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PREFACE 

The work reported herein was conducted by the Arnold Engineering Development 
Center (AEDC), Air Force Systems Command (AFSC), at the request of the Space and 
Missile Systems Organization (SAMSO), AFSC, Los Angeles, California, for TRW, Inc., 
Redondo Beach, California, under Program Element 6331 IF, System 627A, Task 01. The 
results were obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel and Associates, 
Inc.), contract operator of AEDC, AFSC, Arnold Air Force Station, Tennessee. The work 
was done under ARO Project No. V41A-G1A. The authors of this report were E. E. 
Lindsay and D. H. Fikes, ARO, Inc. The final data package was completed on June 22, 
1976, and the manuscript (ARO Control No. ARO-VKF-TR-76-89) was submitted for 

publication on August 11 ," 1976. 

The authors wish to acknowledge the work done by E. O. Marchand of the yon 
K~rm~n Gas Dynamics Facility (VKF) in providing the theoretical calculations used in 
this report. 
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1.0 INTRODUCTION 

An experimental force and pressure investigation was conducted in the yon K,~rm/m 

Gas Dynamics Facility (VKF) Supersonic Wind Tunnel (A) at Mach numbers from 1.6 to 

5.0 on the Minuteman Instrumented Payload Delivery System (MIPDS) launch vehicle 

configuration. The test was performed to obtain static aerodynamic and surface pressure 

distribution data on the complete launch vehicle configuration and the newly designed 

payload nose section. The experimental results from the test will be used to verify the 

aerodynamic estimates used in the structural, controls, and trajectory analyses of the 

MIPDS launch vehicle by TRW. 

Static stability and axial-force data were obtained on the complete launch vehicle 

and the payload nose section for variations in model attitude and Mach number. Effects 

of boundary-layer trips on total vehicle and payload nose section performance and the 

effects of booster raceway components and a seal at the nose section joint on the 

aerodynamic characteristics of the complete vehicle were investigated. The force test 

phase was conducted at Mach numbers 1.62, 2.00, 3.01, 3.51, 3.76, 4.02, and 5.06 and 

free-stream unit Reynolds numbers of 7.7, 8.1, 7.2, 6.2, 6.0, 5.9, and 6.4 million per 

foot, respectively. The angle-of-attack range was from approximately -6 to 12 deg, and 

the roll angle range was from -180 to 180 deg. 

Surface pressure distribution data were obtained on the complete launch vehicle at 

Mach numbers 1.62, 2.00, 3.01, 4.02, and 5.06 at free-stream unit Reynolds numbers of 

7.7, 8.1, 7.2, 5.9, and 6.4 million per foot, respectively. Effects of boundary-layer trip 

devices on the pressure distribution over the vehicle were also investigated at Mach 

numbers 1.62 and 4.03. The angle-of-attack range was Irom -12 and 12 deg, and the roll 

angle range was from -90 to 180 deg. 

2.0 APPARATUS 

2.1 WIND TUNNEL 

Tunnel A (Fig. 1) is a continuous, closed-circuit, variable density wind tunnel with 

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

tunnel can be operated at Mach numbers from 1.5 to 6 at maximum stagnation pressures 

from 29 to 200 psia, respectively, and stagnation temperatures up to 750°R (M= = 6). 

Minimum operating pressures range 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 Ref. 1. 

5 
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2.2 MODEL 

Photographs and details of the 0.06-scale model of the Minuteman Instrumented 

Payload Delivery System launch vehicle are shown in Figs. 2 and 3. The model was 

designed and fabricated by Ellco Engineering, Inc., for TRW and SAMSO (RSTB). The 

MIPDS launch vehicle configuration consisted of a newly designed payload nose section, a 

booster section, and four nozzles attached to the booster afterbody; the model, including 

the nozzles, was 44.268 in. long. The nose section extended to model station (MS) 

15.445, and the downstream booster section had an afterbody diameter of 3.942 in. The 

model was designed so that all hardware components, except the nose section, could be 
used with either the force or pressure model. 

The force model utilized two six-component balances to provide for the 

simultaneous acquisition of the aerodynamic loads on the total vehicle and the payload 

nose section. The simultaneous measurement of total vehicle and nose section loads was 

made with no seal at the metric break (MS 15.445), which provided a 0.023-in. 

interference-free gap between the nose and booster sections. The base cavity of the nose 

section at the gap was also vented into the booster section cavity to reduce any effects of 

flow across the gap on total vehicle and nose section measurements. A solid seal which 

hard-mounted the payload nose to the booster section and a removable booster raceway 
were also provided. 

The pressure model was instrumented with 95 pressure orifices with 51 located in 

the payload nose section and 44 in the booster section. The pressure orifices in the 

booster section, which was common to both the force and pressure model, were sealed 

off during the force test phase. The pressure model used the solid seal to hard-mount the 

nose section to the booster section without the raceway to provide the only 

configuration run during the pressure test phase. The locations of the pressure orifices are 
listed in Table 1. 

Trip geometries were the same for both test phases and are shown in Fig. 3b. A 

description of the model components employed during the test is given in the 
Nomenclature. 

2.3 INSTRUMENTATION AND PRECISION 

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

transducer 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 wathin +0.2 percent of reading or +0.015 psla, 
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whichever is greater. Stilling chamber temperature is measured with a copper-constantan 

thermocouple with an uncertainty of -+3°F based on repeat calibrations. 

Total vehicle and payload nose section forces and moments were measured with 

six-component, moment-type, strain-gage balances supplied and calibrated by VKF. Prior 

to the test, static loads in each plane and combined static loads were applied to the 

balances 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 corresponding values 

calculated from the balance calibration equations included in the final data reduction. 

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

Total Vehicle Balance 

Component 

Balance Range of 
Design Calibration Check Measurement 
Loads Load Ranse Loads Uncertainty 

Normal force, ib ±500 ±250 ±100 ±0.8 
Pitching Moment*, 

in.-ib ±1,850 i925 ±625 i2.2 
Side Force, ib ±250 ±250 ±I00 ±1.2 
Yawing Moment*, in.-ib ±925 i925 ±625 i2.0 
Rolling Moment, in.-ib i100 ±35 - ±0.3 
Axial Force, lb ~300 0-I00 - ±0.2 

*About balance forward moment bridge 

The transfer distance from the balance forward moment bndge to the booster 

moment reference location was 11.393 in. along the longitudinal axis and was measured 

with an estimated precision of +0.005 in. 

Component 

Payload Nose Section Balance 

Balance Range of 
Design Calibration Check 
Loads Load Ranse Loads 

Measurement 
Uncertainty 

Normal Force, ib ±200 ±100 ±50 0.50 
Pitching Moment*, 

in.-ib ±680 ±340 ±100 0.20 
Side Force, ib ±200 ±100 ±50 0.10 
Yawing Moment*, in.-ib ±680 ±340 ±100 0.35 
Rolling Moment, in.-ib ±I00 ±25 - 0.10 
Axial Force, ib ±50 0-30 - 0.09 

*About balance forward moment bridge 

7 
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The transfer distance from the balance forward moment bridge to the nose moment 

reference location was 2.316 in. along the longitudinal axis and was measured with an 
estimated precision of -+0.005 in. 

Model surface, cavity, and base pressures were measured with the Tunnel A standard 

pressure system which uses 15-psid transducers referenced to a near vacuum or a variable 

reference and having full-scale calibrated ranges of 1, 5, and 15 psia. Based on periodic 

comparisons with secondary standards, the precision is estimated to be -+0.15 percent of 
the reading or -+0.003 psi, whichever is the larger. 

Shadowgraphs or schlierens were obtained on several configurations at selected 

attitudes and test conditions. The flow-field photographs were recorded with a double 
pass optical flow visualization system with a 35-in.-diam field of view. 

3.0 PROCEDURE 

3.1 TEST CONDITIONS 

The test was conducted at Mach numbers from 1.62 to 5.06 at free-stream unit 

Reynolds number of 5.9 to 8.1 million per ft. A summary of the test conditions at each 
Mach number is given below. 

Data* M = Po' psia T , OR o q=, psla p=, psla Re= x 10 -6 

F,P 1.62 28.0 570 11.74 6.39 7.7 

F,P 2.00 34.0 570 12.16 4.34 8.1 

F,P 3.01 50.0 570 8.52 1.34 7.2 

F 3.51 56.0 570 6.24 0.72 6.2 

F 3.76 64.0 580 5.78 0.58 6.0 

F,P 4.02 72.0 580 5.22 0.46 5.9 

F,P 5.06 150.0 635 4.74 0.26 6.4 

*F- Force data; P - Pressure data 

Test summaries showing all configurations tested and the variables for each are 
presented in Tables 2 and 3 for the force and pressure test phases, respectively. 
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3.2 TEST PROCEDURE 

3.2.1 General 

In Tunnel A, the model is mounted on a sting support mechanism located in an 

installation tank directly underneath the tunnel test area. The installation tank is 

separated from the tunnel by a pair of fairing doors and a safety door. When closed, the 
fairing 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 area. After the model is prepared for a 

data run, the personnel access door to the installation tank is closed, the tank is vented 

to the tunnel flow, and the safety and fairing doors are opened. Then the model is 

injected into the airstream and, after it reaches tunnel centerline, is translated forward 

into the test section. After the data run 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 

then vented to atmosphere with the tunnel running to allow access to the model in 

preparation for the next run. The sequence is repeated after each configuration or test 

condition change. 

Model attitude positioning and data recording were accomplished with either the 

pitch-pause or the continuous sweep mode of operation. The VKF-built Programmed 

Position Control System (PPCS) was modified for the test and was used during both the 

force and pressure phases to greatly increase the data acquisition rate. Model pitch and 

roll requirements were programmed into the PPCS before the test was begun. Model 

positioning and data recording operations were performed automatically during each test 

phase by selecting the desired attitude matrix and mode of operation and initiating the 
PPCS. 

3.2.2 Force Phase 

The force phase was performed in both the pitch-pause and continuous sweep modes 

of operation. The pitch-pause method was used during angle-of-attack variations at 

constant roll angles to obtain base and cavity pressure measurements simultaneously with 

the force measurements. At each model attitude in this mode, the control system delayed 

the data acquisition sequence until the base and cavity pressures stabilized. The 

continuous sweep technique was used to obtain force data as the roll angle varied from 

-180 to 180 deg at a constant angle of attack. Base and cavity pressures were not 

measured during the continuous sweep mode because of the relatively slow response time 

of the standard pressure measuring system. Data were sampled at a rate of 900 

channels/sec, and 14 data loops were averaged for each data point. 

9 
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3.2.3 Pressure Phase 

The pressure phase was performed in the pitch-pause mode of  operation. Model 

pressure measurements were obtained at discrete attitudes as the roll angle was varied in 

increments from -90 to 180 deg at a constant angle of  attack. After the model reached 

each position in the roll-pitch matrix, the pressures were allowed to stabilize before one 

complete scan of the data was recorded and the model was driven to the next position. 

Data acquisition and model positioning were performed automatically after the test 

sequence was initiated. 

3.3 DATA REDUCTION 

3.3.1 Static-Force Data 

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

and moment values calculated from the averaged data points and corrected for first- and 

second-order balance interaction effects. Total vehicle and payload nose section 

coefficients also were corrected for model tare weight and balance-sting deflections. 

Model attitude, base pressure, cavity pressure, and tunnel pressure and temperature were 

also calculated from averaged values. 

Total vehicle and payload nose section aerodynamic coefficients are presented in the 

nonroUed missile axis system; that is, the normal-force direction is always in the pitch 

plane of the tunnel and normal to the longitudinal axis of the model. Vehicle pitching- 

and yawing-moment coefficients are referenced to MS 34.074, and nose section pitching- 

and yawing-moment coefficients are referenced to MS 10.525. Booster afterbody 

diameter (3.942 in.) and area (12.205 in. 2) were used as the reference length, d, and 

area, S, for both vehicle and nose section aerodynamic coefficients. Total vehicle and 

payload nose section forebody axial-force coefficients (CA and CAN) have been adjusted 

to zero base axial force using measured vehicle and nose section cavity and base 

pressures. Vehicle and nose attitudes have been corrected for model misalignment and 
flow angularity. 

3.3.2 Pressure Data 

Model surface pressure data were obtained using the Tunnel A standard pressure 

system. The measured pressure was reduced to coefficient form using values for tunnel 

free-stream static and dynamic pressures which were calculated using the measured tunnel 

stilling chamber pressure and the test section Mach number determined from tunnel flow 

calibrations. Model angle of attack was corrected for sting deflection using the model 
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loads obtained during the force phase and the deflection constants for the pressure model 

sting arrangement. Model angle of attack was also adjusted for flow angularity. 

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 (give in Section 

2.3) used in this evaluation represent a total uncertainty combination of both systematic 

and two-sigma random error contributions. 

3.4.1 Test Conditions 

Uncertainties in the basic tunnel parameters Po and To (see Section 2.3) and the 

two-sigma deviation in Mach number determined from test section flow calibrations were 

used to estimate uncertainties in the other free-stream properties, using the Taylor series 

method of error propagation. 

Uncertainty (±)~ percent 

M= M= Po To p= q= Re= 

1.62 1.1 

2.00 I .0 

3.01 0.7 

3.51 0.5 

3.76 0.5 

4.02 0.5 

5.06 0.3 

0.2 0.5 3.0  0 .8  1.0 

3 .0  1.1 1.1 

3 .0  1.7 1 .3  

2 .8  1.7 1.3 

2 .8  1.7 1.3 

2 .7  1.7 1.3 

1.7 1.2 1.1 

3.4.2 Static-Force Data 

The balance and pressure uncertainties listed in Section 2.3 were combined with 

uncertainties in the tunnel parameters, using the Taylor series method of error 

propagation, to estimate the uncertainty of the aerodynamic coefficients, and these are 

presented on the following page. 
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Uncertainty (±) 

Maximum Measured Coefficient Value~ percent 

Total Vehicle Coefficients 

M= C N C m Cy C n C £ C A 

1.62 0 .9  1 .0  1.0 1.2 1.8 1.1 
2.00 1.2 1.3 1.4 1 .5  2.0 1.8  
3.01 1 .8  1.9 1.9 2 .2  3 .2  2 .5  
3.51 1.8  2.1 2 .0  2 .5  4.1 2 .7  
3.76 1.7 1.7 1.7 1.7 3.5 2.2 
4.02 1.9 2.5 2.3 3.1 3.7 3.1 
5.06 1.7 2.4 2.1 3.2 4.0 2.7 

Payload Nose Section Coefficients 

M C C 
CN N m N CY N n N 

1.62 0.8 0.9 0.6 0.9 
2.00 1.2 1.4 1.1 1.5 
3.01 1.7 2.2 1.7 2.3 
3.50 1.7 2.4 1.6 2.6 
4.02 1.9 2.8 1.8 3.3 
5.06 1.7 2.4 1.3 2.9 

C£ N CAN 
1.2 
1.7 
2.9 
3.0 
3.3 
2.7 

*These uncertainties are not presented because the maximum measured 
coefficients were only a few times more than the values of the 
repeatabilities shown on the following page. 

The basic precision of the aerodynamic coefficients was also computed using only 

the balance and pressure uncertainties listed in Section 2.3 along with the nominal test 
conditions, using the assumption that the free-stream flow nonuniformity is a bias type 

of uncertainty which is constant for all test runs. These values, therefore, represent the 
data repeatability expected and are especially useful for detailed discrimination purposes 
in parametric model studies. 

12 



A E DC-TR-76-1 54 

Repeatability (_+)~. Measured Coefficient Value 

Total Vehicle Coefficients 

M C N Cm Cy Cn CE C A 

1.62 0.0056 0.0039 0.0084 0.0035 0.0005 0.0014 
2.00 0.0053 0.0038 0.0081 0.0034 0.0005 0.0013 
3.01 0.0077 0.0054 0.0115 0.0049 0.0007 0.0019 
3.51 0.0105 0.0073 0.0158 0.0067 0.0010 0.0026 
3.76 0.0113 0.0079 0.0170 0.0072 0.0011 0.0028 
4.02 0.0126 0.0088 0.0188 0.0080 0.0012 0.0031 
5.06 0.0138 0.0096 0.0207 0.0088 0.0013 0.0035 

Payload Nose Section Coefficients 

M C C CAN CNN mN CYN nN C ~N 

1.62 0.0010 0.0004 0.0007 0.0006 0.0002 0.0006 
2.00 0.0010 0.0003 0.0007 0.0006 0.0002 0.0006 
3.01 0.0014 0.0005 0.0010 0.0009 0.0002 0.0009 
3.05 0.0020 0.0007 0.0013 0.0012 0.0003 0.0012 
4.02 0.0024 0.0008 0.0016 0.0014 0.0004 0.0014 
5.06 0.0026 0.0009 0.0017 0.0015 0.0004 0.0016 

3.4.3 Pressure Data 

The precision of the model pressure coefficients was estimated using the 

instrumentation precisions quoted in Section 2.3 and the uncertainties in the free-stream 

flow conditions combined with the Taylor series error propagation method. Uncertainties 

in the pressure coefficients are as follows: 

Maximum Uncertainty 

M CP 

1.62 0.006 

2.00 0.004 

3.00 0.004 

4.02 0.004 

5.06 0.004 
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3.4.4 Model Attitude 

The uncertainty in vehicle (a and ~) and nose section attitude (aN and ~bn), as 

determined from tunnel sector calibrations and consideration of the possible errors in 

model deflection and flow angularity calculations, is estimated to be -+0.10 deg. 

4.0 RESULTS AND DISCUSSION 

The purpose of the test program was to obtain experimental static-force and surface 

pressure data on the Minuteman Instrumented Payload Delivery System launch vehicle 

configuration at Mach numbers from 1.62 to 5.06. Results from the test have been 

transmitted to the test contractor (TRW) and the sponsor (SAMSO/RSTB), and the 

contractor will provide the sponsor with a complete analysis of the force and pressure 

data. Therefore, the purpose of this report is to document the test and present selected 

test results to illustrate typical effects of the primary variables investigated. 

Typical static-force results for the total vehicle and payload nose section are shown 

in Figs. 4 thru 11. The aerodynamic coefficients are presented for the nonrolled missile 

axis system. Total vehicle pitching- and yawing-moment coefficients are referenced to MS 

34.074 and payload nose section pitching- and yawing-moment coefficients to MS 

10.525. Any reference to vehicle or nose static stability characteristics in subsequent 

discussions will apply only to the vehicle and nose section with these moment reference 

locations. Total vehicle and payload nose section forebody axial-force coefficients have 

been adjusted to zero base axial force using measured base and cavity pressures. The 

longitudinal stability and axial-force characteristics are presented as functions of angle of 

attack and side-force, yawing-moment, and rolling-moment characteristics as functions of 
roll attitude. 

Figures 4 and 5 illustrate typical effects of Mach number variation on total vehicle 

and payload nose section aerodynamic characteristics. Figure 4 shows the strong 

sensitivity of vehicle and nose section axial-force measurements to variations in Mach 

number as the axial-force coefficient values decreased approximately 50 percent as Mach 

number increased from 1.62 to 5.06. The vehicle and nose section configurations were 

longitudinally unstable at all Mach numbers, and Fig. 4 shows that there was little effect 

of Mach number variations on the stability characteristics of these configurations above 

Mach number 3.01. The cyclic trends of the vehicle and nose section yaw plane 

measurements presented in Fig. 5 represent the influence of the model asymmetry as the 

model was rolled from -180 to 180 deg. The general characteristics of the vehicle and 

nose side-force and rolling-moment measurements were essentially independent of Mach 

number. However, Fig. 5 indicates an apparent Mach number sensitive crossflow effect on 
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vehicle yawing-moment measurements when the raceway was to the lee side (~ = 90 to 

180 deg). A trend reversal for nose yawing-moment measurements between Mach number 

2.00 and 3.01 is also noted. 

The small influence of  boundary-layer trip geometry on the aerodynamic 

characteristics of the total vehicle and payload nose section is shown in Figs. 6 and 7 for 

Mach number 4.02. An increase in the nose axial-force coefficient of approximately eight 

percent near zero angle of attack was the most evident effect noted when a second trip 

was added downstream of  the baseline trip T2 (see Fig. 3b). 

Typical effects of  variation in model attitude on total vehicle and payload nose 

section aerodynamic characteristics are illustrated in Figs. 8 and 9 for Mach number 3.01. 

Figure 8 indicates that variations in roll attitude produced relatively small responses in 

vehicle and nose pitch plane measurements. The strong influence of  angle-of-attack 

variation on vehicle side-force, yawing-moment, and rolling-moment coefficients is shown 
in Fig. 9a with the magnitude of the coefficient values increasing significantly with 

increasing angle of attack. Although the trend of the nose measurements shown in Fig. 

9b was similar to the vehicle measurements, the relative magnitude of  the nose 
coefficients changes was much less for variations in angle of  attack. Vehicle and nose 
section peak measurement roll locations were rather insensitive to variations in angle of 

attack. 

The effect of the booster raceway on the total vehicle aerodynamic characteristics is 
shown in Fig. 10 for Mach number 3.01. Figure 10a indicates that the addition of  the 

raceway to the booster section had little measurable effect on vehicle pitch plane 

characteristics except for a slight forward movement in the center of pressure at positive 

angles of attack. This small center-of-pressure shift was not  unexpected because of  the 

raceway geometry and location (see Fig. 3a)..Figure 10b indicates the sensitivity of  the 

vehicle yaw plane coefficients to the addition of the raceway to the model. As the model 

rolled from -180 to 180 deg, the raceway produced relatively large variations in all yaw 

plane measurements. 

The good agreement of the total vehicle aerodynamic data obtained with an open 
gap (S1) and a solid metal-to-metal seal ($3) between the nose and booster sections is 

illustrated in Fig. 11 for Mach number 3.01. These results show that the use of the open 

gap to permit the simultaneous recording of  payload nose and total vehicle force and 
moment  measurements did not unduly compromise data quality, particularly in the pitch 

plane, while doubling the data acquisition rate. 
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Typical surface pressure results are presented in coefficient form in Figs. 12 through 

15. Longitudinal pressure distributions along the vehicle are shown for the most 

instrumented ray (0 = 90 deg). The experimental results are also compared to theoretical 

calculations for Mach numbers 2.00, 3.01, 4.02, and 5.06 at a = 0 and for a = 0, 4, 8, 

and 12 deg at Mach number 3.01. 

The theoretical values presented were obtained using computer codes which are 

described in Refs. 2 thru 4 and which numerically solve the differential equations 

governing the flow of an inviscid fluid. The expansion and compression corners were 

approximated by polynomials to allow continuity of the body geometry. "lhe code 

described in Ref. 2 is a time dependent technique and was used to obtain a solution over 

the subsonic portion of the spherical nose. A reference plane method, described in Ref. 

3, was then used to take the body normal axisymmetric solution of the subsonic region 

and generate a three-dimensional axis-normal supersonic solution at the sphere-ogive 

tangent point. The shock capturing code described in Ref. 4 was then used to calculate 
the flow field over the remainder of the body. 

Figure 12 illustrates the influence of Mach number variation on the longitudinal 

surface pressure distribution along the vehicle at zero angle of attack. The results show 

similar trends in the longitudinal distributions with different levels characteristic of each 

Mach number. Comparisons of the experimental longitudinal surface pressure distributions 

for Mach numbers of 2.00, 3.01, 4.02, and 5.06 with theoretical calculations in Figs. 12 

thru 15 show relatively good agreement at each Mach number for this model geometry. 

The small effect of boundary-layer trips on the longitudinal surface pressure 

distributions is presented in Fig. 13 for Mach number 4.02 and zero angle of attack. The 

addition of one (:1"2) or two (T3) trip devices to me clean configuration produced only 

small variations in the pressure measurements in the regions of the two downstream 

compression surfaces on the booster section. Although not shown, radial surface pressure 

distributions for four model stations also showed little effect of trip geometry. 

Longitudinal windward surface pressure distributions along the vehicle are shown in 

Fig. 14 for angles of attack of 0, 4, 8, and 12 deg at Mach number 3.01. The results 

shown are for the 0 = 90-deg ray and with the model rolled 90 deg to position the 

instrumented ray to windward. These data illustrate the typical pressure level changes 

associated with angle-of-attack variations and show good agreement with the calculated 
theoretical values at each angle of attack. 

The quality of the repeatability of the pressure measurements is illustrated in Fig. 

15 for Mach number 3.01 and zero angle of attack. Longitudinal distributions are 

presented for model roll angles of -90, 0, and 90 deg and indicate that data repeatability 
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was very good. An evaluation of test results at the other Mach numbers also indicated a 

similar repeatability quality. 

5.0 SUMMARY OF RESULTS 

A static-force and pressure test was conducted on the Minuteman Instrumented 

Payload Delivery System launch configuration at Mach numbers from 1.62 to 5.06, at 

angles of attack from -12 to 12 deg, and roll angles from -180 to 180 deg. The test 

results are summarized as follows: 

. 

. 

. 

A dual-balance arrangement was successfully employed to simultaneously 

obtain static-force data on the total vehicle and the payload nose section. 

An open gap (no seal) between the nose and booster sections had no 

significant influence on total vehicle static-force characteristics. 

Variations in boundary-layer trip geometry produced only a small 

measurable effect on static-force and surface pressure results. 

4. Experimental pressure data agreed satisfactorily with theoretical estimates. 
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Figure 1. Wind tunnel and model injection system. 
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b. Payload nose section " 

A E D Co~ 24~2-76| 

c. Nozzle arrangement 
Figure 2. Concluded. 
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Table 1. Pressure Orifica Locations 

Model 

Station X/£ 

3.960 
4.200 
4.620 

5.400 
6.480 

7.560 
8.460 
8.918 
9.158 
9.840 

10.405 
10.525 
10.645 
11.220 

11.820 
12.063 

12.720 
14.160 
15.685 
17.100 
1 8 . 4 8 0  
1 9 . 0 3 2  
1 9 . 3 7 0  
19.680 
20.100 
20.474 
20.714 
21.240 
22.200 

23.640 
25.440 
27.120 
27.684 

28.020 
28.440 
29.370 

30.480 
31.414 
31.904 
32.470 
33.730 
35.530 
38.170 
40.810 
43.450 
45.840 
46.680 
47.052 

0.005 
0.011 
0.020 
0.038 
0.062 

0.086 
0.107 
0.117 
0.123 
0.138 
0.151 
0 ,153 
0 .156 
0 .169 
0 .183 
0 .188  
0 .203 
0 .236 
0 .270 
0 .302 
0 .333 
0 .346 
0.351 
0 .360 
0 .370 
0 .378 
0.384 
0.396 
0.417 

0.450 
0.490 

0.528 
0.541 

0.549 
0.558 
0.579 
0.604 
0.625 

0.636 
0.649 
0.678 
0.718 
0.778 
0.838 
0.897 
0.951 
0.970 
0.979 

90 

Orifice Circumferential Location,e, deg 

105 120 135 150 159 165 180 

x 
x 
x 
x 
x 

x 

x 

x 
x 
x x x x x x 
x 

x 
x 
x x x x x x x 
x 

x x x x x x 
x x x x x x 
x 

x 
x 
x 
x 
x 

x x x 
x 
x 
x 
x 
x 
x 
x 

x 
x 
x 
x 
x x x 
x 
x 

x 
x 
x 
x 
x 
x 
x 
x 
Base Pressures - (0 = 45 ,  135 ,  2 2 5 ,  and 

x 
x 

x 
x 
x 
x 
x 
x 

x 

x 

315 

270 

X 

X 

X 

X 
X 
X 

x 

x 

x 

x 

deg) 
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Table 2. Force Test Summary 

CONFIGURATION 

BIPIRISIT3 

BIPIRISIT2 

BIPIRIS3T2 (*) 

BIPIS3T2 (*) 

~t 

deg 

-4 
0 
2 
4 
6 
8 

12 

~, Mach Number 

deg 1.62 2.00 3.01 3.51 

0 
90 

-135 
-180 

0 X X X X 

90 x x x x 
-135 x x x x 
-180 x x x x 

-4 R X 
0 X X X X 
2 X X X X 
4 X X X X 
6 X X X X 

8 
12 

D 0 X x x x 
90 x x x X 

-135 X X X 

0 R x X x 
4 X x 
6 X x x 

D 0 x x x 

90 X X X 
-135 x x x 

0 R X X X 
4 X X X 

6 X X 

3.76 4.02 5.06 

X X 
X X 
X X 

X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

Notes: I. Angle-of-attack schedule D: ~ = -6,-4,-3,-2,-1,0, 
1,2,3,4,6,8,10,12 deg (Pitch-pause mode) 

2. Roll angle schedule R: # = -180 to 180 deg 

(Continuous sweep mode) 

3. Asterisk (*) indicates data obtained only for 

total vehicle configuration 
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Table 3. Pressure Test Summary 

CONFIGURATION 

B2P2S3T3 

B2P2S3T3 

B2P2S3T2 

B2P2S3 

B2P2S3T2 

B292S3T2 

B2P2S3T2 

B2P2S3 

Mach 

No. 

5.06 

4.02 

4 . 0 2  

4.02 

3.01 

2 . 0 0  

1 . 6 2  

I .62 

u, I Roll Angle, ~, deg 

d e g  - 9 0  ' - 7 5  ' - 6 0 ' - 4 5 ' - 3 0  ' - 1 5 '  0 1 5  1 3 0  ' 4 5  " 6 0  " 7 5  ] 9 0  1 8 0  

- 4  x x x ! x x x x x x 
- 2  x x x x x x x x x 

0 x x x x x x x x x 

2 x x x x x x x x x 
4 x x x x x x x x x 

- 4  X X X X X X X X X 
- 2  X : X X X X X X X X 

0 X X X X X X X X X 

2 x x x x x x x x x 
4 x x x x x x x x x 

- 4  x x x x x x x x x x x x x x 

- 2  x x x x x x x x x x x x x x 

0 X X X X X X X X X X X X X X 

2 X X X X X X X X X X X X X X 
4 X X X X X X X X X X X X X X 

- 4  x I ~ x x x 

0 , x x x x 

1 2  x x x x 

- 1 2  x x x x x x x x x x x x x x 

- 8  x x x x x x x x x x x x x x 

- 4  x x x x x x x x x x x x x x 
- 2  x x x x x x x x x x x x x x 

0 x x x x x x x x x x x x x x 
2 x x x x x x x x x x x x x x 

4 x x x x x x x x x x x x x x 

8 x x x x x x x x x x x x x x 
1 2  x x x x x x x x x x x x x x 

- 1 2  I x x x x x x x x x 

- 8  x x x x x x x x x 
- 4  x x x x x x x x x 

- 2  x x x x x x x x x 

0 x x x x x x x x x 

2 x x x x x x x x x 

4 x x x x x x x x x 

8 , x x x x x x x x x 
1 2  x x x x x x x x x 

- 1 2  x x x x x x x x x 

- 8  x x x x x x x x x 

- 4  x x x x x x x x x 
- 2  x x x x x x x x x 

0 x x x x x x x x x 

2 x x x x x x x x x 
4 x x x x x x x x x 
8 x x x x x x x x x 

1 2  x x x x x x x x x 

-4 
0 x 
4 x 

x 
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CA 

CA N 

C£ 

C~ s 

Cm 

Cm N 

cN 

CN N 

Cn 

Cn N 

CP 

Cy 

Cy N 

d 

M® 

Po 

P.  

q .  

Re= 

S 

To 

NOMENCLATURE 

Total vehicle axial-force coefficient 

Nose section axial-force coefficient 

Total vehicle rolling-moment coefficient 

Nose section rolling-moment coefficient 

Total vehicle pitching-moment coefficient 

Nose section pitching-moment coefficient 

Total vehicle normal-force coefficient 

Nose section normal-force coefficient 

Total vehicle yawing-moment coefficient 

Nose section yawing-moment coefficient 

Pressure coefficient 

Total vehicle side-force coefficient 

Nose section side-force coefficient 

Reference diameter, 3.942 in. 

Model length, 44.268 in. 

Free-stream Mach number 

Tunnel stilling chamber pressure, psia 

Free-stream static pressure, psia 

Free-stream dynamic pressure, psia 

Free-stream unit Reynolds number, ft -1 

Reference area, 12.205 in. 2 

Tunnel stilling chamber temperature, °R 

A E D C-T R-76-1 54 
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 p/Q 

~ZN 

0 

Total vehicle axial center-of-pressure location from model nose, ratioed to 
model length 

Nose section axial center-of-pressure location from model nose, ratioed to 
model length 

Total vehicle angle of  attack, deg 

Nose section angle of  attack, deg 

Total vehicle roll angle, deg 

Nose section roll angle, deg 

Pressure orifice circumferential location from top vertical centerline of model 
at zero roll, positive clockwise looking upstream, deg 

Configuration Designation 

The model configuration is designated by a sequence of  letters and numbers. 
The various groups indicate specific components of  the configuration and are defined 
below. 

B1 

B2 

P1 

P2 

R1 

S1 

$3 

T2 

T3 

Force model booster section 

Pressure model booster section 

Force model payload nose section 

Pressure model payload nose section 

Force model booster raceway 

No seal between nose and booster section (open gap) 

Hard metal-to-metal seal between nose and booster sections 

Forward boundaryqayer trip device 

Forward and aft boundary-layer trip devices (see Fig. 3) 
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