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Abstract

FADS provides air data parameters of an aerospace vehicle such as angle of attack, angle of

sideslip, Mach number, etc for use by the flight control and guidance system. It essentially

makes use of surface pressure measurements, from mostly the nose cap of the vehicle for

deriving these air data parameters. Flush Air Data System (FADS) was indigenously developed

and flown successfully in the RLV-TD HEX-01 mission. Before carrying out flight testing of

FADS, testing with a full scale model was carried out initially at national wind tunnel facility,

Indian Institute of Technology, Kanpur. This paper highlights some of the problems encoun-

tered during the integration and testing of FADS at IIT, Kanpur. The corrective steps taken

for overcoming these problems encountered is discussed. With the corrections implemented

the full scale wind tunnel test was repeated and it was observed that the design objectives of

FADS are met by the system.
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Introduction 

Flight control of aerospace vehicles like aircrafts and

re-entry vehicles require knowledge of air data parameters

like angle of attack, angle of sideslip, dynamic pressure,

Mach number, and free stream static pressure with suffi-

cient accuracy in real time. These parameters are used by

the flight control system for generating the appropriate

commands for the different control surfaces to keep the

vehicle trajectory within the desired envelope. This also

ensures that the vehicle loads are limited to the desired

values and the thermal environment of the re-entry vehicle

is maintained within limits.

Several types of air data systems like laser velocity

meter systems, onboard Inertial Measurement Unit (IMU)

based systems and intrusive boom type instruments like

Pitot tube and mechanical vanes are available. Due to the

high energy nature of the flow, most of the above systems

cannot be implemented for re-entry vehicles. Hence, hy-

personic flying vehicles essentially adopt the concept of

Flush Air Data sensing System (FADS). One benefit of

FADS is that it senses more pressures than are minimally

needed to determine the angles of attack so as to alleviate

the detrimental effect of pressure measurement error in the

estimated values of aerodynamic state. In FADS, the air

data parameters are estimated using pressure measure-

ments from orifices flushed with the surface of the vehicle.

Normally, static pressures measured from the blunt nose

cap of the vehicle using a matrix of pressure orifices

located in and around the nose cap are used for computing

the air data parameters [1-6]. To perform this estimation,

air data states are related to the surface pressure by an

aerodynamic model that is valid over a large Mach number

range from hypersonic to subsonic. FADS system has been

developed for the space shuttle [7], and has also been

demonstrated through a number of flight tests [8, 9].

FADS Configuration in HEX-01 Mission

The Flush Air Data System (FADS) makes use of an

algorithm which makes use of surface pressure measure-

ments from suitably located flush orifices on the nose cap

of the vehicle. The measured pressures are a function of

four parameters, free stream static pressure, impact dy-

namic pressure, local angle of attack and side slip. In

addition there is a calibration parameter to be estimated.

Since there are four air data states and a calibration pa-



rameter to be estimated, at least five independent pressure

measurements must be available to derive the entire air

data state. This puts the minimum number of pressure

ports as five. In RLV-TD FADS, the pressure ports are

arranged in a crucifix fashion. Even though the minimum

number of pressure ports required is five total of nine ports

were selected. This is done so as to provide redundancy to

facilitate computation of air data parameters after failure

of a pressure sensor or blockage of a pressure port. As

mentioned previously, the pressure ports are arranged in a

crucifix fashion with five pressure ports in the vertical

meridian and remaining four ports in the horizontal me-

ridian. Two horizontal ports are provided on either side of

the vertical meridian.

Each pressure port is identified by two angles known

as the clock angle and cone angle of the vehicle. The cone

angle (λ) is the total angle the normal to the surface of the

port location makes with respect to the longitudinal axis

of the nose cap and the clock angle (φ) is the clockwise

angle looking aft around the axis of symmetry starting at

the bottom of the fuselage (Fig.1).

RLV-TD blunt nose body is of complex shape and the

pressure variation in the region of stagnation point can be

slightly different from that of a sphere. The RLV-TD nose

body consists of an inclined spherically blunted conical

body attached to the forward part of fuselage. The nose

body is inclined to the fuselage by 13.35 deg as shown in

Fig.1. The geometric angles from nose cap axis are shown

in Fig.1.

The pressure ports are located on the C-C nose cap

which encounters very high temperature during reentry.

The pressure ports are connected to the pressure sensors

through pneumatic tubing. The tube length is selected such

that the temperature at the sensor location is always <

40°C. Further, the tube dimensions (length and diameter)

should result in a frequency > 10 Hz for the estimated

parameters. The sensor configuration selected consists of

three one bar pressure sensors at a pressure port. Thus there

are a total of 27 pressure sensors in the system. It was

found through simulations that the maximum pressure

encountered by the system is 130 kPa. Hence, the full scale

of the sensor was selected as 140 kPa. Absolute transducer

3 x 140 kPa is thus used as it meets accuracy requirement,

facilitates transducer fault detection using TMR logic and

allows redundancy with simple pneumatic plumbing. The

magnitude of the pressure to be sensed at the nine pressure

ports for the case of nominal trajectory are given in Fig.2.

FADS Algorithm

For carrying out air data estimation, the air-data states

must be related to the surface pressure by an aerodynamic

model that captures the salient features of the flow, and is

valid over a large Mach number range. The complex flow

scenario must be described with a model simple enough

to be inverted in real time for air data parameter extraction.

For this purpose, the aerodynamic model is postulated as

a compromise between a simple potential flow model on

a sphere, and modified Newtonian flow theory for blunt

objects in hypersonic flow. Both potential flow and modi-

fied Newtonian flow describe the measured pressure co-

efficient in terms of the local surface incident angle. To

blend the two solutions different schemes are employed.

One method uses a calibration parameter ε. The concept

of air data parameter estimation is shown in Fig.3.
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Where, in Eq.2, the cone angle (λ) is the total angle the

normal to the surface makes with respect to the longitudi-

nal axis of the nose cap and the clock angle (φ) is the

clockwise angle looking aft around the axis of symmetry

starting at the bottom of the fuselage (Fig.2). The other

parameters in equation 1 are impact pressure (qc) and the

free stream static pressure (P∞). These are the basic equa-

tions from which the air data parameters are extracted. An

indigenously developed algorithm was used to derive the

air data parameters from the sensed pressures.

Problems Encountered During Integrated Testing of

FADS and Corrective Steps Taken

The FADS in tunnel test is a final confirmatory test

undertaken as part of its development and provides end to

end evaluation of the system in a wind tunnel facility. It

can be considered as hardware in loop simulation carried

out on a full scale model of the nose cone of the vehicle

with pressure sensors, pneumatic tubing and electronics as
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in flight configuration. The estimated output of FADS is

compared with the wind tunnel set conditions.

The above test with 1:1 full scale model of FADS was

conducted at National Wind Tunnel Facility, Indian Insti-

tute of Technology, Kanpur, during January 30-February

3, 2012. The tunnel used for the test is a closed-return,

continuous, atmospheric wind tunnel, with a 2.25m high,

3m wide and 8.75m long test section. Air speed up to 80

m/s maximum can be produced in the test section by a

single-stage 12 bladed axial flow fan powered by a

1000kW variable speed motor. This test was done for a

fixed Mach of 0.2. The angle of attack is varied from -4°

to 20° in steps of 1°. The angle of sideslip is varied from

-20° to +20° in steps of 5°. During angle of attack sweep,

for each run, angle of sideslip is set at one value and angle

of attack is varied. Wind is blown at fixed speed of 0.2

Mach (65m/s). Each angle of attack is kept for 30 seconds

before changing to the next value. The angle of attack (α),

angle of sideslip (β) and Mach number (M) estimated by

FADS algorithm during each wind tunnel run is compared

against the set conditions. The problems observed during

this full scale testing of FADS and the corrective steps

taken are highlighted in this section.

Error Due to Extended Length of Sting

The 1:1 model of FADS is mounted inside the wind

tunnel using a sting. A nose body structure with the FADS

(Flush Air Data System) mounted to it was used for the

wind tunnel test. The structure contains nose cap shell,

conical shell, end plate and a sting. The structure was

mounted on 1.3 m long and 50mm dia. solid shaft. The

structure is connected to the shaft through 300mm tubular

section of the sting. The sting used for mounting the model

is shown in Fig.4. Due to large length of ‘sting’ (~1.8m

horizontal rod on which the model is fixed) the model was

vibrating during the test and it resulted in visible variations

in alpha and beta. These visible vibrations caused 2 to 3

degrees error in angle of attack and side slip which was

not acceptable.

As oscillations with large displacements were ob-

served, the existing interface of nose cap structure and

sting was modified. The modifications are, existing inter-

face diameter was increased to 170 mm (OD) from 60 mm,

the interface length reduced to 250 mm from 300 mm and

thickness of the interface increased to 10 mm from 5 mm.

The nose body structure was subsequently mounted on

500 mm long shaft with outer diameter of 150 mm and

inner diameter 100 mm which is connected to wind tunnel

shaft carrier/pipe.

Dynamic analysis of the test set up with above modi-

fications was carried out. It was observed that the natural

frequencies of the structure are 5.812 Hz, 5.814 Hz, 22.689

Hz, 23.303 Hz, 26.523 Hz, 81.139 Hz and 165.81 Hz for

normal and lateral I modes, normal and lateral II modes, I

torsion mode, I axial mode and combined III lateral mode

with local mode respectively.

Structural analysis was also carried out for load due to

1g in the lateral direction and structural pressure, derived

from the supplied Cp values with its corresponding dy-

namic pressure of 2.864 kPa applied on the nose structure.

From the structural analysis it was found that the minimum

and maximum Margin of Safety (MS) of the structure are

0.99 and 5.3 respectively. The maximum deformation in

the nose tip is 10.32 mm.

The 1:1 model of nosecone mounted inside the tunnel

with the modified sting is shown in Fig.5. The test was

subsequently repeated after modification of the sting. It

was observed that the visible vibrations were significantly

reduced with the modified sting.

Improvements in Pressure Sensors and Introduction

of Split Range Calibration

The pressures measured by the FADS pressure sensors

were compared with that provided in parallel by the wind

tunnel instrumentation team. The wind tunnel sensor be-

ing differential pressure sensors are much accurate than

that used in FADS. It was found that there was significant

difference between the pressure sensor reading of FADS

and wind tunnel sensors. Fig.6 shows the typical pressure

difference between FADS sensor and wind tunnel sensor

for 0° sideslip angle. The figure shows that maximum

pressure difference is 250 to 300 Pa while in some other

sideslip cases this difference goes upto 500 Pa.

Each pressure port in FADS is connected to a three in

one absolute pressure transducer. The difference between

any two pressure port is expected to be of the order of 250

Pa. This was found to be much higher (550 Pa). The

maximum error contribution due to this was assessed

through simulations to be 1.5 deg in angle of attack and

sideslip. To improve the accuracy of the pressure sensors

screened components were used in the transducers used

for the subsequent wind tunnel test. In addition, the

MEMS cells having near identical characteristics were
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used  in  the  same three in one transducer at a pressure

port.

Split range calibration in three ranges was used in the

transducers used for the first wind tunnel test. The three

ranges were (0 to 20000, 20000 to 50,000 and 50,000 to

1, 40000). With this, it was found that the error in each

sensor was 167 Pa. Hence split range calibration in four

ranges was adopted for the revised configuration for the

second wind tunnel test. The four split ranges used are,

0<=P<=40000 (Range 1)

40000<P<=80000 (Range 2)

80000<P<=110000 (Range 3)

110000<P<=140000 (Range 4)

It was found that the error in a sensor improved to 56

Pa from the earlier value. With the above two modifica-

tions, the accuracy of the pressure sensors improved to the

desired value of 250 Pa between any two sensors in a

pressure port.

Proximity of Processing Electronics to the Sensors

As mentioned earlier, there are nine pressure ports

used in FADS. Each of these pressure ports has three

absolute pressure sensors measuring the same pressure at

the port. The output of these pressure sensors are analog

voltages in the range 0.25 V to 4.25 V. These analog

voltages are then digitized in another module using sigma

delta converters. During the first wind tunnel test, the 1:1

model of nose cone which houses the pressure sensors is

kept inside the wind tunnel while the digitization module

was kept outside the tunnel. The length of the cable from

the sensor to the acquisition electronics was 20 m. Run-

ning the analog output and ground lines of all the 27

sensors caused degradation of the accuracy of the system.

Hence, it was decided to keep the acquisition electronics

also inside the wind tunnel. To prevent blockage, the

acquisition electronics was kept inside the sting used for

mounting the 1:1 model as shown in Fig.7. This approach

further enhanced the accuracy of the overall FADS sys-

tem.

Singularity in Angle of Sideslip Computation

During the first wind tunnel test it was observed that

there was large error generated in side slip angle for some

of the test conditions as shown in Fig.8. The flight condi-

tions which encountered large errors were α = 16° and 17°

and β = 15° and 20°. Detailed analysis was carried out on

this observation. In FADS algorithm, the solution for side

slip angle is obtained by solving a quadratic equation. Both

vertical port and horizontal port pressures were used for

estimating the side slip angle. There was a singularity

related issue while solving the quadratic equation that

manifested as large errors in sideslip angle.

The problem was resolved by considering the horizon-

tal ports alone for side slip angle estimation. The side slip

angle computation algorithm was modified considering

pressures from only the horizontal ports. The second wind

tunnel tests were conducted with this modification. It is

found that the errors in side slip angle were within the

targeted specification of 1 degree as shown in Fig.9.

CP Variation from 1:1 (Nose Cap) Model to 1:8

Model of RLV-TD

During FADS development a 1:8 scale model was used

for carrying out wind tunnel tests. The data generated from

these wind tunnel tests were used for generating calibra-

tion data for use by the FADS algorithm. During the first

full scale model wind tunnel test, the Cp data obtained was

compared with that obtained during wind tunnel tests with

1:8 scale model.

It was observed that there is significant CP difference

between 1:1 (nose cap) models to 1:8 model of RLV-TD.

Since the 1:8 model data is used for calibration data

generation which is used in FADS algorithm, the differ-

ence in data will lead to error in estimation of air data

parameters. Fig.10 and 11 shows the typical CP variation

between 1:1 (nose cap) models to 1:8 model of RLV-TD.

Maximum CP difference observed is 0.22 which is equiva-

lent to 550 Pa.

This difference in Cp manifested as an error in the

computed angle of attack and sideslip angles. Fig.12

shows the error in angle of attack between the FADS

generated values and that computed offline using 1:8 scale

pressure data. From the figure it is found that the maxi-

mum difference in angle of attack is within 0.5 degrees.

This difference between the Cp value is mainly due to

the difference in the models used for generating the data.

The 1:1 model realized consisted only of the nose cone

part of the vehicle whereas for wind tunnel tests with 1:8

scale model, truncated model up to wing strake cconsisting

of 3 parts was used. This 1:8 scale model is more close to

the flight condition and hence error contribution from this

was not expected in flight.
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Conclusion

This paper addressed some of the problems observed

during the wind tunnel test with 1:1 model of nose cone

containing the end to end FADS system. The corrective

steps taken to alleviate these problems were also ex-

plained. With the corrections incorporated, Viz. sensors

with improved accuracy, modified side slip computation

algorithm and modified sting for model mounting the 2
nd

test of FADS was successfully completed at Indian Insti-

tute of Technology, Kanpur during July 9-12, 2013.
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Fig.1 Pressure Port Configuration in FADS
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Fig.2 Pressure Variation Among the Nine Pressure Ports

Fig.3 Aerodynamic Model and Calibration Factor

Fig.4 Model Mounted with Sting of Length 1.8 m

Fig.5 Model Mounted Inside Tunnel Using Modified Sting

Fig.6 Pressure Difference Between Wind Tunnel Sensor and

FADS Sensor (Beta = 0°)

Fig.7 Acquisition Electronics Mounted Inside the Sting
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Fig.8 Large Error in Sideslip angle Computation

Fig.9 Error in Sideslip Angle with Modified Sideslip Angle

Computation Algorithm

Fig.10 Cp Variation from 1:1 Model to 1:8 Models in

Vertical Meridian Port

Fig.11 Cp Variation from 1:1 Model to 1:8 Models in

Horizontal Meridian Port

Fig.12 Alpha Error Between 1:1 and 1:8 FADS Model
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