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PREFACE

This report summarizes the results of an analytical and experimental study which

objectives were to evaluate alternate configurations for mass-jettison-drogue ICBM nosetip
recovery vehicles, and to perform wind tunnel tests on those configurations found most attractive.

This work was performed by Prototype Development Associates, Inc. , 1740 Garry Avenue, Santa
Ana, California under the management of Major W. E. Mercer of the Defense Nuclear Agency ,

with technical assistance provided by Captain J. Pellegrini of the Air Force Space and Mi8aile
Systems Organization.
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Conversion factors for U. S. customary to metric (SI) units of measurement.

To Convert From To Multiply By

angstrom meters (in) 1.000 000 X E -10
atmosphere (normal) kilo pascal (kPa) 1. 013 25 X E +2
bar kilo pascal (kPa) 1.000 000 X E +2
barn meter2 (m 2) 1.000 000 X E -28
Br~ttsh thermal unit (thermochemical) joule (J) 1.054 350 X E +3
calorie (thermochemical) joule (J) 4. 184 000
cal (therrnochemical)/cm2 mega joule /rn2 (MJ/m 2) 4. 184 000 X E -2
curie giga becquerel (GBq)* 3.700 000 X E +1
degree (angle) radian (rod) 1.745 329 X E -2
degree Fahrenheit degree kelvin (K) = (t° f + 459.67)/1.8
electron volt joule (J) 1.602 19 X E -19
erg joule (J) 1.000 000 X E -7
erg/second watt ~W) 1.000 000 X E -7
foot meter (in) 3.04 8 000 X E — 1
foot-pound-force joule (~) 1.355 818
gallon (U. S. liquid) meter (in 3) 3.785 412 X E -3
inch meter (m) 2. 540 000 X E -2
jerk joule (J) 1.000 000 X E +9
joule/kilogram (J/kg) (radiation dose

absorbed) G ray (Gy)” 1.000 000
kilotons tcrajoules 4. 183
kip (1000 lbf) newton (N) 4 .44 8 222 X E +3
kip/lnch 2 (ksi) kilo pascal (k Pa) 

2 
6.894 757 X E +3

ktap newton-second/rn
(N-s/rn 2) 1.000 000 X E +2

micron meter (in) 1.000 000 X E —6
mil meter (m) 2.540 000 X E -5
mile (inte rnational) meter (in) 1.609 344 X E +3
ounce kilog rain (kg) 2.834 952 X E -2
pound-force (lbf avoirdupois) newton (N) 4.448 222
pound-force inch newton-meter (N m) 1. 129 848 X E -1
pound-force/inch newton/meter (N/rn) 1.751 268 X E +2
pound-force/foot2 kilo pascal (kPa) 4.788 026 X E -2
pound-force/inch2 (psi) kilo pascal (kPa) 6.894 757
pound-mass (ibm avoirdupois) kI logram (kg) 4.535 924 X E -1
pound-mass-foot2 (moment of inertia) kilogram-meter2

(kg.m2) 4.214 011 X E -2
pound-mass/foot3 kilog ram /meter3

(kg/rn 3) 1.601 846 X E +1
rod (radiation dose absorbed) Gray (Gy)” 1.000 000 X E -2
roentgen coulomb/kilogram (C/kg) 2. 579 760 X E -4
shake second (s) 1.000 000 X E -8
slug kilogram (kg) 1.459 390 X E +1
tory (mm 11g. 0° C) kilo pascal (k Pa) 1.333 22 X E -1

‘The becqucrel (Bq) is the SI unit of radioactivity ; 1 Bq = 1 event/s.
“The Gray (Gy) is the SI unit of absorbed radiation.
A more complete listing of conversions may be found in “Metric Practice Guide E 380~74 ,”
American Society for Testing and Materials.

-2—



TABLE OF CONTENTS

Section

2.0 SIZING STUDY 15

~~ 1.0 INTRODUCTION AND SUMMARY 7

2. 1 Performance Requirements 15
2.2 Vehicle DesIgn 15
2 ,3 Conclusions 27

3.0 W IND TUNNE L TESTS 35

I 3. 1 Facility Selection 35
3.2 Apparatus 35

3.2. 1 Wind Tunnel 35
3.2.2 Model 37
3.2.3 Instrumentation 37

3.3 Procedure 48
3.3. 1 Test ConditIons 48
3.3.2 Test Procedure 48

3. 3.2.1 General 48
3.3. 2.2 Data Acquisition 53

3. 3.3 Data Reduction 53
• 3.3.4 Data UncertaInty 54

3. 3.4. 1 Test Conditions 54
3. 3.4 .2 AerodynamIc Coefficients 54

3.4 Results 55
3.4. 1 Wind Tunnel Data 55
3.4.2 Comparison to Theory 66

4.0 CONCLUSIONS 78

5.0 REFERENCES 80

.3..

~~~~~~~~
-_•~~; ~:

________  - 

~~~~~~~~~~~~~~ ______  __________  
- 

~t ~~~~~~~~~ ~~ - .. ml



-

~~~~~~

I
LIST OF FIGURES

Figure

1-1 Mass-jettison-drogue (MJD) recovery concept. 8
1-2 FLAME drag data comparison. 9
1-3 FLAME flow fields. 11
1-4 Recovery vehicle confIgurations. 12

• 1—5 Model nosetips. 14

2-1 Stagnation point recession history comparIson. 16
2-2 Effect of recovery ballistic coefficient charge on parachute requirements. 17
2-3 9. 25-Inch base wake-drogue. 20

• 2-4 9. 25-Inch base flared body. 21
2-5 10. 0-Inch base wake-drogue (sharp and blunt). 22
2-6 11. 0-Inch base flared body (sharp and blunt) . 23
2-7 17. 0-Inch base wake-drogue. 24
2-8 17. 0-Inch base flared body. 25
2-9 Typical deceleration profile . 29
2-10 Typical velocity profile. 30
2-11 Drag area and volume comparison. 32

3-1 WInd tunnel and model Injection system. 36
3-2 Model details. 38
3—3 Nosetlps. 42
3-4 Boundary layer trips. 43
3-5 Gardon gage location. 46
3-6 FLAME flow fields. 57
3-7 FLAME configuration shado’wgraphs. 58
3-8 FLAME drogue angle sensitivity. 59
3-9 FLAME nose shape sensitivity (Mach 5). 60
3-10 FLAME nose shape sensitivity (Mach 4). 61
3-11 FLAME nose shape sensitivity (Mach 3). 62
3-12 Pre-recovery nose shape sensitivity. 63
3-13 FLAME bluntness sensitivity (25° drogue). 64
3-14 Flared body drogue angle sensitivity. 65
3-15 Flared body nose shape sensitivity (30° flare, Mach 5, 0. 135 bluntness). 67
3-16 Flared body nose shape sensitivity (25° flare, Mach 5, 0. 135 bluntness). 68
3-17 Flared body nose shape sensitivity (25° flare, Mach 3, 0. 135 bluntness). 69

• 3-18 Flared body nose shape sensitivity (25° flare, Mach 5, 0. 190 bluntness). 70
3-19 Flared body nose shape sensitivity (25° flare , Mach 5, 0. 250 bluntness). 71
3—20 Boom size sensitivity. 72

3-22 Influence of bluntness on drag. 74
• 3-23 Influence of bluntness on center-of-pressure position. 75
- • 

• 3-24 Influence of drogue/flare angle on drag. 76
3-25 Influence of drogue/flare angle on center-of-pressure position. 77

~~~~~ 3—2 1 Flare position sensitivity. 73

—4—

• — - .-———-----——— .- , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — -. 



r —-—-———‘--—-
~
———- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— •- - - •~~~~

.-.-—• - •• • • - ----
~~

---- --
~~

- --~-• - - • • •. •
~~~~

• •. _
~~~~

-a
LIST OF TABLES

Table

2-1 FlIght configuration study matrix. 19
2-2 Recovery vehicle electronics packaging study. 26
2-3 Typical weight and balance calculation summary. 28
2-4 Recovery performance predictions. 31

3-1 Hemispheric, biconic, flat, and asymmetric nosetip dImensions. 44
3-2 Pedorical nosetip dImensions. 45
3-3 Test summary data group numbers. 49
3-4 Model component desIgnation. 52

*

—5—

~~~~~~~~~ i~~~
- ——-- ---— - - ——--



4

1.0 INThODUC TION AND SUMMARY

t Reentry vehicle nosetip design is an area of continued interest in ballistic missile
research and development. Many unresolved questions would be answered If the nosetips of high
performance vehicles could be recovered economically. The initial steps in the development of
such a capability were funded under two previous DNA contracts to Prototype Development Associ-
ates , Inc. (PDA)~ the HEART Recovery Vehicle (HRV) Program (Reference 1), and the Fighter

• Launched Advanced Materials Experiment (FLAME) Program (Reference 2). The first of these was
a concept demonstration program with a sounding rocket launcl~ vehicle. The second program used
a fighter launched booster to simulate the terminal portion of reentry; however , even In this case,
the environment was less severe than for a modern ICBM.

In both programs, a special purpose reentry vehicle based on the “mass-jettison-
drogue” (MJD) concept was utilized. This concept is illustrated schematically In FIgure 1-1. The
vehicle L:~ludes a nosetip section, a drogue section, a connecting ~~ructural boom, and high density
side panels. At the recovery initiation altitude (typically 10 to 15 Kft) , pyrotechnic devices part the
external heatshield and deploy the side panels. The result ing abrupt decrease in mass and Increase
in drag causes a large decrease in the vehicle ballistic coefficient. Thus, the vehicle decelerates
rapidly to subsonic velocities permitting deployment of a parachute stowed in the drogue section.
Typically, the drogue section also will contain various devices to aid the search team in locating the
vehicle after touch-down, as well as a telemetry system to transmit tn-flight data.

An underlying philosophy of the HRV and FLAME programs was to obtain an early
flight evaluation of the MJD concept with a minimum of design studies and ground tests. This

approach was reasonably successful with an actual recovery achieved under each program. Most of

the problems encountered were of a routine nature to be expected with new hardware development.

• Figure 1-2, however, ifiustrates a potential problem with the specific geometry
selected for the recovery vehicles. Shown are drag coefficient data for two FLAME flights derived

from radar trajectory data for the period afte r side panel deployment. Also presented are theoreti-
cal drag curves for 1) the drogue alone, and 2) the complete reentry vehicle before side panel
deployment. The measured data for Flight F-002 roughly parallel the theoretical drogue curve and
are free of abrupt discontinuitles. These F-002 data suggest a stable flow pattern with a relatively
small separated region at the drogue root (where it joins with the boom) . The drag level is entirely
satisfactory for the recovery system.
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The drag for the Flight F-007 vehicle, however, was in close agreement with the

pre-panel deployment predictions until the Mach number decreased almost to three. The drag

then increased abruptly to the normal level. Apparently, for the init ial period after panel deploy-

ment, the boundary layer was separated over the entire center section of the vehicle as shown in

Figure 1-3a. With this flow configuration (termed “closed cavity” flow) , the inviscid flowfield and

pressures would essentially be the same as before panel deployment . In contrast, the “normal”

(or “open cavity”) flowfield , with high drogue drag, is as shown in Figure 1-3b.

Closed cavity flow was evident on only one of the several MJD flights to date. How-

ever, even this single example would indicate that open cavity flow is only marginally stable for

the vehicle configuration and flight regime tested. Since ~reulctable rapid deceleration is essential

for reliable low altitude recovery, aerodynamic testing seemed a necessary prelude to furthe r

fligh t vehicle development.

The Vehicle Recovery Technology Program , sponsored jointly by SAMSO and DNA

under Contract Number DNAOO1-76-0310, was instituted to fulfill this need. The objective was to

investigate the effects of geometry variations on the aerodynamics of configurations suitable for

• IC BM range MJD recovery vehicles.

A total of eight conceptual designs were developed with base diameters ranging from

9. 25 inches to 17 inches and ballistic coefficients (pre-recovery) ranging from 1990 lb/ft 2 to

3600 lb/ft 2. The vehicles were designed for recovery initiation after peak stagnation pressure, and

to have static margins of at least five percent before recovery initiation and ten percent after

2 recovery initiation. The internal packaging of each vehicle was designed to include a parachute

system and all electrical components required for ICBM recovery.

The conceptual designs fell into two categories referred to ~ -
- 

~ ake-drogue vehicles

and flared body vehicles. These are illustrated in Figure 1-4 . The wake-drogue veh icles are

~~~~~~ simple geometry variations on the basic FLAME configuration with solid booms. The flared body

vehicles, on the other hand, have hollow booms of the same diameter as the base of the nose section.

The results of the conceptual design studies strongly suggested that the flared body

configuration would prove superior to the wake-drogue configurations. Inherent advantages of the

flared body are:

1. The hollow boom allows more efficient vehicle packaging. The
Improved packaging permits a lower fla.e angle (with reduced
vulnerability to separated flow) for a fixed static margin and a
fixed ballistic coefficient ratio (ratio of ballistic coefficient
before and after panel deployment) .

•

~~

-

~ 
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WAKE - DROGUE

FIgure 1-4. Recovery vehicle configurations.

2. The improved packaging efficiency also allows more flexibility in
fl ight experiments. For example, longer nosetips and a larger
variety of nosetip recession sensors are feasthie with the flared
body.

3. The large diameter hollow cylinder boom is more structurally
efficient than the solid boom permitting larger tip-off angles at

A 

panel deployment without boom deformation.

Other important conclusions of the analytical studies were that, to meet the goal of recovering nose-

tips with a fInal shape representative of a normal (no recovery attempt) fl ight, a recovery initiation

altitude of about 15 Kft Is adequate and the ratio of ballistic coefficients before and after recovery
Initiation should be at least ten.

The aerodynamic tests were conducted In the AEDC Tunnel A at Mach numbers of 3,
4, and 5, and at unit Reynolds numbers up to 4 x 106/ft. Some initial heat transfer measurements
were made early in the program to ensure a turbulent boundary layer In the regions of potential

separation. The basic source of data, however, was force measurements from which drag coeffi-
cients could be derived.

-12-
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The wind tunnel models were composed of modular sections that could be assembled
in a variety of ways to obtain a large number of geometries. Included were three different boom
diameters corresponding to a FLAME type wake-drogue, a flared body, and an intermediate diam-1 

0 0
- eter. Flare (drogue) angles were varied from 20 to 35 . Fifteen different nose sections were

available (FIgure 1-5) to evaluate the effect of po~sible ablated shapes on flow stability. Also tested
were configurations corresponding to the basic vehicle (pre-panel deployment) with various bluntness

- 
ratios.

I

The force measurements were taken while the model angle-of-attack was varied con-

• tinuously between -5 degrees to +22 degrees at a pitch rate of 0.5 deg/sec. In this way, it was possible
to obtain a large amount of data In a minimum number of runs.

Tests with the original FLAME configuration confirmed the hypothesized explanation
of the Flight F-007 anomaly. When the model was inje cted at zero angle-of-attack, a closed cavity
flow field would result. However, when the model was pitched to one degree or more angle-of-attack ,
the flow field changed to the open cavity type with a corresponding large Increase In drag. In some
cases, the open cavity flow field would persist when the model was returned to zero angle-of-attack.
Thus, the flow could be termed bi-stable at angles-of-attack or less than one degree.

The overall test results confirmed the conclusion of the analytical studies; i.e., the
flared body geometry is superior to the wake-drogue configuration. The flow field patterns for the

4 two geometries were similar, though separation was never bi-stable for the flared body. When the

~~~ flare angle was reduced to 25 degres, the desirable open cavity pattern was stable for all angles-of-
attack and all forebodles. The configuration studies showed that a 25 degree flare provided adequate
drag for the flared body (because of its packaging advantages), but Inadequate drag for the wake-

- drogue. An additional advantage of the flared body demonstrated by wind tunnel data Is that the
drag Is less sensitive to nosetlp shape than the wake-drogue.

- It was concluded that a recovery vehicle meeting all of the goals of the VRT Program
( is feasible. Designs are presented for vehicles with ballistic coefficients up to 3500 lb/ft and peak

2 dynamic pressures up to 160 atm. These vehicles should have stable aerodynamics both before and
- 

r after low altitude recovery Initiation.
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2.0 SIZING STUDY

E ight recovery vehicles (R/V ’s) were designed to satisfy four different nosetip

recovery missions, to provide guidance In selecting wind tunnel model configurations. It was found

that recovery vehicles should be designed for initiation altitudes below 20,000 feet, requiring that

the ballistic coefficient drop by a factor of at least ten at recovery deployment. Both flared body

and wake-drogue vehicles were designed for each mission and the flared body vehicles were found to

be superior in eve ry respect.

2.1 PERFORMANCE REQUIREMENTS

The basic requirement for a nosetip recovery vehicle is that recovery should not be

Initiated until nosetip recession is nearly complete. FIgure 2-1 shows the recession history for a

typical ICBM, and superimposed on the curve are recession histories for R/V ’s recovered at 15,000

feet for three ballistic coefficient ratios (ratio of ballistic coefficient before and afte r recovery
initiation) . It can be seen that nosetip recession Is nearly complete at 15,000 feet, and that the mag-
nitude of the recovery ballistic coefficient change has little effect on total recession. If recovery is

initiated at very low altitude, the ballistic coefficient decrease afte r initiation must be very large to

decelarate the a/v down to parachute deployment speed before impact. FIgure 2-2 shows impact

velocity as a function of recovery initiation altitude for the three ballistic coefficient ratios shown

above and for the FLAME vehicle. This map illustrates the capability of the hypersonic decelerator

concept to obtain the low subsonic terminal velocities necessary to avoid terminal decelerator

design problems. Standard parachute designs and practices can be used for the terminal recovery

system. It is seen that for the ballistic coefficient ratios of 12 and 18, deceleration is extremely
4. rapid and the impact velocity is Independent of initiation altitude over the range in initiation altitudes

shown. In contrast, the R/V ’s with lower ballistic coefficient ratios have impact velocities that are

strong functions of initiation altitude. This is an undersirable characteristic because the terminal

} recovery system would have to be overdeslgned to be able to survive a reasonable range of off-

nominal trajectories. The above considerations suggest that a recovery vehicle should be designed
- for initiation around 15,000 feet altitude to acco;~ plish the nosetip recession test objective, and that -

•

• the ballistic coefficient should decrease by a factor of ten or more at initiation to minimize terminal

decelerator design problems.

2.2 VEHICLE DESIGN

Eight vehicles were designed to achieve specified nosetip recovery goals. Both wake-

drogue and flared body vehicles were designed for four pre-recovery geometries. Each vehicle was

—15—
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designed for ICBM trajectories having entry conditions:

VE 
= 22,500 ft/sec

hE = 300,000 ft

~
‘E 

= -25 to —35 deg

The entry angle (‘~~ ) was found for each configuration that provided maximum nosetip ablation while

achieving (or coming as near as possible to) the stagnation pressure goal. The eight configurations,

and the resultant vehicle weight, ballistic coefficient, static margin, entry angle, and stagnation

pressure are summarized in Table 2-1. The design goals for the vehicles were:

• Peak stagnation pressure: 160 aim

• Nosetip overhang: 4 Inch

• Static margin:
> 5% before recovery initiation

> 10% after recovery initiation

A complete preliminary design of each oC the eight vehicles was generated Including
packaging layout, aerodynamic calculations, weights and balance calculations, and trajectory analy-
sis. All configurations Included packaging capability for the following items:

• Parachute terminal recovery system providing terminal
velocities of 80-180 fps.

• Telemetry system.

• 50-watt C-band radar transponder on recovered configurat ion.

• Ni-Cad battery for pre-recovery power supply (jettisoned
with fairing sections).

• Thermal battery for post-recovery power supply .

• Nosetip recession instrumentation.

• 3-Axis rate gyros and accelerometers.

• Inertial faze for recovery Initiation.

FIgures 2-3 through 2-8 show the packaging layouts developed for each of the eight

vehicles. Table 2-2 summarizes the telemetry and electronics packaged.

Both 9.25-inch base diameter vehicles (1 and 2) and the li-Inch base diameter wake-

drogue configuratIons (3 and 5) were somewhat space limited requiring a PAM FM/FM telemetry
systam. Tb remaining configurations allow Incorporation of a PCM encoder.
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L ConfIguration 1 lacka available packaging volume for either nosetip recession inst ru-

mentation or a 3-axis rate gyro assembly. However, configurations 4, 6, 7, and 8 have weight and

volume capability for expanding the electronics well beyond the 20 pound system described. For

example, they will accept the PDA multiray recession instrumentation which weighs approximately

5.5 pounds and requires approximately 60 cubic inches of packaging volume.

The components described are all catalogue items with the exception of the 3-axis

rate gyro package, and the radar transponder in configuration 2. Data on the gyro package and

transponder were obtaIned by direct communication with the component vendors.

Aerodynamic coefficients for the pre-recovery geometries were obtained using tabu-

lated results of the computer code described in Refe rence 3. AerodynamIc coefficients for the

recovery geometries were calculated using the approximate technique of superposition of sections to

obtain total body coefficients. Coefficients for each section were obtained from the tabulation des-

cribed above. Note that this technique implicitly assumes that the flow is attached over the entire

body.

Table 2-3 and Figures 2-9 and 2-10 show samples of the final weight and balance code

and trajectory code analyses for one of the eight vehicles.

Table 2-4 summarizes the recovery performance predicted for the eight designs.

Comparing each pair of vehicles, it can be seen that in every case the flared body is more stable

than the wake-drogue and allows recovery at the same or lowe r altitude . The reasons for this are

shown In FIgure 2-11. Due to its shape, the boom of the flared body provides efficient packaging

for the electronic components minimizing the volume required in the flare . This allows the forward

conical surface of the flare to be moved much farther aft than is possible on the wake-drogue. This

repositioning results in a substantial increase in both drag area and stability.

2.3 CONCLUSIONS

The following conclusions were reached by comparing the wake-drogue and flared body

designs for each of the four pre-recovery configurations:

• • The flared body should have higher drag and a farther aft center-
of-pressure than the wake drogue (assuming all attached flow) .

• The flared body required less ballast than the wake-drogue.
Consequently, the 9.25-inch base diameter flared body can
achie ve the 4-Inch nosetip overhang goal, while the wake-drogue

• vehicle of the same size cannot.
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• Pre-recovery static margin of the flared body vehicle can be
varied to suit the nosetip experiment objectives; however, a
wake-drogue vehicle that meets the 10 percent recovery
configuration static margin goal will necessarily have a pre-
recovery static margin exceeding 14 percent.

• Due to the difference in volume available along the vehicle
centerline, the flared body is better suited to nosetip reces-
sion sensor experiments than the wake-drogue.

• The larger diameter boom of the flared body has over triple
) the angle-of-attack capability of the wake-drogue.

The following conclusions were reached relative to the recovery vehicle performance
goals:

• The 0. 75 inch nose radius vehicles evaluated could all achieve
the 160 atm goal, while the blunter vehicles could not. Note:
the blunter vehicles could also achieve that goal if their weight
were Increased with additional ballast. For example, vehicles
7 and 8 would reach 160 atm If their weights were Increased
approximately 70 pounds.

• Peak stagnation pressures occur around 20,000 feet altitude.
All the vehicles designed can be safely recovered at or below
that altitude using a single stage subsonic parachute.
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3.0 WIND TUNNEL TESTS

Static stability and axial-force data were obtaIned on 101 configurations at Mach

numbers 3.01, 4 .02, and 5.05 and free-stream unit Reynolds numbers of 2, 4, and 4 million per

foot, respectively. Effects of configuration nose shape, nose bluntness ratio, boom size, drogue

angle, and drogue location on vehicle performance were Investigated. Qualitative heat-transfer

rate data were obtained simultaneously with the force data at Mach number 5 on 32 confIgurations

to determIne the effectiveness of the trip devices In producing turbulent flow forward of the drogue

surfaces. The angle-of-attack range was from -5 to 12 degrees at zero sideslip. A complete list-

lug of the test data is contained In Reference 4.

3.1 FACILITY SELECTION

— An evaluation of wind tunnels for this test series was conducted, and Supersonic

Wind Tunnel A of the von Karman Gas Dynamics Facility at Arnold Engineering Development Center

(AEDC), Air Force Systems Command (AFSC), located at Arnold Air Force Station, Tennessee was

selected. This facility was chosen for the following reasons:

• Reynolds number: Turbulent flow over essentially the entire
model was required.

• Mach number: The Mach number range of tunnel A brackets
the Mach number at which the FLAME drag anomoly was
observed.

• Economy: Tunnel A allows more runs per 8-hour shift than
any other tunnel considered. Due to the very large number
of runs planned, this was an Important consideration.

- 

I • Visual observation: Direct observation and shadowgraph

This is not true in tunnel B.
~~ photography of the critical vehicle center section is possible.

• Model interchangeability: If higher Mach number data should
be desired at a later time, a model designed for Tunnel A can
also be used in Tunnel B.

3. 2 APPARATUS

3.2. 1 WInd Tunnel

Tunnel A (FIgure 3-1) is a continuous, closed-circuit, variable density wind tunnel

with an automatically driven flexible-plate-type nozzle and a 40- by 40-inch test section. The tunnel

can be operated at Mach numbers from 1.5 to 6 at maximum stagnation pressures from 29 to 200 psia,
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b. Model injection system.

~~~~~~~~~~~~ FIgure 3-1. Wind tunnel and model injection system.
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from about one-tenth to one-twentieth of the maximum at each Mach number. The tunnel is equipped

with a model injection system which allows removal of the model from the test section while the

tunnel remains in operation. A description of the tunnel and airflow calibration Information may be

found In Refe rence 5.

3.2.2 Model

- The basic geometry of the recovery and pre-recovery configurations nose components,

and trip devices is shown In FIgures 3-2 through 3-4. The model was designed as a flexible static

force model which Incorporated features to facilitate configuration changes. The pre-recovery model

(Figure 3-2a) was a six degree half-angle cone with a 15-inch base diameter. The recovery configu-

rations are shown In Figures 3-2b, c and d. The nose components (FIgure 3-3) and trip devices

(FIgure 3-4) were Interchangeable among all configurations. Tables 3-1 and 3-2 list the actual

dimensions of each model nosetip. Most runs employed 0.040 trips, although the heat transfer data

indicated that turbulent flow was achieved over essentially the entire model even when no trips were

used.

The recovery configurations consisted of various combinations of nose, boom, and

drogue components. Nose components included hemispheric, biconic, flat , pedoric, and asymmetric

shapes of bluntness ratios of 0. 135, 0. 190, and 0.250. The booms consisted of the 1.864-inch diam-

eter FLAME flight test, 3. 464-inch diameter (Intermediate), and 4.852-inch diameter (large) cylin-

drical sections. Drogue geometries Included components with 20-, 25-, 30- and 35-degree forward

angle which joined the 6-degree cone at model station 55.541 (forward), 61.600 (mid) , or 68. 200 (aft) .

The 30-degree aft drogue was modified during the test to provide a 0. 125-inch circumferential gap to

bleed off part of the boundary layer approaching the drogue.

Model components instrumented with Gardon-type heat-transfer rate gages (Reference

6) are shown In FIgure 3-5. The gages were 0. 250-inch diameter, except for sIx 0. 125-inch diam-

eter gages on the FLAME boom, and were built and Installed by the VKF. After the test was com-

pleted, the gages were removed, the holes plugged, and the plug Inserts contoured to the model

surfaces.

3.2.3 InstrumentatIon

Tunnel A stilling chamber pressure is measured with a 15, 60, 150 or 300 psid trans-

ducer referenced to a near vacuum. Based on periodic comparisons with secondary standards, the

uncertainty (a bandwidth which Includes 95 percent of the residuals) of these transducers is estimated

to be withIn ±0. 2 percent of reading or *0.015 psla, whichever Is greater. Stilling chamber
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d. Large Boom Configurations

Figure 3—2. Model details (concluded).
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STATION LOCATI0~

Circumferential
Spacing Approx .

- __ 
Four Sphere Dia— - 

r
meters for A].1

-
~~~ Tripe
0
0
0

O.300 s o s  — - —

0
0
0
0
g (NOTE: SPHE RE S

NOT TO SCA LE )

R / R b Station r Trip Diam No.

0.250 21.634 2 .275 0.025 143
0.040 89

0. 190 15.958 1.700 0.025 107
0.040 63

0. 135 11.368 1,200 0.025 75
0.040 47

ALL DIMENSIONS IN INCHES

• Figure 3—4. Boundary layer trips.
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Table 3—1. Hemispheric, biconic, flat , and
asymmetric nosetip dimensions.

R 6°
Corner

R
N _~~~~~~~~~~~~~~

All Radii Tangent 
__________ _____________-

Model Bluntness 
R

N0se 0Nose 
R

Co
(inch) ~~eg) (inch)

Hemisphere 0. 135 1. 018 — —
0. 190 1.425 — —
0. 250 1.875 — —

Biconic 0.135 0. 125 55 0.015

0.190 0.125 55 0.015

0. 250 0. 125 55 0.015

Flat 0.135 12. 000 0. 250

0.190 12. 000 — 0.375 (
0.250 12. 000 — 0. 500

Aysmmetr lc 0.135 0.407 42/18 0.015 3
0. 190 0. 507 42/18 0.015

0.250 0. 750 42/18 0.015

• 

-_

_ _ _  _ _  

_____— ________  __________
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Table 3—2. Pedorfoal nosetip dimensions.

I

R
4 6°

\ /60°

~~~~~~~~~~~~~V 7
1

All Radii Tangent
Dimensions in Inches

( Model 
R

1 
R 2 

R
3 

R
4

I
Small 1. 000 0. 125 0. 500 0.375

Intermediate 1.400 0. 175 0. 700 0. 525

/ Large 1.842 0. 230 0.921 0. 691

- ~‘_;~ •
- ‘. -~‘:
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55*. I

51*. Sm. Sm.
26.0*3 40.556 55.030
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3
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Large Boom Configurat ion

I 
STA. 55*. 55*.

26.08 ) 39.127 52.171

1~
- 

1~

Large Boom Configuration

STA . 55*. STA.
98.896

I 
~~~~~ 

~~
• C TYP)

Baselin e Cone

Note: All gages 0.250—in. diam except gages 2—4 and 6-8 on
FLAME configuration. Gages top and bottom dead center.

FIgure 3—5. Gardon gage location.
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temperature Is measured with a copper-constantan thermocouple with an uncertainty of *3°F based
on repeat calibrations.

Model forces and moments were measured with a six-component, moment type,
straIn-gage balance supplied and calibrated by VKF. Prior to the test, static loads In each plane
and combined static loads were applied to the balance to simulate the range of loads and center-of-
pressure locations anticipated during the test. The following uncertainties represent the bands of

- 

95 percent of the measured residuals, based on differences between the applied loads and the corres-
- - ponding values calculated from the balance calibration equations Included In the final data reduction.

- The range of check loads applied and the measurement uncertainties follow.

Balance Range of
j  DesIgn Calibration Check Measurement

Component Load Load Range Load Uncertainty

j Normal force , lb ±1000 ± 500 50-200 * 5.0
Pitching moment, *in lb ±4750 ±4750 300-1200 ±16.0
Side force, lb ± 500 ± 250 --- ± 4 .0
Yawing moment, *in lb ±2375 ±2375 --- ± 6.0
Rolling moment, in lb ± 750 * 165 --- * 2. 1
Axial force, lb ± 300 ± 300 --- ± 1.6

*Abeut balance forward moment bridge.

The transfer distance from the balance forward moment bridge to the model moment

‘ 
reference location was 57. 159-Inch along the longitudinal axis and was measured with an estimated
precision of ± 0. 005 inch.

I Two model base pressures were measured with 15-paid transducers reference to a
- near vacuum and having full-scale calibrated ranges of 1, 5, and 15 psia. Based on periodic corn-

- parisons with secondary standards, the prects Ion is estimated to be * 0.2 percent of full scale of the
range being used. An additional model base pressure was measured with a fast-response 1-psid
transducer referenced to a near vacuum and mounted on the sting Just downstream of the base such
that the transducer sensing tube was WithIn 0.3 inches of the model base. The precIsion of this

I 

transducer Is estimated by the manufacturer to be ± 0.08 percent.

The model surfece heat-transfer rates were measured with a high sensitivity gage
that operates on the Garden gag. principle (Ref. 7), but has an order of magnitude higher sensitivity.

-47-
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This gage was developed at AEDC/VKF for use in continuous wind tunnels. The gages were cali-

brated using a radiant heat source and exposing one or more test gages and heat-transfer standards

to the same incident heat flux and measuring the output from each simultaneously. The heat-transfer

standards have been checked by two independent organizations and found to agree wIthin *4 percent.

Accuracy of the test calibrations is estimated to be Within *5 percent and gage repeatability and

lInearity are estimated to have been withIn * 3 percent. Internal to each heat gage, a copper-

constantan thermocouple was installed to monitor the gage edge temperature.

Model flow-field photographs were obtained with a double-pass optical flow visualiza-

tion system with a 35-inch diameter field of view.

3.3 PROCEDURE

3.3.1 Test Conditions

The test was conducted at Mach numbers of 3.01, 4.02 , and 5.05 and a free-stream

unit Reynolds of 2, 4, and 4 million per foot, respectively. A summary of the nominal test condi-

tions at each Mach number is given below.

M4, P ,  psia T , °R q ,  psia p ,  pain Re x io
..6

3.01 15.0 590 2.55 0.40 2.0

4.02 50. 0 590 3.64 0.32 4.0

5.05 93. 0 640 2. 96 0. 17 4 .0

A test summary showing all configurations tested and the variables for each Is pm-

sented In Table 3-3. The desIgnation of the model components of each specific configuration is shown

f 

in Table 3-4.

3.3.2 Test Procedure

3.3.2.1 General

During tests In Tunnel A, the model is mounted on a sting support mechanism located

In an Installation tank directly underneath the tunnel test area. The tank Is separated from the tunnel

by ~ pair of fairing doors and a safety door. When closed, the fairlng doors, except for a slot for the

pitch sector, cover the opening to the tank and the safety door seals the tunnel from the tank. After

the model is prepared for a test run, the personnel access door to the tank is closed, the tank is

vented to the tunnel flow , the safety and fairing doors are opened, and the model is Injected Into the

—48—
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Table 3—3. Test summary data grciip numbers.

CONI IC • hOSE DL.UNT • DOOM IIROGUE 0ROGU~ TRIP MAt H NUMBI~R
NO. SHAPE. PATI O 5I Z 1~ ANGU: . flI’C . SIMION STEt .  19. 3 .01  4 . 02  5.05

11111 IIEM I 0.135 CLEAN CLEAN CLEAN NOn E 91’
11121 I 0.190 10’

11131 0.250 U’

11123 FLAT 0.190 U’

1~~124 PEDOR $

111 15 ASYM 0.135 92

11125 0.190 13
11135 0.250 94

22321 RENTS 0.190 INTCR 20 7910 0.040 61

223 12 DICO~1 0. 13 5  5$
22322 0.190  SI

22332 0.250 60

22323 FLAT 0.190 62

22324 PEPO 1
22335 ASYM V 64
22412 BICON 0.135 LARC C 65
22422 0.190 66
2243~ V 0.250 67

23321 HEfTS 0.190 INTER 25 71

23312 BICON 0.135 41
23322 0.190 61
23332 0.250 70

23323 FIJ i? 0.190 72

23324 PEDOR j 73
23335 AS~M 7 74
23421 110415 0.190 LARGE 7$

2341 2 BICON 0.135 75

23422 .1 0.190 74

23432 7 0.250 77

23423 FLAT 0.190 79

23424 PEDOP. SO
2342 5 ASYI4 V - 

SI

sorss:~ 1. Static totco data obta ined on .13 config~,r~ t ior s.
2. Aste risk (*) indicatet% group nuabers W 1s0 * 9ardon g~~ o

data obtatn.d .
3. test Peynolds rwrb.rC wvre 2~ 4. and 4 x 106/? t for Mach

nuMbors 3 . 0 1 , 4.02 , and 5.05 . r.~~pocttv .•y.  es~..pt tnt

group I a~. M ach 3 .05 which ~~~~ 4.5 x 1U~~ ft .

1 4. Anglo-of-a tt ack ra nge was ~~~~ -~~ to 12 dog at 0 •id.’ett p .

_ _ _  

. S:i± ~~~~~~~~~~~~~~~~~
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Table 3-3. Test summary data group numbers (continued).

CONFIG. NOSE BLUNT . 00014 DROGUE DROCUII TRIP MAClI IIUMI1CR
NO. SHAPE RAT[O SIZE AN(;LE, DI-G. SV.TION SIZE . IN. 3.01 4.02

24211 IIENIS 0.135 FLAME 30 FWD NONE 124

24311 INTER 124

24312 ITCON I 0.040 52
24322 0.190 I 83
24332 $ 0.250 1 84

24314 PEDOR 0.135
24411 110415 LAiGE NONE 125
25211 141.1415 FLAME 33 0.040 107, 120 36’

I $ 108 121 106
25212 RICOH NONE 123

25212 0.040 109 122 37.

* 
38. 42

252 1 3 FLAT 110 39,40
25214 PEDOR 4 1

33331 11041$ 0.135 I NTER 25 MID 116
33321 $ 0. 190 46
33312 RICOH 0.1 35 1 1 5 119 43
33322 0. 190 44
33332 C . 2 5 0  117 118 45
33323 FLAT 0.190 47
33324 PEDO R ) 48

33325 ASYN

33 421 HEN IS LARGE 54
33412 BICO N 0.135 50,51
33422 0 . 190  32
33432 0.250 33

33423 FLAT 0.190 55

33424 PEDOR 56
33425 ASYM -~~ 57
42421 HEMIS 0.190 20 AFT 103

42412 DICON 0.135 0.025

42422 0.390 I
42437 0.250 .1.
42413 FLAT 0.135 5* (
42413 0.040 4’

42423 0.190 7’

42433 7 0.250

42424 FEDO I~ 0.190 104

42425 ASYM $ - 105

NOTES i 1. Static force data obtained on all contiguvat~on..

2. Ast ori nk C ’ )  indicat c e qr nup nu~ bci a where qardun gag.
data obl.aincd .

3. Test Reynolds nui*b .r~ wore 2. 4. and 4 x 106/tt for Mach

numbers 3.01 . 4.02 , a,id 5.05, rooi’ectivcly . o*evp t for
‘- group I at Macli 5.05 w)iieh wac 5.5 x 105/tt.

4. Ang1i~-o~ -dttack range was (roe -S to 1~ d.’a a t 0 ~idast4p.
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Table 3-3. Test summary data group numbers (continued).

CONI I G. NOSE BLUNT . BOOM DROGUE DROGJE TRIP __~~~ CiJ NUMB P
NO. SHAPE RATIO SIZE ANGLE . DCG . STATION SI’.L . I!. 3 .0 1  4.07 5.05

4 3 3 1 2  BICON 0. 135 iNTER 23 APT 0.040 U
43322 0. 190 87
4 3332 0 .250 U
43411 11551$ 0.135 LARGE 114
43421 0.190 11’

43431 0 .2 50 12’
43412 B!~ON 0.135 111 13’

43422 0. 190 112 14’
4 3 4 3 2  0.250 NONE 16’

43432 0.040 113  15’
4 3 4 1 3  FLAT 0 . 1 3 5  17’
43423 0 . 1 9 0  IS ’

3 0.250 19’

43414  PEDOR 0. 135 20’

43424 0. 190 21’

43434 0.250 22’

4 3 4 1 5  ASYM 0.135 23’
0.190 24’

0.250  25’
43 135 ASYM ( 26’

(90) $
444 11 HEMIS 0.1 35 30 30’,31

444 12 RICOH 27’

44422 3 0.190 2$’.2~
4 4 4 1 3  FLAT 0. 1 33 32.33
44414 PEDOR 3 34 . 35
4 6 3 1 3  FLAT 0. 13 5  INTER 30 BIB NONE 129

453 1 3 + 0 .0 10  128 101

$1 46333 0.250 3 127 102
46412 BICON 0. 135  LARG I’~ 97
46422 J 0.1 90 98
46432  3 0 . 2 3 0  U
4 6433 FIAT 3 100

NOTLS : 1. Static ford data obtained on all con~ iquratLone .

2. As t.’risk (*) indicatp~ group numL.ors Yncre gardon gagu

— data obtained .

~~~ 3. Tes t Reynold s nun~bers were 2 , 4 , an~t 4 x 10 ’/ f t  for Mach

nu-~.ber~ 3.0 1 . 4.02 , and 5.0% , rcup c. ttvely , exc .pt for

group 1 at Mach S.0~ which was C .3 x 10~ /(t.

4. Ang lo-of-attack ranqe was from -5 to 12 dcq at 0 sid esl ip .

~~~~~~~~~~~~~ ii _ _ _ _ _ _ _  _ _ _ _ _



-r 

~~~~~~~~~

- -  -

Table 3—4. Model component designation.

I
Each model configuration is identified by a 5-digit configuration numbers. Except for the

baseline cone, the model configurations are comprised of nose, boom and drogue section

components. The configuration number identifies the specific nose shape, nose bluntness

ratio, boom size, drogue angle, and drogue location of each configu ration. Model compo—

nents are designated as follows:

CON FIGURA TION CODE - XXXXX

~ 
t— NOSE SHAPE

NOSE BLUNTNESS RATIO

BOOM SIZE
L DROGUE ANGLE

DROGU E STATION

Drogue ~ation Boom Size

1 = Clean Body 1 Clean Body
2 = F o rward (Sta. 55.541) 2 =  FLAME
3 = Mid (Sta. 61.600) 3 = Intermediate
4 = Aft (Sta. 68.200) 4 = Large

Drogue Angie Nose Bluntness Ratio

1 = Clean Body 1 = 0.135
2 = 20° 2 = 0 . 190
3 = 2 5° 3= 0 . 250
4 = 3 0 °
5 35° Nose ~~ape
6 = 30° BLB (with bleed 1 Hemisphereoverlay) 2 = Biconic

3=F la t
4 = Pedoric
5 A symmetric

-52- 
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airst”eam . Afte r the data acquisition sequence is completed, the model is returned into the tank

and the fairing and safety doors are closed sealing the tank from the tunnel. The tank is vented to

atmosphere with the tunnel running to allow access to the model in preparation for the next run.

The sequence is repeated for each configuration and test condition.

3. 3.2.2 Data Acquisition

To increase the data acquisition rate, the test was performed in a combined pitch-

pause and continuous sweep mode and the force and heat-transfer rate data were recorded simul-

taneously during the data acquisition sequence. The first point of each data sequence was obtained

in the pitch-pause mode to provide stabilized base pressure and Gardon gage measurements ~t zero

angle-of-attack. Then the model was pitched to -5 degrees and the data sequence resumed as the

model was pitched to 12 degrees in the continuous sweep mode at a sweep rate of approx imately

0. 45 deg/sec. Data were sampled at a rate of 2, 400 channels/sec and 20 data loops were ave raged

for each data point. A diffe rential base pressure measurement obtained during the sweep mode was

combined with the initial base pressure measurement to provide base pressure variation with model

angle-of-attack.

When Gardon gage data were desired, the model was cooled just prior to Injection into

the tunnel to a temperature near 450F to provide as much temperature differential as possthle

between the model surface and the tunnel airstream. The cooling cycle required about five minutes

to obta in the desired temperature level afte r the model had been in the tunnel. Table 3-1 shows the

configurations on which Gardon gage measurements were obtained.

3. 3.3 Data Reduction

Model force and moment measurements were reduced to coefficient form using the

values calculated from the averaged data points and corrected for first and second order balance

interaction effects. Model coefficients also were corrected for model tare weight and sting deflec-

tion. Model attitude , base pressure, and tunnel pressure and temperature also were calculated

from averaged values.

The aerodynamic force and moment coefficients are presented In the standard body

axis system. Pitching moments are referenced to a point on the model centerline at the virtual apex.

Model base diameter and area were used as the refe rence length and area for the aerodynamic coef-

ficients. Forebody axial-force coefficients (CA) have been adjusted to zero base axial force using

measured model pressures obtained and applied as described in Section 3.3. 2. Lift (CL
) and drag

(C& coefficients are based on normal-force coefficients (CN) and forebody axial-force coefficients

(CA).
-53—
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Heat-transfer rate data were reduced from the Gardon gage measurements using

averaged data points obtained simultaneously with the force measurements. The thermopile-type

Gardon gage is a direct reading heat-flux transducer whose output is converted to heating rate, ~~,

by means of an experimentally obtained scale factor, corrected for the gage edge temperature, T ,

and the gage output voltage. Gage surface temperature, T , is a function of Te and the differential

temperature, i~ T, between the center and edge of the gage sensing surface. Stanton number, St ,

calculations are related to tunnel free-stream conditions.

3. 3. 4 Data Uncertainty

An evaluation of the influence of random measurement errors is presented in this

section to provide a partial measure of the uncertainty of the final test results presented in this

report. Although evaluation of the systematic measurement error (bias) is not included, it should be

noted that the Instrumentation precision values (given in Section 3.2.3) used In this evaluation repre-

sent a total uncertainty combination of both systematic and 2-sigma random error contributions.

3.3. 4.1 Test Conditions

Uncertainties in the basic tunnel parameters p and T (see Section 3.2.3) and the

2-sigma deviation in Mach num ber determined from test section flow calibrations were used to esti-

mate uncertainties in the other free-stream properties, using the Taylor series method of error

propagation .

Uncertainty (±) Percent
M M p T p q Re

0 0

3.01 0.6 0. 2 0.5 2.6 1.4 1.2

4.02 0.5 1.6 1.5 1.5

5.05 0.5 3.0 2.0 1.4

3.3. 4.2 Aerodynamic Coefficients

The balance uncertainties listed in Section 3.2.3 were combined with uncertainties

In the test conditions, using the Taylor series method of error propagation, to estimate the uncer-

tainty of the aerodynamic coefficients for the primary test conditions.

$

— s”-

_ _ _ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _



- - ~~~~~~~~~-—-----—--~ ~~-~~—- ~~-~~~~~---

11~ 
_____________________________________________________

Uncertainty at Maximum Coefficient Value,
* Percent

M C C C C C CN m y n £ A

3.01 2.3 2. 4 * * * 1.9
- 4.02 2.0 2.0 1.8

5.05 2.6 2.6 2 .3

3 *Uncertalnties for these coefficients were not evaluated as all config-
I- urations were run at zero beta and, except for one configuration,

were symmetrical In the pitch plane.

The basic precision of the aerodynamic coefficients was also computed using only the
balance uncertainties listed in Section 3.2. 3 along with the nominal test conditions, using the assump-
tion that the free-stream flow nonuniformity is a bias type of uncertainty which is constant for all

runs. The following values, therefore , represent the data repeatability expected and are especially
- - useful for detailed discrimination purposes In parametric model studies.

Repeatabil ity ±, Measured Coefficient Value
M C C C C C CN m Y n 2 A

3.01 0.0111 0.0024 0.0089 0.0009 0.0003 0.0036

4.02 0. 0078 0.0017 0.0062 0.0006 0.0002 0.0025

1 
5.05 0.0096 0. 0020 0. 0076 0. 0008 0. 0003 0. 0031

I The uncertainty in model attitude, ~ and ~~, as determined from tunnel sector calibra-
tions and consideration of the possible errors in model deflection calculations, are estimated to be

4 

±0.ldegree.

Except for the basic gage calibrat ion precision presented in Section 3. 2. 3, no evalu-

ation was made of the uncertainties of the gage heat-rate and temperature measurements because of

the quantitative purpose for which the measurements were made and the technique used to acquire

• the data. Gage data were obtained simultaneously with the force data to provide only general trends

and levels and not for any quantitative evaluation.

3.4 RESULTS

3.4. 1 WInd Tunnel Data

- The anomaly in the FLAME vehicle drag was reproduced in the wind tunnel, and the
-

. 
cause was found to be flow separation in front of the drogue. When the model was injected into the
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flow at zero angle-of-attack, the flow apparently separated, as shown in Figure 3-6a. However,

when pitched to an angle-of-attack, the flow became attached as shown In Figure 3-6b. Shadow-

graphs showing both types of flow are shown in Figure 3-7. Surprisingly, thIs phenomenon was

found to be bi-stable in some instances. During some tests, the flow remained attached even after

the model was pitched back to zero angle-of-attack. It was found that the difference In drag between

separated and attached flow can exceed a factor of 2.0.

Heat transfer data showed that turbulent flow was achieved essentially over the whole

body both with and without trips. The trips were found to have an insignificant effect on the aerody-

namic data.

It had been hoped that the boundary layer bleed would suppress separation and allow

higher drogue angles to be used. However, tests with boundary layer bleed on a 30 degree drogue

indicated that the boundary layer bleed had essentially no effect.

When separation In front of the drogue occurred, It was found to be a strong function

of drogue angle as shown In FIgure 3-8. Tests were conducted of wake-drogue configurations with

different nose shapes for the 35 degree drogue angle, and with different bluntness ratios for the 25

degree drogue angle. As shown in FIgures 3-9 through 3-11, the drag change caused by separation

for the 35 degree drogue was significantly affected by the nosetlp shape at Mach 5, and to a lesser

extent at Mach 4 and 3. Note that since the drags of the different shape noses were not equal (see

FIgure 3-12), bluntness ratio might have caused a similar effect. FIgure 3-13 shows that separa-

tion never occurred on the 25 degree drogue runs, regardless of the bluntness ratio. Unfortunately,

the relatively low drag of the 25 degree drogue configuration makes it unattractive for the wake-

drogue recovery vehicle design.

The flared body data was similar to the wake-drogue data : flow separation that was

strongly affected by the nosetip occurred at high flare angles, but not a low flare angles. In this

respect, the principal difference between a flared body and a wake-drogue is that due to the differ-

ences discussed in Section 2.0, practical flared body recovery vehicles can be designed using flare

angles that do not Induce separation.

FIgure 3-14 shows the Influence of flare angle on drag. The curves are very similar

to those of the wake-drogue with two dIfferences: 1) due to the difference in effective flare/drogue

area, flared body dreg Is approximately 50 percent higher than the wake-drogue dreg for the same

drogue angle; and 2) separatIon on the flared body Is never bi-stable.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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FIgure 3-6. FLAME flow fields.
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FIgure 3-7. FLAME configuration shadowgraphs.
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Figure 3-8. FLAME drogue angle sensitivity.
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FIgure 3—9. FLAME nose shape sensitivity (Mach 5).
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Figure 3—10. FLAME nose shape sensitivIty (Mach 4).
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FIgure 3—14. Flared body drogue angle sensitivity.
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As with the wake-drogue, drag was strongly affected by nosetip shape if the flare

angle was high enough to cause separation (FIgure 3-15), and was essentially unaffected by both

nosetip shape and bluntness ratio for lower flare angles (Figures 3-16 through 3-19).

3.4.2 Comparison to Theory

The data were generally found to agree well with the pretest predictions performed

using the analytical method described in Section 2.2. This method uses the principal of superposi-

tion of sections, with section coefficients obtained from a tabulation of solutions performed by a 3—D

inviscid flowfield computer code.

FIgures 3-22 and 3-23 compare the measured and predicted drag and center-of-

pressure positions for the pre-recovery (blunted cone) configuration and the flared body configura—

tion as functions of nose bluntness. The center-of-pressure position is measured from the theoret-

ical apex, and is nondimensioned by the distance from the theoretical apex to the vehicle base. As

expected, the data and theory agree extremely for the pre-recovery configuration. For the flared

body configuration, the theory and data for drag diverge as bluntness increases, although they are

in good agreement for the 0. 135 bluntness case. The data shows that the flared body is somewhat

more stable than predicted for all bluntnesses.

Figures 3-24 and 3-25 compare the measured and predicted drag and center-of-

pressure positions for the wake-drogue and flared body vehicles as functions of drogue/tiare angle.

In all cases, the data agrees with the theory quIte well except for the 30 degree drogue angle points .

Disagreement on these values is expected since separated flow occurred on this model, and the

theory assumes that the flow is fully attached. In all cases, it is seen that the models were found

to be slIghtly more stable than predicted.
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4 Figure 3-15. Flared body nose shape sensitivity
(30°flare , Mach 5, 0. 135 Bluntness).
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Figure 3-16. Flared body nose shape sensitivity
(25° flare, Mach 5, 0. 135 bluntness).
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Figure 3-18. Flared body nose shape sensitivity
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Figure 3—22. Influence of bluntness on drag.
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4.0 CONCLUSIONS

The wind tunnel test data agreed well with the FLAME flight data and with theory, and
showed that drogue/flare angles above 25 degrees could cause separated flow that could reduce drag
by a factor of two. On the wake-drogue configuration, this phenomenon was found to be bi-stable.
On some runs, the flow would be Initially separated at zero angle-of-attack, would attach as the
model was pitched, then would remain attached when the model was returned to zero angle-of-attack.
The flow around the flared-body configuration was similar except that the flow was not bi-stable .
That is, separation would always reoccur when the vehicle was returned to zero.

The principal difference between the flared-body and the wake-drogue is packaging.

The shape of the boom of the flared-body allows efficient packaging of much of the payload, allowing
the volume In the flare to be reduced to a minimum. This allows the forward surface of the flare to
be positioned much farther aft than is possible on the wake-drogue in which all of the payload is
packaged in the drogue. Consequently, the effective area of the flare on the flared-body can be sig—
nificantly greater than that of the drogue on the wake-drogue. The conclusions reached during this
program are summarized below:

• The flare/drogue angle must be less than 30 degrees to avoid
the possibility of separated flow that would sharply reduce
vehicle drag.

• A flared body R/V will have higher drag and a farther aft center-
of-pressure than a wake drogue fl/V .

• A flared body R/V requires less ballast than a wake-drogue fl/V.
Consequently, a 9.25-inch base diameter flared body can be de-
signed for ICBM recovery with a 4-inch nosetip overhang, while
the wake-drogue vehicle of the same size cannot.

• Pre-recovery static margin of a flared body B/V can be varied
to suit the nosetip experiment objectives ; however, a wake-
drogue R/V that meets the 10 percent recovery configuration
static margin goal will necessarily have a pre-recovery static
margin exceeding 14 percent.

• Due to the difference in volume available along the vehicle
centerline, the flared body is better suited to nosetip recession
sensor experiments than the wake-drogue.

. The larger diameter !yoom of the flared body has over triple the
angle-of-attack capability of the wake-drogue.

-
- • Flared body R/V’s with a 250 flare angle can recover nosetips

on R/V ’s with ballistic coefficients up to 3500 reaching stagna-
- - 

- tion pressures of 160 atm, with recovery initiated below 15, 000
foot altitude.
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• For a 60 percent mass ejection, the following ballistic coe~ icIent
(~ ) change on recovery can be achieved.

- 

~N’~B 
~ DRAG ~ WE IGHT B TOTAL

.135 6.5 2.5 16.3

.250 3.6 2.5 9.0

I
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