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1.0 INTR()DUCTION 

Deceleration measurements on a 45-deg sharp cone cylinder traveling in a constraining 

track mechanism at McDonnell Douglas Astronautics Company (MDAC) at Huntington 

Beach, California (Ref. 1), revealed increases in "apparent" vehicle drag. The two obvious 

sources of  added drag appear to be sliding friction drag caused by a portion of the cylinder 

bearing on one or more of the constraining tracks and drag caused by bow shock reflections 

off the track impinging back onto the model cone surface. The design of future experiments 

and tracks for the Hyperballistic Ranges (G and K) of the yon K/lrm/m Gas Dynamics 

Facility (VKF) or a full-scale reentry facility depends, in part, on the isolation of  the 

cause of this added drag and the evaluation of  the relative magnitudes of  the aerodynamic 

bow shock and sliding friction sources. 

A simulated track mechanism was constructed and tested in Tunnel F using a sharp 

45-deg and a slightly blunted 10-deg cone-cylinder as model configurations. One-component 
axial-force measurements were made with and without the track mechanism in place. Design 

of  the track simulated range environment as closely as possible and ensured that any 

increase in measured drag could be only from sources induced by the model bow shock 

system and/or the shock system originating from the rail leading edge. 

2.0 TEST ARTICLE AND WIND TUNNEL 

2.1 TEST ARTICLE 

Two cone-cylinder models were tested with and without a constraining track designed 

from existing model and track dimensions of  the McDonnell Douglas experiment. Model 

and track dimensions are given in Fig. 1. A photograph of  the 10-deg model mounted 

on the one-component force balance with the track mechanism in place is shown in Fig. 

2. Within constraints, the track rails could be positioned at varying distances relative to 

the force models. An electric circuit ensured that no contact between model and track 

was made during a test run. In addition to these models, a 1-in.-diam hemisphere-cylinder 

with an overall length of 2.75 in. was tested. This model was instrumented with a stagnation 

point pressure gage which allowed local tunnel flow properties to be obtained. Axial-force 

and Po measurements were obtained with this model. 

It was recognized that complete simulation of  the range environment was not  possible 

because of  the leading-edge shock generated from the track mechanism interacting with 

the model and model shock. The leading edge of  the track mechanism was designed with 

a knife edge (Figs. 1 and 2) for this reason. The influence of track leading-edge position 
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. . . . .  ~ . ,  
Tunnel F 
Probe 
Head Mount 

N0bla: 
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- ~  L Dwneter • 1.625 

1 

O. 131 m j .  

lO-deg Right Circular Cone-Cylinder 
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Track Details 

Figure 1. Sketch of models and track. 

Figure 2. lO-deg model mounted in track mechanism. 
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relative to the model affected the amounts of shock spreading* and boundary-layer growth 

on the track ahead of the model. These factors were expected to influence the Tunnel 

F data but would not exist on the range track. Later analysis of the data considers these 

factors, and the data are corrected for their influence. 

2.2 -TUNNEL AND NOZZLE DESCRIPTION 
p 

The Hypervelocity Wind Tunnel (F) is an arc-driven wind tunnel of the hotshot type 

(Ref. 2) and is capable of providing Mach numbers from about 7.5 to 20 over 

a Reynolds number-per-foot range from 0.05 x 106'to 70 x 106. Test sections of 108-in. 

diameter (M® = 14 to 20) and 54-in. diameter ( M  = 10 to 17) are available using a 

4-deg, half-angle conical nozzle. The range of Mach numbers at a particular test station 

in the conical nozzle is obtained by using various throat diameters. The M = 8 and 12 

contoured nozzles have 25-in. and 40-in. exit diameters,respectively, which connect to 

the 54-in.-diam test station and provide a free-jet exhaust. The test gas for aerodynamic 

and aerothermodynamic testing is nitrogen. Air is used for combustion tests. The test 

gas is confined in either a 1.0-ft 3, a 2.5-ft 3, or a 4.0-ft3 arc chamber, where it is heated 

and compressed by an electric arc discharge. The increase in pressure results in a diaphragm 

rupture, wfth the subsequent flow expansion through the nozzle. Test times are typically 

from 50 to 200 msec. Shadowgraph and schlieren coverage are available at both test 

sections. 

This test was conducted in the 108-in.-diam test section of the conical nozzle for 

M = 15.4 to 19.2. Nitrogen was the test gas. The 1.0- and 2.5-ft 3 arc chambers were 

used, and useful test times up to approximately 120 msec were obtained. Because of 

the relatively short test times, the model wall temperature remained essentially invariant 

from the initial value of approximately 300°K; thus Tw/To ~ 0.1 and approximates the 

condition of practical interest for reentry vehicles. 

3.0 INSTRUMENTATION AND TEST PROCEDURES 

3.1 INSTRUMENTATION 

Axial-force measurements were obtained using a one-component, low load internal 

balance which is 1.5 in. long and 0.50 in. in diameter. A calibration was performed before 

the test entry to determine whether interactions were present. None could be detected 

under the largest conceivable normal or side forces. Static loads from 0.007 to 2.123 

*The term "shock spreading" refers to the increasing area on the model cone surface which is 
influenced by the rail lip shocks as the rail is extended forward of the model shoulder. 
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lbf were applied to determine the balance calibration constant. Absolute measurement 

uncertainty was determined from calibration repeatability and is estimated as +0.001 lbf. 
/ 

Test section flow conditions were monitored with l.O-in.-diam hemisphere-cylinders 

instrumented with slug calorimeters and pitot probes. In addition to the monitor probes, 
the hemisphere-cylinder model mentioned above was instrumentated with a sealed, 
miniature semiconducter strain gage-type pressure transducer. 

Detailed information concerning the force, heat-transfer, and pressure instrumentation 
can be found in Refs. 3 and 4. 

3,2 P R O C E D U R E S  

The large size of  the Tunnel F test section allowed the test to be conducted 
concurrently with a sponsored force test using spare instrumentation channels. The model 

was placed either 13 in. below or 12-7/8 in. above the tunnel centerline, depending on 
requirements dictated by the primary test article located on the nozzle centerline (Fig. 

3). The model was adjusted to the local velocity vector, and the model nose was near 
the window vertical centerline for all runs. Test variables included flow condition, model, 

and track location. Table 1 summarizes the range and combination of  variables studied. 

Optical Window Diameter 36 m 
Schlleren Picture 30 in. 

\ Station 824 56 
Mazlmum 

w \ 
Alternale Optical Window ~ ~,Mounting for Model 
|5 5 x 27.4 in IMay Be [ ~" and Track; See Fig. 2 
Rotated in 30-decj Incrementsl .--j" .... -L-__ \ \ I 

/ ',ration ,m, \ \ 

- -  1 

Cpt~onal Vie,rite. Ports - 2 Ports 
at 23¢eg aqd ) Port at 45 :leg Irom 
the Verhcal ITypl, Windows Are j -OpUona l  Viowlno Ports - 2 Ports at 20deg and 
)1 in it" 'lzameter ~ - -  ~ ' "  2 PortS at 45 ~ from the Vertical; Windows 

,,,%\ .- . f / /  Are 1! m m ,31ametor 

"deQ~k\\ComcalNozzle\ ~ - - "  " . . . . . .  
Tnr~,-t Size Vanable--.-~ 

Monitor Probes- 

FIo. I / J l  I I V  ~ Test Model 

r 3 6 ~ 3 1  i"H. /  / l i- -i - I 

Access Door I /  ~ / -  I ~ Y  ~ Remote Angle-~-A#Ek 
~ ~ _ . ~  Adjustment from -5 to +20 

deg. Sector Angle o1 Attack 
from -50to +65 deg by 
Knuckle Adjustments. The 
Used Knuckles Results In 
Movement el the Model 
Center d Rotatkm 

Scale: ~ 20 in. 

|solatlon Mounting 

Figure 3. Schematic of Tunnel F 108-in. test section. 
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Run 

4788 

4789 

4790 

4791 

4792 

4793 

4795 

4812 

4816 

4800 

4794 

4799 

4796 

4802 

4806 

4817 

4805 

4804 

4803 

4808 

4819 

4807 

Table 1. Te~ Matrix 

M® Re/ft x 10 -6 Model L, in. (Approximate) 
| 

Track Not Used Hemisphere Cylinder 

Calibration Body 

Calibration Body 

lO-deg Blunt Cone 

Cylinder 

45-deg Sharp Cone 

Cylinder 

Not in Place 

Not in Place 

0.50 

0.75 

0.75 

0.75 

1.50 

3.96 

3.96 

3.96* 

Not in Place 

1.15 

0.35 

0.81 

2.00 

2.00 

3.68 

*Three Rails Removed 

18.5 

19.5 

19.0 

18.5 

19.2 

19.0 

19.5 

16.2 

15 .5  

19.0 

19.0 

19.2 

18.8 

15.4 

15.6 

15.6 

16.0 

15.6 

15.8 

15.3 

15.7 

15.5 

0 . 4 7  

0 . 4 2  

0 . 3 9  

- 0 . 8 5  

- 1 . 0 8  

- 0 . 6 5  

0 . 4 9  - 0 . 8 0  

0 . 4 2  - 0 . 5 0  

0 . 5 1  - 0 . 8 9  

"0.39 - 0 . 6 8  

0 . 6 0 -  1 . 5 8  

0 . 7 3 -  1 .24  

0 . 4 4  - 0 . 7 3  

0 .41  - 0 . 5 7  

0 . 4 3  - 0 . 6 8  

0 . 3 9  - 0 . 7 0  

0 . 2 2  - 0 . 4 9  

0 . 3 0  - 0 . 4 9  

0 . 3 4  - 0 . 7 2  

0 . 3 7  - 0 . 5 2  

0 . 3 4  - 0 . 6 7  

0 . 3 2  - 0 . 7 9  

0 . 2 5  - 0 . 7 4  

0 . 3 2  - 0 . 5 8  

0 . 2 9  - 0 . 6 6  

3.2.1 Test Conditions 

T h e  m e t h o d  o f  d e t e r m i n i n g  t h e  t u n n e l  f l o w  c o n d i t i o n s  is  b r i e f l y  s u m m a r i z e d  as  

f o l l o w s :  i n s t a n t a n e o u s  va lue s  o f  r e s e r v o i r  p r e s s u r e ,  Po a n d  f r e e - s t r e a m  p i t o t  p r e s s u r e ,  ' PO, 
are  m e a s u r e d ,  a n d  an  i n s t a n t a n e o u s  va lue  o f  t h e  s t a g n a t i o n  h e a t - t r a n s f e r  r a t e ,  q o ,  is i n f e r r e d  

f r o m  a d i r e c t  m e a s u r e m e n t  o f  a s h o u l d e r  h e a t  r a t e  o n  a 1 . 0 - i n . - d i a m h e m i s p h e r e - c y l i n d e r  

h e a t  p r o b e .  T o t a l  e n t h a i p y ,  H o ,  is c a l c u l a t e d  f r o m  Po ,  Clo, a n d  t h e  h e a t  p r o b e  r a d i u s ,  
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, using Fay-Riddell theory (Ref. 5). The value of  He determined in this manner and the 

measured value of  reservoir pressure is then used to determine corresponding values of  
reservoir temperature, density, and entropy from tabulated thermodynamic data for 
nitrogen (Ref. 6). The reservoir conditions, the measured value of  Po, and the assumption 

of isentropic flow in the nozzle are then used to compute the free-stream conditions. 
The basic procedure fo l lowed in this computat ion is given in Refs. 7 and 8. 

3.2.2 Data Acquisition 

Acquisition of  test data was accomplished using a digital system with concomitant 

oscillographs for analog records. The digital data system is capable of  scanning 70 data 

channels in one millisecond and can store up to 150 scans of  data. Basic data reduction 
is done on an off-line digital computer.  

4.0 DATA PRECISION 

The uncertainties in the calculated force data were estimated by using the Taylor 

series method of  error propagation to combine the uncertainties in each measurement 

occurring i n  the calculation. In general, it is estimated that for nominal loads the 

uncertainty in the force measurement is +6 percent. This uncertainty includes calibration 

linearity and repeatability, instrumentation system error, and errors introduced by dynamic 

effects resulting from the impulsive operating nature of  the facility. For nominal load 

situations, the uncertainty of + 6 percent of the balance component  measurement combined 

with a --4-percent uncertainty in the dynamic pressure gives an uncertainty in CAt of  
+7 percent. 

Laboratory calibrations using static loads indicate that the pressure transducers are 

accurate to +1 percent. Similarly, the uncertainties in the heat-transfer-rate gages are +5 

percent. The uncertainties in measured data, however, are higher because of  the dynamics 

of  the measurements and systems errors. The uncertainties in the monitor  probe 

measurements, Po and ¢1o, and arc-chamber measurement, Po, were estimated considering 
both the static calibrations and the repeatability of  the test section calibration profile. 

The uncertainties in the pressure data (p~ and Po) are estimated to be +4 percent and 
+5 percent, respectively, based on an average of  two measurements each, and the 

heat-transfer rate, /lo, is +5 percent based on an average of four measurements. These 

values were used to estimate uncertainties in the tunnel flow parameters using the Taylor 

method of  error propagation. Representative parameters are given below. 

M 

1.5 

Uncertainty (-+), percent 

Refit T p® q. 

10 6 6 4 
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The model attitude position was set prior to each run, and the pitch angles are 

estimated to be accurate within -+0.20 deg. 

The effect of placing a model in conical source flow was examined since the 

measurements presented in this report were obtained in a conical nozzle at an off-centerline 

position. A source flow calculation indicated that a maximum error of 0.6 percent in 

CA t would result for the 10-deg cone-cylinder model, with smaller errors for the 45-deg 

cone-cylinder model. Considering the small size of this correction and' the uncertainty 

of the force coefficients themselves, these corrections were not applied to the data 

presented herein. All axial-force data represent total measured axial force. No adjustments 

for base pressure effects have been made, and no base pressure measurements were obtained. 

5.0 RESULTS AND DISCUSSION 

Although it was recognized that model bow shock location in relation to the 

constraining track would be of primary importance, it was not possible to utilize the 

tunnel optics as an accurate measurement device. The demands of coverage on the primary 

test model located on the tunnel centerline and the need for schlieren movies of this 

model resulted in poor coverage, with few good quality schlieren stills of the secondary 

models and track system. No high quality coverage was obtained on the 45-deg sharp 

cone-cylinder model. Figure 4 indicates two of the better shock pattern photographs with 

the 10-deg cone-cylinder model at two track positions. It can be observed that the model 

bow shock was not completely captured for the rail position of 0.75 in. from the shoulder, 

whereas the 1.50-in. position exhibited complete capture well downstream of the rail 

leading edge. Although the rails appear to have a blunt leading edge in Fig. 4, this is 

not the case (see Figs. 1 and 2). A knife edge was fabricated to lessen rail leading-edge 

shock effects since a true range environment would not produce such a shock system. 

It will be demonstrated in Section 6.0 that the schlieren coverage shown in Fig. 4 was 

very important in analysis of the data and its application to a full-scale track system. 

Axial-force measurements on the hemisphere-cylinder calibration body were in 

excellent agreement with previously published data (Ref. 9). These data are not presented 

herein since they would serve no useful purpose in the present analysis. 

In order to define a "baseline" value for later determination of the effect of the 

track rail system, several runs were made with the 10-deg blunt cone-cylinder and the 

45-deg sharp cone-cylinder with the track mechanism completely removed. Typical data 

from these runs are tabulated in Table 2 and shown in Fig. 5. The dimension "~" used 

in calculation of the parameter M * * / ~  is defined for each model in this figure. 

13 
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ilil I iiiiiiiii iil 

i i ~iS~ i ~  ¸ ~ 

~,  ~ 2 . . . . .  

.... Run 4800, L = 1.50 in. ~ ..... ~ ~  

Figure 4. Schlieren coverage of the 10-deg cone-cylinder model 
wil~ two rail positions. 
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Table 2. Flow Conditions and Axial-Force Data with 
No Track System in Place 

- e !  harp 

I I iii !::!!!l!iii! i!!i!!! 

~t/s~_____ L pa~__~ 
75.4 8,324 .357 
85.9 8,716 .246 
83.1 8,467 .099 
83.3 8,407 .043 
8 2 . 4  8,289 0.987 
83.6 8~307 0.921 

7 6 . ]  8,353 0.860 
75.___&0 ..284 0.70___9o 
88.0 7,316 0.848 

103.9 7,837 .771 
1 1 6 . 7  8p245  0 . 7 0 0  
117.4 8,286 0.628 
110.9 8,127 0.566 
106.7 8,011 0.515 
80.3 6,986 0.741 
89.8 7,344 I 0.618 
90.1 7,344 ~ 0.572 
88.8 7,343 I 0.513 
71.2 6,622 I 0.916 
82.4 7,087 I 0.820 
88.2 7~313 I 0.737 
92.5 I 7,490 I 0.667 

18.3 
18.2 
19.2 
19.....__~2 
15.6 
15.4 
15.3 
15.3 
15 5 
15.6 
15.6 
]5 .6  
15.5 
15.6 

15 .7  
15.7 
15.6 
15.6 
15.7 

10-6 CA t 

.799 0.126 

.615 0.135 

.576 0.152 

.551 0.159 

. 534  0.163 
O, 490 O. 166 

0.500 0.152 
o.41___/_7 o. 15_~2_z 
O. 486 1. 066 
0 . 3 5 0  1.055 
0 . 2 6 9  1 . 0 8 3  
o .  239 1. 092 
0 . 2 3 2  1 . 0 8 3  
0.223 1 . 0 7 5  

0.488 0.961 
0.346 0.988 
0.319 0.961 
0.291 0.973 

0.718 0.928 
0.519 0.934 
0.414 0.935 
0.356 I 0.933 I 

Since the present measurements were made in relatively low free-stream Reynolds 

number conditions, second-order viscous shear stress effects on the aerodynamic drag 

influenced the results. The author could find no previous data on blunt cone-cylinders 
in this particular flow regime although there are numerous sets of  data available on blunt 

cones. Since the cylinder portion of  the 10-deg blunt cone model represented about 25 

percent of  its axial length, it could be expected that this portion o f  the model would 
increase the viscous drag significantly. Previous data on blunt cones suggest that total 

drag should be from 1.4 to !.7 times the inviscid pressure drag. A calculation of  this 
latter parameter (CAi) using the method of  Ref. 10 and a Newtonian proportionality 
constant of  1.833 gave a value of  0.081. Thus, based on previous cone data and approximate 
analytic results, a measured axial-force coefficient of 0.11 to 0.14 could be expected on 

the 10-deg blunt cone cylinder with no track interference. The influence o f  viscous drag 

on the cylindrical portion of  the model would increase this value somewhat. 

For the case of the 45-deg sharp cone-cylinder model, previous data from the VKF 

Low Density Hypersonic Wind Tunnel (L) and Tunnel C and a Langley hypersonic tunnel 

using 40-, 45-, and 50-deg sharp cones suggest that very little if any viscous contribution 

to the total drag would be present at the free-stream Reynolds numbers of the present 

test. An inviscid solution from Ref. 11 indicates that an axial-force coefficient, CA i, o f  
1.06 would be measured on a 45-deg sharp cone with no cylindrical afterbody. The viscous 

drag on the cylindrical afterbody could be expected to increase this value slightly. 
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2.00 

Loo 

0.60 

_"--- CAi 
m 

0.04 

Data from Runs 48~, 4806, and 4817 (Table 2) 

J~- /,] + ~2 • 2.400 in. 

45-deg Sharp Cone-Cylinder 

Data Fairing 

-- --o~-- o-- ~ ~o_o.~o-- ~ 

I I 
0.06 0.08 

0. 20 

0.10 

0.05 

m 

CAi 

Data from Runs 4791 and 4792 (Table 2) 

......-6 " ~  Data Fairing 

lO-deg Blunt Cone-Cylinder 

I I I 
0 . (~ 0.04 0.06 

Figure 5. Axial-force measurements wi th  no track system in place. 

The data for both the 10-deg slightly blunted cone-cylinder and the 45-deg sharp 

cone-cylinder are in good agreement with these analytic and experimental estimates. The 

fairings of the experimental results shown in Fig. 5 serve as the baseline values for later 

analysis of  the effect of  the simulated track mechanism on shock-induced (shock 
interference) drag. 

Results of axial-force measurements with the 45-deg sharp cone-cylinder model with 

the track system in place at varying locations relative to the model shoulder are tabulated 

in Table 3 and shown in Fig. 6. Although viscous drag influence was small, the data 
are shown as a function of  M ~  for convenience. 
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Table 3. Flow Conditions and Axial-Force Data on 
45-deg Sharp Cone-Cylinder with Track 

Time Po~ T~, p~p To,, V~, q~, R e / f t  L, 
R u n  m s e c  p s i a  OR p s i a  OR f t / s e c  p s i a  ~ x 10-6 i n .  CAt 

4805 80 4,812 3,47610.00419 76.1 6,911 0.739 15.9 0.519 0.15 1.027 
90 4,426 3,352'0.00379 72.5 6,772 0.675 16.0 0.508 1.019 

100 4,122 3,249 0.00354 69.8 6,653 0.632 16".0 0'.503 1.019 
I 110 3,826 3,326 0.00345 72.9 .6,735 0.605 15.8 0.455 1.024 

120 3,559 3,645 0.00349 83.6 7,077 0.588 15.5 0.367 1.028 

4804 60 5,571 3,362 0.00581 77.0 6,793 0.981 15.5 0.670 0.3511.167 
70 5,155 3,807 0.00523 89.1 7,264 0.872 15.4 9.498 1.161 
80 4,788 4,126 0.00464 97.2 7,587 0.774 15.4 0.388 1.185 
90 4,413 4,100 0.00408 95.2 7,559 0.689 15.5 0.354 1.192 

r 100 4,071 3,967 0.00363 90.4 7,420 0.622 15.7 0.343 1.171 

4803 70 4,687 2,812!0.00453 60.6 6,152 0.797 15.9 0.791 0.81 1.244 
80 4,406 3,254 0 00411 71.7 6,662 0.717 15.8 0.585 1.252 
90 4,103 3,483 0.00367 77.0 6,911 0.642 15.8 0.446 1.254 

1 I00 3 , 8 2 3 i 3 , 6 4 9  0.00329 80.7 7,087 0.577 15.8 0.373 1.254 
110 3,542 3,773 0.00302 83.8 7,213 0.528 15.8 0.323 1.257 

4808 70 4,817 3,137 0.00532 7 1 . 9 i 6 , 5 3 1  0.889 15.5  0 .735 E2.00 1.139 
80 4,542 3,753 0.00479 88.517,200 0.790 15.4 0.459 1.116 
90 4,172 4,073 0.00434 97.6 7 ,525 0.709 15.3 0.357 1.148 

100 3,853 4,309 0.00400 104.7 7,757 0.647 15.2 0 .294 1.167 
I 110 3,572 4 ,495 0 00378 111.0 7,933 0.604 15.1 0.254 1.176 

4819 70 5,442 13,541 0.00506 7 9 . 4 . 6 , 9 8 8  0.876 15.7 0.584 2 .00 1.148 
[ 80 5,066 4,059 0.00449 92.8 7 ,525  0.770 15.7 0 .415 1.158 

90 4,647 4,135 0.00398 94.1 7,597 0.688 15.7 0.356 1.157 
100 4,279 4,018 0.00358 90.2 7,474 0 .625 15.8 0 .343 1.147 

'i li0 3,964 4,043 0.00334 90.5 7,475 0.581 15.8 0.318 ' 1.137 

4807 60 5,117 3,334 0.00569 77.6 6,755 0.942 15.4 0.664 3.68 1.229 
I 70 4,761 3,796 0.00494 89.4 7,249 0.818 15.4 0.467 ! 1.227 

80 4,454 4,018 0.00429 93.8 7,473 0.719 15.5 0.388 1.253 
90 4,093 4,149 0.00381 96.8 7,604 0.641 15.5 0.322 / 1.294 

100 3,81314,126 0.00343 95.1 7 ,577  0.583 15.6 0.298 II 1.297 
'I 110 3,519 4,027 0.00318 92.5  7 ,474 0.542 15.6 0.290 1.259 

A shadowgraph supplied by McDonnell Douglas on the 45-deg models indicated that 
the interaction of the bow shock with the track would be a Mach reflection and that 

a triple intersection would occur. A sketch of  the shadowgraph is shown in Fig. 7. Scaling 

this figure produced a distance of  0.35 in. 'from the shoulder for the intersection of the 
Mach reflection and track. An examination of the schlieren results from run 4805 (L 

= 0.15) indicated that no interaction of  the model bow shock and the "inside" of  the 

rail occurred. The small increased drag for small value o f  L is therefore not surprising. 

The quality of  the schlieren from run 4804 (L = 0.35) did not allow a good determination 
of  shock interaction location. However, Fig. 7 (from lower Math number flow) indicated 

that the interaction should have been completed at this track position. A 17-percent 
increase in aerodynamic drag was measured from this run. Track data from McDonnell 

Douglas on a 45-deg sharp cone-cylinder indicated approximately a 26-percent increase, 
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but friction forces between the track rails, and the cylinder portion of the model may 

have been present in the track experiments, and flow conditions (M® and Re/ft) were 
considerably different. 

I s l  

CA t L !  L • (~15 in. ~--- --_3 percent 

- - - -  i " . .  | 1.0 
0.9 I I I I I 

1.31 Run 4~, l l i n ~  !.3 Run 4804 L - 2.00 in. L 
--17 percent 1.. 1 . . . . . . . .  

--_16 to 19 . . . . . . . . . . . -  " -  
1.1 . .  1.0 percent . . . . . . . . - -  

1.0 -.-- " ' "  " "  ..-- ...-- . . . - - "  0.9 l I I I 

0.9 I I I i l 

] . 4  Run 480r 
Run 480~ L • 3.68 In. 

CAt 

0.9 I " ' I ' "  " ' "  I I I 0 .9 i I i I I 
0. (B 0 . ~  0.07 0 . ~  0.(]5 O.Or 

Figure 6. Axial-force measurements on the 45-deg sharp 
cone-cylinder with track system in place. 

The observed increase in total axial drag in Fig. 6 as the track leading edge was 

further extended suggests a strong influence of  the shock system induced by the rail leading 

edge and boundary-layer growth on the rail surface. Neither of  these would be present 

in an actual aeroballistic range environment, and they would prevent direct application 
of the present data to a range track without modification. 

Results of axial-force measurements with the 10-deg blunt cone-cylinder model with 
the track system in place at varying locations relative to the model shoulder are tabulated 

in Table 4 and shown in Fig. 8. Since this model was influenced by viscous shear forces, 
the data are plotted as a function of  M / v / - ~ .  
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Figure 7, 

--~ ~---~ ~35in. 
| 

% :  u .6  
Refit-_ 5,2x 106 

I I  

Shock 

Sketch of shadowgraph from McDonnell Douglas track test. 

Table 4. Flow Conditions and Axial-Force Data on 
l(~deg Blunt Cone-Cylinder with Track 

Run 
4793 

4793 

L 
4812 

1 
4 8 1 6  

1 
4800 

I 
! 

4794 

1 
4 7 9 9  

1 
4796 

Time, 
mseo  

60  
7O 
8O 

100 
110  

~0 
9O 

IO0 
110  
120 

6O 
7O 
80  
90 

100  

5O 
6O 
?O 
8O 

50 
7 0  
8O 
9O 

100  
110  

7O 
80 
90 

100 
110 

6O 
7O 
8O 

100 
110  

50 
7O 
9 0  

100  
110  

Po, To, P~, ~ V~, q~, Re / f t_  L, 
psza OR ps ia  __' f t / s e c  psxa .~ x 10 - °  i n .  CA¢ 

19,92413,9S5 0.00390 59.0 7,640 1.087 20.0 0.891 0.50 0.140 
18,54214,172 0.00385 63.6 ?,811 1.041 19.7 0.775 | 0.144 
16,72314,358 0.00395 69.6 7,970 1.014 19.2 0.676 1 0.146 
13,897 4,603 0.00404 79.1 8,172 0.960 18.4 0.549 0.143 
12,529 4,586 0.00381 79.8 8,142 0.892 18.3 0.507 0.147 

16,585 4,077 9.00296 59.1 7,697 0.836 20.1 0.679 0.75 0.176 
15,339 4,352 0.00294 65.5  7,955 0.799 19.7 0.567 / 0.183 
14,105 4,646 0.00293 72.7 8,220 0.766 19.3 0.473 1 0,187 
12,845 4,716 0.00286 75.6 8,272 0.729 19.1 0.431 0.191 
11,872 4,826 0.00278 78 .9 !8 ,363  0.692 18.9 0.388 0.192 
13,076 3,245 0.01056 68.5~6,759 1.984 16.4 1.584 0 .75 0.123 
12,032 3,901 0.00915 84.6 7,445 1.687 16.2 0.990 0.135 
10,834 3,982 0.00801 86.1 7,515 1.479 16.2 0.845 0.143 

9,891 4,165 0.00733 91,1 7,688 1.338 16.1 0.706 0.149 
8,916 4,352 0.00704 98.1 7,860 1.249 15.9 0.599 ~r 0.153 

13,064 3,605 0.0 ]286 82.6 7,145 2.239 15.811.242 0 .75 0.119 
11,959 4,579 0 . 0 1 1 6 8  ]11 .1  8,105 1.944 15.4 0.798 | 0.139 
10,645 4,646 0.01113 114.8 8,155 1.815 15.3 0.717 ; 0.153 

9,768 4,381 0.01026 107.3 7,891 1.677 15.3 0.732 0.162 
21,627 4,608 0.00435 71.4 8,261 1.170 19.6 0.734 1.50 0.188 
17,704 4,572 0.00405 73.3 8,186 1.042 19.2 0.642 0.203 
16,000 4,615 0.00395 75.7 8,207 0.988 18.9 0.567 0.209 
14,485 4,664 0.00375 77.8 8,236 0.920 18.7 0.531 0.211 
12,888 4,702.0.00352 79.8 8,235 0.846 18.5 0.475 0.218 
11,729 4,685 '0 .00324 79.7 8,226 0.774 18.5 0.436 Ir 0.225 
18,259 4,667 0.00389 77.7 8,446 1.009 19.3 0.567 3.96 0.254 
16,467 4,799 0.00358 76.6 8,386 0.922 19.2 0.530 [ 0.237 
14,930 4,405 0.00330 69.2 7,997 0.859 19.3 0.573 1 0.234 
13,658 4,408 0.00310 69.9 7,989 0.798 19.2 0.529 0.241 
12,376 4,792 0.00282 77.6 8,336 0.710 19.0 0.406 0.273 
19,733 4,534 0.00378 69.0 8,173 1.032 19.7 0.676 3.96 0.224 
18,223 4,761 0.00358 73.8 8,370 0.955 19.5 0.571 I 0.237 
16,45614,874 0.00349 77.7 8,455 0.903 19.2 0.508 0.249 
13,73914,838 0.00333 80.0 8,392 0.826 18.8 0.455 1 0.257 

0.00310. 78.7 8,303 0.764 18.8 0.432 0.256 
12'53414'756 0.00545 
21,82114,972 83.6 8,592 1.356 18.9 0.698 3.96* 0.167 
17,50915,123 0.00415 85.5  8,688 1.032 18.8 0.513 | 0.177 
14,177J4,901 0.003541 82.0 8,454 0.869 18.7 0.463 1 0.182 
12,877 4,871 0.003211 81.3 8,414 0.786 18.7 0.425 0.187 
11,580 4,788 0.00279~ 78.6 8,325 0.690 18.8 0.369 0.196 

* T h r e e  R a i l s  R e m o v e d  
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Figure 8. Axial-force measurements on the lO-deg blunt 
cone-cyl inder  wi th  track system in place. 

The increase in aerodynamic drag due to the reflection of the model bow shock 

from the rail back onto the model is seen to be quite significant~ From an examination 

of the schlieren results, it was concluded that the bow shock was not completely captured 

for L = 0.750 in. and that it interacted just downstream of the track leading edge at 

• L = 1.50 in. (Fig.4). The fact that the drag continued to rise as the leading edge of  the 

track extended forward suggested again that the track leading-edge shock and/or the 

boundary-layer growth on the track at the location of the model did violate simulation 

of the range environment. In this regard, these data are discussed in more detail in Section 

6.0. There are as yet no range data to compare to these measurements. 

6.0 APPLICATION OF TUNNEL F DATA IN DETERMINATION OF SHOCK 
INTERFERENCE DRAG ON A FULL-SCALE TRACK SYSTEM 

The total drag coefficient, CDT, experienced by a spherically blunted cone-cylinder 

launched at zero angle of attack in a range and constrained by a track system is the 

sum of the component drag coefficients expressed as 
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aerodynamic forces 

CD T = CDp + CD v + CD B + CD[ P 

track related forces 

+ CDs I ,'1- CDF 
Total Drag 

m 

q**A 

(1) 

The first four components are standard aerodynamic forces--namely pressure drag, 

viscous drag, base drag, and viscous induced pressure drag. The term CDsi is the 

contribution caused by the influence of the upstream shock system on the track rail and 

the subsequent interaction on the model surface. The term CDF is the contribution of  

the sliding friction force between the cylinder and the rails of  the track. The present 

experimental program at tempted to measure the term CDsx for two particular cone 

geometries. The term CDF was intentionally kept at zero. 

It was proposed that the Tunnel F experimental data be scaled to other track 

dimensions and other model geometries and a parametric study be conducted to determine 
the magnitude of the shock interaction drag at typical range conditions. It was also 

requested that the study be limited to sharp or slightly blunted slender cones. 

Each of the terms in Eq. (1) will be discussed. However, the method by which the 
t.erm CDsx is determined will be discussed in some detail. Future studies, with additional 

"experimental  data, will no doubt improve the present analysis. Terms related to 
track-induced drag forces are discussed first. 

6.1 SHOCK INTERFERENCE DRAG 

The evaluation of the term CDs I in Eq. (1) and its relative importance to the other 
terms of  the equation is the primary purpose of the present study. The basic mechanism 

of  the induced drag on the model due to the reflection of  the model bow shock from 

the rail back on to the surface of  the model and subsequent reflections between the model 

and the track rail can be seen in Fig. 9. This analysis and discussion is limited to sharp 
or slightly blunted slender cones at Mach numbers sufficiently high that the local flow 

in the vicinity ot ~ the track rail is supersonic and the reflection is of  a "like sense" (Ref. 

13) so that the angle of reflection equals the angle of  incidence. This stipulation removes 
the experimental data obtained using the 45-deg sharp cone from the present discussion. 

The ranges of  variables suggested for study were 5 < 0¢ < 30 deg and 0 < ~j < 0.3. 

Therefore, the analysis does depend greatly on the data obtained using the slightly blunted 

(~j = 0.167) 10-deg cone model. For a model of  finite bluntness, the shock approaching 

the track rail is neither straight nor two-dimensional. A rigorous analysis should account 

for shock curvature and local flow gradients. An example is shown in Fig. 10 which 

compares perfect gas method of characteristics solutions** (M** = 14 and 20) to inviscid 

**Solutions obtained by E. R. Marel/and, Special Studies Group, VKF. 
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flow-field sharp-cone solutions (Ref. 11). This figure is drawn to scale for the present 

10-deg blunt cone with the track leading edge placed 1.50 in. from the cone shoulder. 
A previously discussed schlierien photograph (Fig. 4) obtained during run 4800 indicates 
good agreement between observed and calculated shock shape. 

Side and Bottom Rails Are Not Shown 

F 
Lip Shock 

~;"  j - "~ , -ZT-  ' R - e r i ~ i o n  
( ( I  '<-" ,,-: ,; , , : ; i ; ;  ...... 

Track Rail 

A "/rr t 
Figure 9. Simplified shock mechanism. 

L r 1.500 *" 

sharp gone ~ 

~ L d l g l i g h t l y  blunted cone, 2 . O. 1~ - I' 
t All Dimensions in inches 

Note: Lip shock from track rail is not shown. 
Figure 10. Comparison of blunt and sharp cone shook shapes 

in reflection region. 

0.8125 

Although it was recognized that a blunt bow shock analysis would be of more practical 
value, it was not attempted because a large number of characteristic solutions would be 

required. Also, shock shape is sensitive to real gas effects, but all calculations in the present 
analysis assume perfect gas relationships. An example of perfect and real gas shock shapes 
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is shown in Fig. 11. It was felt that the lack of  experimental data would prevent an 

evaluation of the rigorous approach even if the increased effort was undertaken to obtain 

the numerous necessary solutions. The present analysis assumes that the local pressure, 

Ps (Fig. 9), and the geometric length, x, can be computed by crossing two inviscid flow-field 

conical shock systems. It should be noted that the reflected shock would more nearly 

be plane since it is from a two-dimensional surface. However, using this model greatly 

simplifies the numerical work required for the analysis. 

4 
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p ® .  1.76 x ,o-3,,.,gs,t3 . . . ¢ ¢ . . " / \  

. 

0 [ I I I I I I I 
0 2 4 6 8 

x l l r  n 

/ . /  

Figure 11. Perfect and real gas shock shapes. 

As Fig. 9 indicates, the drag (neglecting the lip shock) induced by the bow shock 

reflection system can be written 

DsI = 4K (x) (Ps/P**) (P**) (RW) (2) 

and 

CDsI = Dsi/q**A (3) 

where 

1. (pJp**)(p**) is the average pressure in the reflection region and is assumed 

to be the value after the first reflection (subsequent reflections ignored); 
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. x is the cone surface distance from the first reflection to the shoulder (Fig. 

9), RW is the width of the rail, and the constant 4 is included because 

a four rail track system was used (The term 4(x)(RW) is therefore the 

affected shock area influenced by the pressure ps); 

. K is a complex correction factor which must be empirically derived from 

available data to account for the simplification of the model, lip shock 

contribution, and second-order effects. (The parameter should also allow 

a range of model configurations and track dimension to be studied.) 

This model implicitly assumes a step change in local surface pressure, Ps, down to 

a normal cone surface pressure, Pw, at the edge of each rail (Fig. 9). It also ignores the 

influence caused by the model bow shock interacting with the sides of the rail and thereby 

causing a local increase in model pressure. The empirical constant K could be expected 

to be a strong function of the product (x)(ps/p**), cone angle and bluntness, and Mach 

number, and a weaker function of rail width and rail depth. Experimental data presented 

earlier served as the basis for evaluating the constant K in Eq. (2). Since this is basic 

to the present analysis, a discussion of its evaluation is given in some detail. 

To be completely valid., this constant should be used only for the geometry and 

flow conditions for which the data were obtained; i.e., 

15.2 ~ M** ~. 20.1 

Oc = 10 deg 

= 0.167 

laminar boundary-layer conditions 

The present task demanded that a method be devised which would allow calculation 

of Dsl for other geometric and flow conditions; i.e., 

5 ~. Oc ~ 30 

6.5 M 20 

turbulent boundary-layer conditions and 

range temperatures and pressure conditions 

The method which is used in accomplishing this is also discussed below. The need 

for additional experimental data will be apparent in this regard. 
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6.1.1 Determination of the Constant K 

The drag measurements discussed in Section 5 and shown in Fig. 8 are used in the 

determination of  the parameter K. Intuitive reasoning suggests that the track location which 

"more nearly" simulates a range environment would be at the position for which the 

model bow shock just intersects the bot tom of the track rail. In other words, complete 

capture of the shock system is desired with no excess track length to allow bounday-layer 
growth or lip shock effects to excessively influence the data. Three runs were made with 

the track leading edge 0.750 in. in front of the cone shoulder, and a consistent 20-percent 

increase in drag was measured. However, a post-test analysis of both characteristic blunt 

body shock shape solutions and schlierien photographs strongly suggests that incomplete 

capture of  the shock system resulted at this rail location (Figs. 4 and 10). 

- A cross plot of the 10-deg cone drag measurements as a function of rail position 

is shown in Fig. 12. From characteristics solutions (Fig. 10) it was inferred that placing 
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the rail at about 1.15 in. upstream of the cone-cylinder function would have been the 

optimum location. The manner in which the data are presented in Fig. 12 implicitly assumes 

that the observed increase in drag which resulted when the rails were in position was 

entirely due to the increased pressure on the cone induced by the model bow and rail 

lip shock and that none of the other terms in Eq. (1) was affected by the presence of 

the track. Therefore, the differential between the baseline data and the total drag would 

represent the contribution of of the track system and be, by definition. CDsl. From Fig. 

12, at L = !.15, this results in 

CDsi = 1.34 CDSL " COSL = 0.34 CDBL (4) 

where CDSL can be read, for a given value of M**/R~,£, from Fig. 5. However, the 

contribution of the rail lip shock is also included in the total shock interaction drag 

component, and it would therefore be conmrvative to apply this result to an actual track 

system. To correct for this tunnel-induced effect, it was assumed that once the bow shock 

was completely captured, no further increase in drag due to bow shock interaction would 

result.t However. lip shock drag would continue to increase with L since boundary-layer 

and shock spreading would increase. By making the additional assumption that the increase 

over the drag measured at L = 0.50 was due largely to rail lip shock drag, one could 

estimate the individual contributions of model bow shock and lip shock. The technique 

is shown graphically in Fig. 12. in the range from 1.20 to 1.34, various values of 

(CDsL + CDaow SaOCK)/CDBL 

were tried until a reasonable variation of lip shock drag with rail position L was found. 

The resulting value gave a correction of 0.09 from the total measured value of 1.34, which 

is about a 7-percent correction at L = !.15 in. Although the technique and assumptions 

used are not by any means rigorous, the resulting correction is not large, and a better 

method could probably not be devised with the given experimental data. A final value 

of CDsl, where only the bow shock is considered, is therefore 

CDsl = 0.25 CDBI. (5) 

and 

Dst = (0.25 CDBL) ( q A )  (6) 

*This interpretation of the data was suggested by Mr. Glen Norfleet, Manager of the VKF 
Aeroballistic Branch. 
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For a given Tunnel F run, where CD BL is known, the parameter K can be obtained 

from Eqs. (2), (3), and (6) and is expressed as 

0.25 CDB L q**A 
K = (7) 

4(ps/p**)(p**) (x) (RW) 

Equation (7) was evaluated at discrete time points for runs 4795, 4800, and 4816, 

which represented the extreme range of  q**, M**, and p** used during the present test. 

The term Ps/P** and x were hand calculated from the conical inviscid flow-field solutions 

of  Jones (Ref. 11). The results were as follows: 

Number of  

Run Time Points Average M** Average K 

4795 5 19.42 0.52 + 0.03 

4800 6 18.90 0.49 + 0.04 

4816 4 15.45 0.35 - 0.03 

This variation of  K was initially very disturbing since the observed strong Mach number 

influence was not expected. A value for K of  unity would have resulted if all flow model 

assumptions were correct and second-order effects such as interaction of the shock off 

the rail side wall, boundary-layer change, base pressure effect, etc. were small. Considering 

the relative simplicity of  the flow model, the absolute values from 0.35 to 0.52 were 

not  surprising. 

The variation of  K with Mach number was explained when it was realized that K 

was very sensitive to changes in the product (x)(ps/p..). A two-step conical shock solution 

was performed for a l 0-deg sharp cone in the range 3 ~ M** ~ 3171' and the resulting 
variation of (x)(ps/p**) is shown in Fig. 13, as is the variation of K. Dimensional analysis 

suggested use of  the parameter M** sin 0¢ as the dependent variable. Since the calculation 
was performed for a specific cone geometry, the parameter (x)(ps/p**) has the units o f  

length. However, only the slope and not the absolute value is of  interest, and the results 

could therefore be used for other cone base diameters. The parameter K, in part, corrects 

the flow model for the error induced, by using sharp conical shock relationships rather 

than blunt body characteristics s91utions in calc ulatin_g the shock area 4(x)(RW) and local 

pressure, Ps. One would expect this error to increase as M-acti number decreases, as is 

indicated by the results in Fig. 13. A few experimental points at low Mach numbers (M., 

8) would verify this. The experimentally derived values of  K plotted as a function 
o f  M** sin 0¢ were then faired using the slope of the (x)(ps/p**) curve. A curve fit of 

the variation of K shown in Fig. 13 yields the empirical cubic relationship 

S The wide Mach number variation was necessary for reasons explained later. 
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K ~ 0.07795 - 0.02892 M sin 6Pc + 0.05204 M 2 sin2 8c - 0.000841 M2 sin 3 8c 

It should be noted that this relationship is valid only in the range 3 ~< M 
and for a 10-deg blunt cone with ~ = 0.167. 
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Empirical constant K as determined from Tunnel F data 
and conical inviscid flow-field solutions. 

6.1.2 Derivation of K for Cone Angles Other Than 10 deg with ~ = 0.167 

Since it is obvious that the term (x)(ps/p.) is sensitive to Mach number for a given 

cone angle, it was assumed that for a given Mach number it would be sensitive to cone 

angle. An evaluation of  shock interference drag on models with cone angles between 5 
and 30 deg was desired. To permit this, two-stop inviscid flow-field sharp cone solutions 

using the tables of  Ref. 11 were again performed (for 6 < ~ < 20), and the results 

are shown in Fig. 14. It can be observed that the ratio o f  (x)(ps/p=) for a cone angle 
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0c to that for a 10-deg cone is independent of M sin 0c (Fig. 15). If it is then again 
assumed that the empirical constant K is a strong function of (x)(ps/p**) and Math number 

and only a weak function of track width, Eq. (8) can be corrected for cone angles other 
than 10 deg by the empirical parameter Y def'med in Fig. 15 and given by the relationship 

Y .~ 8.1775/(0c)O.9105 (9) 

where 0c is in degrees. 

1 0 0 -  

# 
1 0 -  

2 

0.3 

5 

7.5 0 
10 

All Solutions for 

6 ~" Mm < 20 

(Ref. 11) 

I I I I i I f  i ~ I I I I I I I  
1.0 10.0 

M ~  sin 

F i g u r e  14 .  F a m i l y  of  cone so lu t ions .  

Since Y = 1.0 for 0e = 10 deg, the empirical constant K for an arbitrary cone angle 

0e with bluntness ratio 0.167 (in the range 6 < M < 20, 5 < 0c ~ , 3 0  deg) is the 
product of Eqs. (8) and (9). 
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A graphical representation for several finite cone angles is shown in Fig. 16. It should 

be noted that this relationship is still limited to cone nose bluntness values of  0.167. 

As in all empirical approaches, the degree of  confidence decreases as one departs from 

the original physical model. Additional data are needed in Fig. 16 before great confidence 
can be placed on the results of  the analysis. 
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6.1.3 Estimate of the Effect of Nose Bluntness on the Parameter K 

By using the present experimental data, the parameter K corrects (in part) the error 

introduced by assuming a model controlled by sharp cone inviscid flow-field relationships. 

Since these data were obtained on a blunt cone with /j = 0.167, the previous analysis 

could not expect  to be valid for cone bluntness at values other  than 0.167. 

Rather tedious hand calculations using the characteristics solutions shown in Fig. 10 

and two additional solutions for a 25-deg cone suggest that the variation in the parameter 

(x)(ps/p**) as compared to a ~ = 0.167 solution, behaves as A0 n where n is on tile order 

of  unity. The ratio of  local shock angle 0s for a blunt cone solution to that o f  a sharp 

cone value was calculated and normalized by the value a t / j  = 0.167. The results for two 

cone angles (at two Mach numbers) are shown as a function of  /j in Fig. 17. For  the 
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10-deg cone solution the results show a strong function of ~ and a weak function of 

Math number in the range from 14 to 20. The solutions for the 25-deg cone were only 

available for values of/~ ~ 0.23. However, at this value, (Ps)b/(0s)s was very near unity, 

and it was assumed that the value at/ j  = 0.167 would also be unity. The numerical effort 

and time to develop the results shown in Fig. 17 exceeded the effort of all previous 

results discussed in Section 6. Because of the problems indicated in this figure, the effect 

of model bluntness discussed later was restricted to 

0c = 10 deg 

It was also assumed that the results shown in Fig. 17 could be extended from M 

= 14 to M** = 6.5, and the parameter K was adjusted from the previous value by multiplying 

by the relationship, shown in Fig. 17, 

z = f (lO) 

Figure 17. 
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This empirical parameter can be expressed, 

for 0 ~ ~ 0 . 1 3 ,  

Z ~ 1.3 - 0.26291 ~ - 5.3788 ~2 _ 48.418 ~3 . 248.23 ~4 (11)  

for 0.13 ~ ~ < 0.175, 

Z = 1.0 (12)  

and for 0.175 ~ ~ ~ 0.30, 

Z ~ 0.52849 + 2.7257 (13) 

As is probably evident in the previous discussion, the analysis is basically a rather large 

extrapolation of  a meager amount  of  data to conditions beyond the combination of  model 

geometry and flow conditions investigated experimentally. A straightforward analysis using 

blunt body method of characteristics solutions combined with additional experimental data 

could clarify the situation. 

6.2 SLIDING FRICTION DRAG 

The mechanism of  the forces induced because of  sliding friction is beyond the scope 

of the present analysis. However, it was suggested that the analysis at least include this 

effect qualitatively, so the term CDF in Eq. (1) was retained and defined as 

CD F = FD/q=A (14) 

where FD is an arbitrary friction drag expressed in lbf and can be set at any value. 

6.3 PRESSURE DRAG 

Hopefully, the largest component  of  drag in Eq. (1) would be inviscid pressure drag, 
CDp- In hypersonic flow with sphere cones, Newtonian theory has proven useful in 

determining this parameter. A closed form solution of  axial force is presented in Ref. 

13, and for a = 0 it can be expressed as 

CDp - 2 1 - ~ cos20 c (2 sin20c) + ~2 cos20 (15) 

where Cemax for Mach numbers greater than 6 has the value (~/ + 3)/(~/+ l). The ratio 

of specific heats for air (1.4) was used in all calculations of  the present analysis. There 

would be no pressure drag acting on the cylinder portion of  the model at a = 0. 
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6.4 SKIN FRICTION DRAG 

At the velocities, range pressures, and model sizes proposed for a full-scale track 
system it is probably correct to assume that the boundary layer will be fully turbulent 

over a major portion of the model. For a sharp cone, the turbulent skin friction drag 
referenced to the base area can be expressed by (Ref. 14) 

0"0776F (vV__~e/1 "8 (Pe.~0"8 (T**~0 58 (He ~0"S S 
Cov- (Re£s)O. 2 [-~".) \Te] \H*/ cot 0c (16) 

where 

n • 
He - 0.5 + 0.5 (Tw/T**) ( T / T e )  + 0.0374 Me 2 (17) 

The skin friction coefficient decreases with increasing nose radius. However, mass 

addition caused by ablation greatly reduces the skin friction as 'determined through the 
mass addition term, F, in the above equation. Typical variations of F with enthalpy for 

typical materials are shown in Fig. 18. When Eq. (16) was checked against more recent 
turbulent boundary-layer solutions available in VKF for several cone geometries and flow 
conditions, values of CD v from Eq. (! 6) from 25 to 40 per.cent above the VKF solutions 
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Figure 18. Variation of mass addition term with enthalpy for 
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resulted. Equation (16) does not estimate the skin friction component  of drag on the 
cylinder portion of  the model. Since this apparent "error" in Eq. (16) is in the positive 
direction, this contribution to the total skin friction drag would at least be approximated 
by use of Eq. (16) without modification. It should also be noted that the term CDv 

is usually quite small in relation to CDp or CD-r, so a 25- or 40-percent error in CDV 

would not be significant. The stagnation enthalpy term H/RTo plotted in Fig. 18 should 

be evaluated using real gas relationships to determine the parameter F in Eq. (16). Its 

effect is always to reduce the contribution of  skin friction to total vehicle drag. 

6.5 BASE PRESSURE DRAG 

For drag forces defined as in the present case, the contribution of  a pressure 

differential in the model base region to the free-stream value produces a drag component  
given by 

2 
CD B - "t, M2 ( l  - Pb/Po.) ( 1 8 )  

There are numerous data correlations for the ratio of  Pb/P.. For hypersonic turbulent 

boundary-layer conditions in the base region of  sharp or slightly blunted slender cones, 
the correlation shown in Fig. 19 can be used. The subscript e refers to local inviscid 
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edge conditions; therefore, the ratio Pb]P** must be obtained at a given local Mach number 
by multiplying Pb/Pe from Fig. 19 by a value of  pc/p** obtained from an inviscid flow-field 

solution for a sharp cone or a characteristics solution lbr a blunt cone at the end of  

the conical portion. The present method uses an empirical curve fit for both of  these 

methods in the present range of interest. It should be noted that Eq. (18) neglects any 

effect of  the expansion around the corner of the cone to the cylindrical portion of  the 

model and also neglects the influence of the track on the average pressure in the base 

region. This problem is amenable to experimental study. For certain large cone angles, 

Eq. (18) will predict a negative base drag component  (thrust). This occurs, however, only 
when forebody pressure drag is quite large. 

6.6 INDUCED PRESSURE DRAG 

At turbulent boundary-layer conditions, tile effect of viscous-induced pressure drag 

on total vehicle drag is usually less than one percent. For this reason, induced pressure 
drag is neglected in the present analysis. 

7.0 RESULTS OF THE ANALYSIS AND CONCLUSIONS 

The relationships derived and discussed in Section 6.0 were programmed, with the 

necessary auxiliary relationships, for the AEDC-IBM 360/370 computer.  Parametric studies 

of  the different variables were then conducted. Input information required, and 

corresponding empirical limits, were as follows. All calculations were performed for a range 
ambient temperature of  300*K. 

Model velocity, fps, 7,410 < V** < 28¢475 

Range pressure, torr, no limits 

Track diameter, in., no limits 

Track rail width, in., no limits 

Cone half-angle, deg, 5 7< 0¢ < 30 

i 0 < /j :< 0.3 for 0¢ = 10 deg 

• /j = 0.167 for 0¢ ~: 10 deg 

Model weight, Ibm. no limits 

Friction drag, lbf, no limits 

Model wall temperature, *K, no limits 

Mass fraction, 0 < F < i.0 
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With this information, the program calculates the necessary free-stream conditions 

and each component  of  drag in Eq. (1). Also, the ballistic coefficient is calculated using 
the expression 

B = W/CD TA (19) 

An extremely large number of  combinations of  input variables could be devised from 

the information listed above. Only a few were examined, and the results are discussed 
below. 

The effect of  model wall temperature on the term CDv [Eq. (16)] and total drag, 
CDT [Eq. ( l)] ,  was studied for a 10-deg cone at model velocity of  20,000 fps. The effect 

of varying wall temperature from 300 to 3000*K on the term CVsl/CDT was only about 

2 percent. All subsequent calculations were therefore performed for a wall temperature 

of 81 l*K (1000*F). A similar small effect of  the mass fraction parameter, F[Eq. (16)], 

was also noted,  and subsequent calculations were performed for a nonablating model (F 
= 1 . 0 ) .  

The majority of  the remaining calculations to be discussed were performed for a 

10-deg, slightly blunted cone with ~ = 0.167. This model corresponds to the available 

experimental data and results in the greatest confidence in the parameter K (Section 6.0). 

Track diameter, TD, was arbitrarily chosen for most solutions at 10.0 in. and rail width, 

RW, was scaled directly from the present experimental apparatus (Fig. I) with a resulting 

value of  2.308 in. Unless otherwise indicated, all solutions assume zero friction between 
model and rail. 

The contribution of shock interaction drag, expressed as CDsI/CDT, as a function 
of model velocity and range pressure is shown in Fig. 20. A very strong influence of  
model velocity and a weaker dependence on range pressure is shown for this model and 

track configuration. Increase in total drag due to model bow shock interaction varies from 

about 9 percent to as much as 30 percent of  the total deceleration force of  the model 
over the range of velocities and pressures shown. The same information is shown in a 
different format in Fig. 21. In order to calculate the ballistic coefficient, B, model weight 

is reqmred. All solutions shown in Fig. 21 use a model weight of  65 lbm. This represents 

the present estimated launcher limit for a 10.0-in.-diam, two-stage ligl~t gas gun at a launch 

velocity of  20,000 fps. Although the lower velocities shown in Fig. 21 could have used 

a higher model mass, the solutions retained a value of 65 ibm to prevent the introduction 

of anotlaer variable. Subsequent calculations for launchers of  diameters other than 10 in. 

and launch velocities other than 20,000 fps often use the maximum model weight for 

a given combination of  diameter and velocity calculated from the empirical relationship 

(TD'~ 3 
Wmax = 65 \ 1 0 /  (20'000)2/(V~)2 (20) 
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where Wma x is in pounds mass, TD is in inches, and V is in feet per second. The ballistic 
coefficient varied from as low as 775 to as high as 970. lbm/ft  2 over the range of  range 

pressures and model velocities shown. The nonlinear influence of  model velocity should 

be noted. The opt imum velocity was 10,000 fps, with lower ballistic coefficients resulting 
for both higher and lower model velocities. This was probably due to the fact that, for 

this model, the term CDs[ was close to the term CDv in Eq. (I).  For a given velocity, 

the relative effect of range pressure is shown to decrease as it increases toward one 
atmosphere. 

The effect of model bluntness ratio and velocity on shock interaction drag on a 

10-deg cone is shown in Fig. 22. The calculations .were performed for a constant range 

pressure of  100 torr. A very large influence of both bluntness ratio and velocity can be 

seen to exist with the contribution of model bow shock increasing to greater than 40 

percent of  the total drag as the model becomes sharp and vel6city increases to 24,000 

fps. A more realistic upper velocity would be 20,000 fps. The effect of  range pressure 

and model bluntness is shown in Fig. 23 for this velocity. Comparing Figs. 22 and 23 

0.60 

~40  

m 

0.20 

V m, fps 

F igure  22 .  

24.000 

16,000 

12. 0e0 

~000 

TD = 10. 0 in, 

RW • 2.308 in. 

ec- ZOdeg 
Pm" 100torr 

CDp Increasing 

0 t ' I I I I I 
0 0.1 0.2 0.3 

• rnlr b 

Effect of bluntness ratio and velocity on lO<leg cone  
shock interaction drag. 
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indicates the relative influence of model velocity and range pressure at a given bluntness 

ratio. It should be noted that the term CDsl/COT becomes smaller as/j increases because 

of a large increase in the pressure drag term, CDI,, in Eq. ( I )  and not because of  a decrease 
in shock interaction drag, COs I. 

0.40 

Pro, torr 

TD ° 10. 0 in. 

RW - 2.308 in. 

e c • 10d  

V m - 20, O00fps 

t/} 
O. 20 

10 

CDp Increasing 

O k 
0 

Figure 23. 

0.1 02  0.3 
- rnlr b 

Effect of bluntness ratio and range pressure on 
lO-deg cone shock interaction drag. 

The effect of  track diameter on shock interaction drag for 10-deg models o f  constant 

nose radius is shown in Fig. 24. These solutions were run for a model velocity of  20,000 

fps and a range pressure o f  100 tort. It was necessary to vary nose bluntness ratio, /j, 

from 0.036 to 0.250 to produce these solutions. Rail width was increased or decreased 

in direct proportion to track diameter with the value of  2.308 in. being retained for the 

10.0-in. track diameter. It is seen that, for a given nose radius, the effect o f  increasing 

track diameter is small, but for a given track diameter, decreasing nose radius results in 

a greater contribution o f  shock interaction drag as a percent of  total model drag. This 

latter conclusion was also obtained from Figs. 22 and 23 and again results from the increase 

in CDp rather than from a decrease in CDs I as nose radius increases. 

All previous solutions have utilized a model with a cone angle o f  10 deg. The effect 

of  varying cone angle and model velocity on shock interaction drag in terms of  CD s z/CD T 

is shown in Fig. 25. All of  these solutions were performed for a bluntness ratio, ~, of  
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Figure 24. 
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Figure 25. Effect of cone angle and velocity on shock interaction drag. 
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0.167 and a track diameter of  10.0 in., with a rail width" of  2.308 in. Range pressure 

was held at 100 torr. A most unusual behavior with increasing cone angle is seen for 
several velocity values. A combination of high velocity and cone angle results in shock 

interacti°n drag being greater than 40 percent of  the total vehicle drag. Conversely, for 

small cone angles, the effect of velocity is quite small, with the shock interaction drag 

component  being only about 14 to 18 percent of  the total drag. The Math number values 

listed with the velocity values in Fig. 25 are for a free-stream (range) temperature of  

300°K as well as a free-stream pressure of 100 torr. As a matter of  interest, range 

measurements obtained by the McDonnell Douglas Corporation on a 45-deg sharp 

cone-cylinder model (Ref. 1) are also shown in Fig. 25. Although these data are in 

qualitative agreement with the present analysis, this may be fortuitous since the shock 
mechanism is completely different from that presently assumed (Figs. 7 and 9), and the 

track data may have included rail friction forces, which are not considered in Fig. 25. 

• The procedure of directly scaling rail width to track diameter from the values shown 
in Fig. 1 to larger track diameters was somewhat arbitary. Other design considerations 

may require that rail width be scaled by a factor other than unity. From a viewpoint 
o f  shock interaction drag, it would be advantageous if the scaling constant were less than 

unity. This is stiown graphically in Fig. 26. The influence of rail width in terms of  the 

llO0 - 

zooo 

• 9oo 

• 800- 

700- 

0 
0 

F i g u r e  26. 
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• ~ z67 
TD o 10. 0 in. 

v® - 2¢ ooofps 
PoD " 100torr 

MaXirnurn for Two- 
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! I I 
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I I I I 
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A- 

o.n5 

0.~5 
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0.323 

Ef fec t  o f  rai l  w i d t h  on m a x i m u m  bal l is t ic  

c o e f f i c i e n t  a n d  s h o c k  i n te rac t ion  drag. 
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~rameter CDsI/CDT and ballistic coefficicnt are both shown. The calculations were 

performed for a 10.0-in. track with a l O-deg cone of bluntness ratio 0.167 at a velocity 
o'f 20,000 fps and range pressure of  100 ton'. Present two-stage light-gas gun development 

suggests that future systems of 10-in. diameter launching a model at' 20,000 fps would 
be limited to a model weight no greater than 65 Ibm. This value would yield the greatest 

ballistic coefficient and is the value used in the calculation shown in Fig. 26. The parameter 

4(RW)/~r(TD) (ratio of total rail width to track circumference) is also indicated in Fig. 
26. This parameter is utilized later in graphical and tabular presentations. A very large 
reduc'tion in the shock interaction drag in terms of total drag and available ballistic 
coefficient is observed as rail width is decreased. 

All previous solutions have been obtained with the assumption of zero sliding friction 
between the cylinder portion of the model and the track rail. This was done because 

the present experimental program was designed only to study shock interaction and no 
accurate estimate has as yet been made on the sliding friction term (CDF) in Eq. (1). 
Track curvature, nonsymmetric ablation, model weight, and materials all influence friction 

as well as model velocity. From Eq. ( l) ,  total "track-related" drag force would be CDss 

plus CD F" This parameter in terms of CDT and the previous parameter CDS i/CDT is shown 
as a function of absolute track friction drag in Fig. 27. The solutions were obtained at 
velocities of 8,000 and 20,000 fps, with other input information tabulated in the figure. 

Since the friction force is included in CDT [Eq. ( l ) ] ,  the parameter CDst/CDT decreases 

with increasing track friction drag. The parameter (CDs] + CD F)/CDT is seen to increase 
much faster for the lower velocity case than for the higher velocity value. For an arbitrary go[ 

,,:k- o.8_ 
-%_ 

t#') 

~= 0.6 
e -  
IW 

(.1 

0.4 

+ 

"" 0.2 

0 1- 
10 

Note: CDF is included in CDT for both solutions. 

o c - 

• ~ 167 

TD • 1~ Oin. 
RW - 2.308in. 
I~ • 100t0rr 

. . . . . .  v®'  rps 

V® . ~  ~Orps 

100 1000 
Track Friction Drag, Ibf 

CDsI + CDF 

Co T 

CDsI/CD T 

Figure 27. Effect of friction drag at two velocities. 
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track friction of 2000 lbf at a velocity of 8000 fps, the total track-related deceleration 

force represents about 76 percent of  the total vehicle drag for the model configuration 

indicated in Fig. 27. Although this is a rather severe penalty, the actual friction force 

would probably be much less than 2000 pounds at this velocity and the penalty quickly 

becomes smaller as friction is decreased. A more realistic estimate of  the relative magnitude 

of  shock interaction and track friction drag is shown in Fig. 28. For lower velocities 

and friction, friction-related drag is small compared to shock interaction drag and increases 

to about the same magnitude at higher velocities and absolute friction forces. The extreme 

slope of  the parameter CDF/CDsl in Fig. 28 suggests the need for better definition of  
these expected track friction forces. All additional calculations discussed herein assume 
zero friction. 

i 

I l l  
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( .~  

10(10 
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1.00 

n 

m 

(1 10 

I 
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e c - 10 deg 
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F i g u r e  28. Ratio of friction to shock interaction drag as a 
f u n c t i o n  of velocity. 
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Planning plots for four typical model geometries and range conditions are shown 

in Fig. 29. The solutions are shown as ballistic coefficients as a function of  model weight 

and track diameter. Also shown is the present estimated limit for launch weights of 
two-stage light-gas guns. With this as the maximum available ballistic coefficient, the 

summary plot shown in Fig. 30 was prepared. The penalty for shock interaction drag 

ranged from about 14 to 43 percent for these cases. The advantage of  increasing track 

diameter in obtaining greater ballistic coefficients can be seen. It should also be 

remembered that track friction forces are assumed to be zero for these calculations. 

A slightly different type of planning plot is shown in Fig. 3 !. To minimize the total 

nulnber of  variables, all these solutions were obtained for a model velocity of 18,000 

fps, but model weights were calculated for launch velocities of 17,000 and 20,000 fps 

over the launcher diameter (track diameter) range indicated on the figure. As can be seen 

in Fig. 25, the error involved in using a model weight calculated for a launch velocity 

of 17,000 fps and then "flown" at 18,000 fps (for a 5- or 10-deg cone) is not large. 

Model cone angles of 5 and 10 deg represent typical full-scale reentry vehicle (RV) values 

which might be fired in a full-scale ablation range facility. As expected, available ballistic 
coefficient is a strong function of  track diameter and a weaker function of  rail width. 

Maximum available ballistic coefficient varies from about 500 to greater than 4000. 
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The two extreme values (minimum and maximum B) in Fig. 31 were chosen to 

perform trajectory calculations,* and the results are shown in Fig. 32. These trajectol:y 

solutions utilize an aerodynamic drag curve as a function of velocity calculated from Eq. 

(1), and in addition, Eq. (1) was solved with the term CDs[ set equal to zero (no shock 

interaction). The trajectory solutions were run for a time interval sufficient to allow 

5000 

R 

,ooo 

OD 

500 

r- d • Conditions Selected for Trajectory 
_ Solutions (Fig. 32) ~ . J  

i: 
In ) " ~ /  Gas Gun Model Weights 

" ) j " /  for Launch Velocities 

~ ~ 20. (~0 fps 
- - -  - -  - -  17, 0O0 fps 
_ Veo - 18. 000 fps (Model) 

p~ - 100torr 

_ - 0.]67 

I l I I I I 
4 6 8 I0 12 14 16 

TD, in. 

F i g u r e  3 1 .  P l a n n i n g  case w i t h  z e r o  f r i c t i o n  forces .  

a full-scale range distance of 50,000 ft to be traversed. The resulting ballistic coefficient 

as a function of range length is shown in Fig. 32a, and model velocities are shown in 

Fig. 32b. For these models, track dimension, and range conditions, the penalty for utilizing 

a constraining track is no greater than 13 percent in terms of ballistic coefficient and 

1300 fps in terms of reduced model velocity. These solutions were run assuming no sliding 

friction forces were present between the model cylinder and rail surface. 

*Trajectory solutions were obtained by J. P. Billingsley, VKF/ADP. 
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Figure 32. 
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Launch Velocity • 17, 000 fps" 
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Model Weight • 368.5 Ib 
4(RW)/~ffD) • O. 10 
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Results o f  t ra jec to ry  solut ions.  

Finally, an additional set of  solutions is shown in tabular format in Table 5. Initial 

conditions and table nomenclatur~ a ~  as follows: 

I npu t  Data 

V m ~ 

p . .  = 

UINF = 12,000, 16,000, 20,000, and 24,000 fps 

PINF = 10, 100, and 1000 torr 

THETAC = 5.0, 7.5, and 10.0 deg 

RN/RB = 0.167 for 0c = 5.0 and 7.5 deg 

= 0, 0.10, 0.167, 0.2, and 0.3 for 0c = 10 deg 

4(RW)/(TD) = RAIL/CIR = 0.1, 0.2, 0.3, and 0.4 
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Output  Data 
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Figure 32. Concluded. 
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These solutions will allow the interested reader to make graphical studies not included 
in the present report. 

The present experimental and analytic investigations indicate the approximate 

magnitude of aerodynamic drag which will be induced because of the bow shock interaction 
between the track and a model traveling down a constraining track system. Although it 

is clear that additional experimental data are required to confirm or improve the analysis, 

the following parameters (in decreasing order) have been shown to be important: 

1. Model Cone Angle and Bluntness' 

The relative importance of shock interaction drag in terms of total 

drag increases with increasing cone angle and decreasing bluntness ratio 
(Figs. 22, 23, and 25) except for small V and 0e. 

2. Model Velocity 

The term CDsI/CDT increases very rapidly with increasing velocity 
(Fig. 20). In terms of practical" ballistic coefficient, an optimum velocity 
results for a given model and track configuration (Fig. 21). A combination 

of high cone angle and model velocity results in greater than 40 percent 
of the total deeleration force being caused by model bow shock interaction 
(Fig. 25). 

3. Rail Width 

The contribution of shock interference drag is reduced as rail width 
decreases (Fig. 26). 

4. Range Pressure 

Shock interference drag is sensitive to range pressures at levels below 

about 100 torr but is not a strong influence above this level (Figs. 20 and 
21). 

5. Track Sliding Friction 

Although this term was studied only qualitatively, it was shown to 
have a potentially large influence if the absolute value is greater than about 
100 Ibf (Figs. 27 and 28). 
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CDSL 

CD F 

CD IP 

CD p 

CDsj 

Cv T 

CD V 

.C~ 1118 x 

DSl 
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FD 

H* 

He 

Ho 

K 
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NOMENCLATURE 

Reference area, ~rrb 2 

Balfistic coefficient [ Eq. (l 9) ] 

Inviscid axial-force coefficient 

Total measured axial-force coefficient 

Aerodynamic base drag coefficient [ Eqs. (1) and (18)] 

Baseline drag coefficient measured with no track system in place 

Drag coefficient attributable to sliding friction between model cyfinder and rail 
[Eqs. (1) and (14)] 

Aerodynamic viscous-induced pressure drag coefficient [Eq. (1)] 

Aerodynamic pressure drag coefficient [Eqs. (1) and (15)] 

Drag coefficient attributable to shock interaction forces between model and raft 
[Eqs. (1) and (3)] 

Total drag coefficient of a ballistic range model traveling in. a constraining track 
system [Eq. (1)] 

Aerodynamic viscous drag coefficient [Eqs. (1) and (16)] 

Maximum pressure coefficient- 

Shock interaction drag [Eq. (2)] 

Mass fraction term in Eq. (16) 

Sfiding friction drag 

Reference enthalpy defined by Eq. (17) 

Gas enthalpy at edge of boundary layer 

Stagnation enthaipy 

An empirical correction factor defined by Eqs. (2) and (7) 
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L 

~,~1 ,~2 

Me 

Pc 

Po 

Pg 

Ps 

Pw 

P.. 

q.. 

R 

Re 

Re£ 

Regs 

RW 

rb 

rn 

To 

Position of rail leading edge in relation to cone-cylinder junction (Fig. 1) 

Characteristic lengths of model (Fig. 5) 

Sharp cone length 

Mach number at edge of boundary layer 

Local Mach number after f'trst reflection (Fig. 9) 

Free-stream Mach number 

Base pressure 

Local pressure at edge of boundary layer 

Stagnation chamber pressure 

Pitot pressure 

Local pressure after first shock reflection (Fig. 9) 

Wall pressure 

Free-stream static pressure 

Stagnation point Fay-Riddell heat-transfer rate 

Free-stream dynamic pressure 

Gas constant 

Unit free-stream Reynolds number per foot 

Free-stream Reynolds number based on characteristic length 

Free-stream Reynolds number based on sharp cone length, 

Rail width 

Model base radius, assumed to be equal to track inside radius 

Model nose radius 

Temperature at edge of boundary layer 
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To 

T 

TD 

v.  

W 

x 

Xl 

xb 

xs 

Y 

Y 

Z 

,), 

0c 

0s 

0: 

P. 

AEDC-TR-75-78 

Stagnation temperature 

Wall temperature 

Free-stream static temperature 

Track diameter 

Velocity at edge of boundary layer 

Free-stream velocity 

Model weight 

Cone distance influenced by shock reflection (Fig. 9) 

Axial distance measured from nose 

Cone distance influenced by blunt body shock reflection (Fig. 10) 

Cone distance influenced by sharp body shock reflection (Fig. 10) 

Correction to the parameter K for cone angles other than 10 deg [Eq. (9)] 

Distance from cone centerline 

Correction to the parameter K for bluntness ratios other than 0.167 [Eqs. (10) 
through (13)] 

Angle of attack 

Ratio of specific heats 

Cone half-angle (Fig. 9) 

Local model bow shock angle (Fig. 9) 

Model bow shock angle after first reflection from rail (Fig. 9) 

Nose bluntness ratio, rn/rb 

Free-stream density 
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