 to 5.0

ni ~pi,,p ip sh, i, k .Ini) ‘.- iliIaIm,i,i PIWIItTIII1II ’ n l t ’ . Rids SI~h liiy ((lvei temp iaisgc ) mV k SO
Output lmped.nc. (le*~ than) ohm 1500

‘il S I T .111511 ii~ II lat e I i’SiS Oi .41 1 ‘ ‘55 15%-i ’ .Tt l-OsSit l l t ’ Noise h u t Iii pk I mY 20
- I5~ ’ i i  50 101  If  1,1 I s  Ii .4 t t ” . 01 od ~- .sv ad ii 555 ft-se ga m IT betwee n I CI-sIPI, a ttn S RSflg. “I 40 so + 200
it S ~iit1 III II” . 51 “5 \iilI I.4I tTI ’ .epdlIie M’S’, the bias level Vibration h~uk (0 (4k I 15000
bet wee n ~ 

!, t ~ 4 5- , u)~’, I ‘tIps Ila) I-, sit ~%I Ii lug Iss o oil tpu I Shock I 200 p set- 
- hall  tin.) g 20000

- ,i l f i I I’  I,’’ leInlina)’. swIt~ lTe~ Oil) AlT 8 KI1 -ii tis.’ (i lle , I ho Powet (reverse polasiw piotected) VUS ’ nsA • ~ *4 20
and te lated Its’.’. trpt~uent ’y I OT4TtTIT ’.P Isolation (mill catS lit power god) m.gntIIIT io~~so VOC

are l’ .~~l Input Connector micro 10 32
Output Cootsectot MOMISHOOIS

t iI;l, l i ,s ,IW)udp factory taslos ed langIlig. biasing anti Size (l.ngth s ~~dth v height) 013~ 1.0~082

Isheting Mminting Scre ws (8-32 length) in 017
N,,I.III W,Ih I ~* P.s. 12 ,1St ,‘,I F4it ~ ! mo

(h OCK DIAGRAM _____________

~~~~~~

.. ~~._ __ . .!. 
~~ 

~~~~~~~ ,,,,•,ISSI iSiO
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High Temperature
IS Pressure
Transducers
‘E’ SERIES

-_ _ _ _ _ _ _ _ _ _ _ _ _ _  ________ U Wide Temperature
Capability

A -65°F to 525°F

_ _ _ _ _  

I) . Flight Qualified

~~~~~~ 7 • Integrated Sensing (IS)
j  • High Natural Frequency
V U No Internal Lead Flexing

U Extremely Low
_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  G Sensitivity

The heart of the ‘E’ series transducer is the new The high temperature pressure transducer has
Kulite diolectrically isolated epitaxial sensing ele- been flight qualified both for use on supersonic
ment. It consists of a miniature silicon diaphragm aircraft engine-Intake systems and also for meas-
on which a fu lly active tour arm Wheatst one bridge uremont of surface pressure in missile re-entry ye’-
has been atomically bonded , with iso lation 

~~
°- hid e studies. Another appl ication , wh ich utili zes

lit construction ~~~~~~~~~~~~~~~~~~~~~~ the unique basic characteristics of the transducer ,
acteri stics in operation to high temperatur - ~ 

Is the measurement of acoustic noise in close
proximity to let engine exhaust.

In addition, the silicon diaphragm and the hans-
ducer housing are constructed to eliminate all in- The differential and gage versions of the ‘E’ series
ternal lead flexing. This removes any lead fatigue transducers are fitted with a reference tube, per-
and undesIrable secondary resonances caused by mitting use of a dry pressure reference source for
internal lead v ibration. It also enables the trans- op measurements or using an atmospheric refer-
ducer to withstand extremely high shock and ac- ence for gage pressure measurement. Oases ap-
celerat ion w ithout deterioration , plied to the reference side should be dry1 clean_ 

I and non-corrosive, and should not exceed 30 psi.
I suum fl atU 5 p~ C

5
es 5 50 I’SSU 5 ~ Higher reference pressures can be accommodated

m.1or mprovem.n 5 fl 0 OW ng C ar.c er- 
~ soecified, In the absolute version, a referenceIst lcs : (1) a marked increase in the natural h’~ pressure or vacuum Is contained Inside the unitquency, (2) a reduction in the pressure sensitive and the reference tube Is omitted.area, (3) a substantial decrease in sensit iv ity to

vibration , accelerati on and shock. A resistive network is used to compensate for
zero shift vs. temp eratur e . It consists of a module

All these featu res render the Kuli te ‘E’ ser ies t rans- co ntaining subminiature resistors. The module is
ducers ideally suitable for static and dynamic pres - temper ature insens itive and does not have to be
sure measurement in applications at temp eratures subj ected to the same temperature as the trans
from — 5’F to + 525’F. duce r.

B—8
KUL ITE SEMICONDUCTOR PRODUCTS , INC., i0~9 $OV T AVENUE . RIDGEF( EL0, N.J. • TEL 20)445.3000
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8. Differential Transduce~~ -
SpecificatIons

9~~ge Type fully active (olaf arm Wh.atston. Bridge

Ret.dPressure lOpal 2S psl SO psi lOO ps1 200 psl 300 peI

Maximum Pr.asur. 20 psI 50 pal ¶00 psI 200 psI 300 psI 450 psi
Full Scale Output , Nominal 3SmV 50 my 100 mV 100 mV 100 mV 100 mV

Excitation (V AC Or DC) 30V iSV ISV 10ff WV 10ff

Input Impedance 1000 ohm m m .

Output impedance 2000 ohm max,

Z.roB.ianca ±15% PS ±10% FS t5% PS ±5% PS ±5% FS ±5% PS
Combined Non-Linearity
and HysteresIs ±1.0% FS max.

—iiepeatabillty 0.5% PS

Compensated Temperature
Fla n~, (Standard) 80’F to 450’F (25 C to 235’C)

Operating Temperature Range — 65 F to 525 F (—55 C to 273 C)

Change of SenaltMty
with Temperature within 10% over compensated range

Change of No-Loan Output
with Temperature within 20% over compensated range

Thermal Set 01 Zero 5% FS

Thermal Set of SensItivity 1% PS

Natural Frequency (Minimum) 70kHz 100 kHz 100 kH2 130 kHz 200 kHz 270 kHz

Acceleration Sensitivity
Perpendicular .001 % FS/g .0005% FS/g .00025% PS/g .0002 % FS/g .0002 % FS/g .0001 % PS/g
Transverse .0002% FS/g .0001% FS/g 00005% FS/g .00004% FS/g .00004% FS/g .00002% FS/g

XTE—1--190/XTE -190 Series Outline
/ 5 PR ESSURE REFERENCE1 16 . -

~~~~ TUBE FOR P510 AND
A L B  ~~~~~~~~~~~~~~~~~~ 

~~ ~ 
PSID UNITS

XTE-1-190 —f-~~ -4--

3/s HEX HEAD

’

\ 

/~PRESSURE SENSITIVE

~~~~~~~~~~~~~~ TEMPE RATURE 

1”LONG. 

/ ¶~
~~~ PERA 1URE~~~~[_] 6” LONG Z~~~

E
~

SATI ON 

~ 
4CON UCTOR

MODULE -~t~J 
S/IS HEX HEAO

7 
24” LONG

111111

~~R :: :iNG J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ DIA) * SCREEN AVAtLA BLE. DIAMETER WITH SCREEN .152”

0 RiNG S/ ISa 1/4 “ ‘ .610 INSTEAD OF i40”. COlT LENGTH .455”
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TECHNICAL DISCUSSION

FOR: SCIENCE APPLICATIONS

The sensor confi guration we are proposing is shown in Drawing No.
A-14645. This sensor employs a chromel-constantan Gardon Gauge
with chromel  as the foi l and cons tantan  edge and center wires in all
welded con st ru ction on a s ta in less steel body. This construction is
proven , and pr ef e rr ed as discussed below f or high temperature  appli -
cation.

The standard copper-constantan Gardon Gauge embodies the correct
balance of thermophysical and thermoelectric properties for low
temperature  dependence of the output up to 400°F bod y temperature.
For temperatures  above 200°F , experimental  data shows a maximum
temper a tu re  dependence (negative) of —. 03%/ °F  for the copper-conetan-
tan gauge , with typical results as shown on GA-1165 in the lower
temperature reg ions. It can be seen on GA-1165 that the temperature
dependence of copper-constantan is f irst  positive and then negative
at low bod y temperature so that the error does not deviate significantly
from ave rage value obtained in low body temperature calibrations . For
hi gher body temperature operation , all Gardon Gauges including
copper-con stan tan will exhibit a decreasin g sensitivi t y with increasing
temperature. The constantan foil-coppe r bod y and center wire combina-
tion is still preferred in most applicatio ns , however , due to its well
proven construction , simple confi guration not requi ring an edge wire
and the ability of the copper bod y to dissi pate large amount s of heat to
cooling or sink.

For your app lication , however , the anticipated 1500 °F operating
temperatures may exceed the melting point of the coppe r center wire
unless the out put is restricted to about 4 mV at 1 500°F bod y tempera-
ture. As a basis for selection , It is possible to rank alternate Gardon
Gauge confi guration in the following order from best to wor st on the basis
of sensitivity and sensitiv ity temperatur e dependence above 400° F .

8-10 —
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TABLE I

RELATIVE PERFORMANCES OF GARDON GAUGE DESIGNS HAVING
SAME FOI L DIAMETER AND THICKNESS

Rank Sensitivity Negative Tempco

• I (highest) Chromel foil (highest) Chromel foil (lowest)
Constantan wire Constantan wire

Constantan foil Constantan foil
Chromel wire Copper wire

3 Constantan foil Chromel foil
copper wire Alumel wire

4 Chromel foil Constantan foil
Alumel wire Chr omel wire

5 Alumel foil Alumel foil

Ch romel wire Chromel wire

The combination ranked No. I on both bases of comparison Is proposed.
Hy-Cal has produce d this type sensor prev iousl y for use by NASA-Lang ley
and others in hot wall heat flux measurements for space shuttle insulation
tests. Four typical calibrations for Model C-186l-E-z00 Calorimeters are
attached. These units have copper bodies and are kept cool during
calibrati on. Temperature dependent calibrations on the constantan f o U l
chromel wire combInation , 4th ranked for tempco in Table 1, are shown
on four attac hed calibration s for Model C-l8~ 1-G calorime ter s. These
units have stainless steel bodies like the units proposed , and are the
same units for which raw dat a was provided durin g your meeting at Hy-Ca l.
The results illustrate the type of temperature calibrations you require ,
and also I llustrate by their similarit y that temperature dependence can
be well established on a sampling basis . The proposed units will theoret-
ically have about 70% of the temperature dependence shown . Perha p s
more important ly, they will have 20 to 30% hi gher sensiti vity , and almost
twice the sensitivity at high temperature of the standard constantan /foil
copper wire combination. Thi s means that reasonable outputs can be
obt ained without having to drive excessive temperature gradient s in the
foil; on the order of 10 millivolts for 300°F ~ T from center to edge. Lower
~ T reduces any effect of the foil temperature rise on the intended con-
vect ive heating measureme nts. It also allows smaller diameter foils and
faster time constant s for given constrai nt s on output and ~~T.
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Drawing A-146l5 shows the opt imum sensor for your app lication welded
onto an optimum stainless steel body confi guration. The confi guration
allows installation on 0. 3 inch centers to meet your hi gh density
mounting requirements. A flange mount is used for ease of installation
side by side in tight quarters using two #6 socket head or fillister head
screws. Thi s way the entire unit with leads need not be turned , which
is often impossible to do. A threaded body confi guration can , of course ,
be made if you do not have any of these constraints. Hy-Ca l is alsr~
proposing a custom stainless steel sheathed high temperature lead that
combines all required wires in one 1/16” dia. sheath , which reduces
the number and weight of hi gh temperature leads that mus t be routed.
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