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ABSTRACT: Hypersonic re entry vehicles which encounter high thermal environment normally utilize the concept of 
Flush Air Data System (FADS) to estimate air data parameters like Mach number, angles of attack and sideslip, free 
stream static pressure and dynamic pressure. FADS employed in many of the so far reported programs uses a simplified 
aerodynamic model to relate surface pressure measurements to air data states and an estimation algorithm for air data 
computation. In this paper, a novel method for air data computation for a wing body re entry vehicle is presented. The 
method, based on the physical nature of the flow, extracts air data from pressure distribution over the nose cap of the 
vehicle. The location of maximum pressure at the nose cap provides an indication of angle of attack and the second 
derivative of pressure variation with respect to port location gives an indication of Mach number. Knowing the 
stagnation pressure, free stream pressure and dynamic pressure can be estimated using gas dynamics relations. 
Measured pressures at different locations around the nose cap are used for this study. The proposed scheme of air data 
computation is tested along a simulated re entry trajectory profile from Mach number 2.5 to 0.2. The maximum 
algorithm errors in angle of attack and Mach number are found to be 0.3 deg and 0.1 respectively, which is comparable 
to that of other currently existing FADS algorithms. With the present method, real-time onboard implementation of the 
air data computation is easy and it is independent of aerodynamic model, which is a definite advantage compared to 
most of the reported FADS algorithms. 
 
KEYWORDS: FADS, EMI, EMC, RS03, CS01, CS02, CS06   

I. INTRODUCTION 

Mission management of hypersonic reentry vehicles, including Reusable Launch Vehicle (RLV), calls for maneuvering 
of the flight along an optimum profile, limiting the vehicle structural loads and thermal environment to manageable 
levels. Accurate and near real time knowledge of air data parameters like Mach number, angles of attack, angle of  
sideslip and free stream static pressure is essential for this purpose. These air data parameters find use in flight control 
systems and are also required for overall mission management.  
 
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 for air data estimation 
[1, 2]. However, most of the above systems cannot be implemented for re-entry vehicles because of the high-energy 
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nature of the flow. Systems based on inertial measurement cannot directly take care of local wind effects. So, 
hypersonic flying vehicles essentially resort to the concept of Flush Air Data System (FADS) [3]. 

Design and development of FADS is an involved task considering the thermal environment and complexity in 
generation of air data states in near real time. In FADS, the air data parameters need to be estimated using pressure 
measurements from orifices flushed with the surface of the vehicle. This is an inverse problem. Therefore we need an 
explicit expression for the pressure at a port location, as a function of angle of attack, sideslip, dynamic pressure (or 
Mach number) and free stream pressure. Available option is to use a simple aerodynamic model, which relates the air 
data parameters to the measured pressure and do calibration using wind tunnel data for variation in Mach number, 
geometry, etc. The aerodynamic model should be capable of solving the inverse problem, viz., to deduce the vehicle air 
data states from surface pressure measurements. It is also required that the proposed aerodynamic model needs to 
capture the salient features of the flow, and is valid over a large Mach number range from hypersonic to subsonic. 
Further it must be simple enough to be inverted in real-time so that the air data parameters can be extracted on-board.  

Most of the presently reported FADS algorithms use simple aerodynamic models, which relate the air data parameters 
to the measured pressures [3, 4, 5]. The typical computational block diagram of FADS is shown in fig1. The 
aerodynamic model is postulated as a combination of a simple potential flow model on a sphere, and modified 
Newtonian flow theory for blunt objects in hypersonic flow [3, 4, 6]. As the aerodynamic model is not exact, it needs to 
be supplemented with calibration parameters [7, 8, 9]. Various reported papers in FADS differ in the methods used for 
estimation of air data parameters utilizing the simplified aerodynamic model. Different estimation algorithms like 
nonlinear regression, triples, neural network, etc., are reported for FADS air data estimation [10, 11, 12, 13, 14, 15].  
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Fig. 1:  FADS schematic block diagram 

 
In this paper, an attempt is made to use the trends in pressure distribution over the spherical nose of the vehicle to 
estimate the angle of attack, Mach number, dynamic pressure and free stream pressure based on the physical nature of 
the flow. The next section details the FADS concepts currently used and then the proposed ideas are discussed. The 
details of the proposed FADS algorithm are provided subsequently. Application for a typical RLV case and simulation, 
results and conclusions are presented at the end of the paper. 
 

II. EXISTING FADS ALGORITHMS 
 
All existing FADS algorithms use an aerodynamic model, which relates the air data parameters to the measured 
pressures. This model as mentioned earlier, is derived as a splice of the closed form potential flow solution for a blunt 
body, applicable at low subsonic speeds; and the modified Newtonian flow model, applicable at hypersonic speeds [3]-
[5]. Both potential flow and modified Newtonian flow describe the measured pressure coefficient in terms of the local 
surface incidence angle. To blend the two solutions over a large range of Mach numbers, a calibration parameter (ε) is 
devised. The aerodynamic model is of the form 

 

 P]sinε[cosqP i
2

i
2

ci                                                                                                                                    (1) 
 

In equation 1, i is the flow incidence angle between the surface normal at the ith port and the vehicle velocity vector. 
The incidence angle is related to the effective angle of attack, (αe) and angle of sideslip, (βe) at the port location, port 
cone angle (i) from vehicle body axis and clock angle (i) around the nose cap axis as given in equation 2 [3]. 
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This equation is derived from the dot product of velocity vector around the nose cap and the port surface normal vector. 
If the nose cap axis orientation is different from body axis then port cone angle (i) is replaced with port geometrical 
angle () in the above equation. If body axis coincides with nose cap axis, then  =. Various estimation algorithms are 
used in obtaining αe, βe, Mach number etc. from the above model. 

The first estimation algorithm capable of real-time operation was developed at NASA Dryden during the late 1980s for 
the F/A-18 High Alpha Research Vehicle (HARV) program [9]. It used a Nonlinear Regression (NR) algorithm, which 
is similar to SEADS [5] (Shuttle Entry Air Data System) algorithm. Nonlinear regression algorithm had problems with 
algorithm stability in the transonic and supersonic flight regimes and in presence of undetected sensor failures [4]. To 
overcome problems encountered using the NR algorithm, a new solution algorithm, namely ‘Triples’ was developed for 
the X-33, X-34, and X-38 demonstration vehicles [3].  

This solution algorithm, works with strategic combinations of three pressure sensor readings to analytically decouple 
the angle-of-attack and angle-of-sideslip computations from the Mach number and static pressure calculations. 

Another method of air data estimation is to use a trained artificial neural network [13, 14, 15, and 16] with large sets of 
data that relate air data parameters to nose pressures. The data bank can be obtained from flight tests, computational 
results, or ground based experimental data. Reliability and accuracy of neural networks is difficult to quantify, and 
massive amounts of data are generally required for the network to accurately learn the relationships between air data 
parameters and surface pressures. 

III. PROPOSED FADS ALGORITHM 

The proposed FADS algorithm makes use of the trends in pressure distribution over the nose cap to estimate the air 
data parameters. The pressure ratio between each measured port pressure (P) and the maximum measured pressure (Pm) 
among the ports is generated and its variation with port location ( ) is used for finding the angle of attack and Mach 
number. The novelty of this method is that it does not require the aerodynamic model for air data computation. All 
reported FADS algorithms use an aerodynamic model for air data estimation. Another advantage of the proposed 
scheme is that it requires only a simple table look up interpolation and sorting of 4 pressure data. Hence it requires 
minimal computational time and effort compared to other algorithms which are mentioned in the previous section. In 
this paper this novel method of computing air data parameters using the measured pressure pattern over the nose cap at 
different port locations is presented. 
 
Aerodynamic characterization of a spherical surface  
 
For a spherical surface, the coefficient of pressure variation along the vertical plane is as follows.  
 
Subsonic flow   

2sin
4
91Cp

                                                                                 (3) 
Hypersonic flow (Modified Newtonian flow model)  

2
max cosCpCp                                                                                          (4) 

where  is the flow impact angle on sphere (fig 2).  
 

V
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

Port surface
normal

 
 

Fig 2:  Flow impact angle on a sphere 
 

The coefficient of pressure (Cp) variation for flow over a sphere is shown in fig 3 for subsonic (M=0.2) and hypersonic 
flows (M=6).  
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Fig. 3:  Cp variations for flow over a Sphere 

 
The maximum surface pressure occurs at the stagnation point and the pressure decreases away from the stagnation 
point. Variation of local pressure and maximum pressure ratio (P/Pmax) with port location () for a sphere for subsonic 
and hypersonic cases for 0 & 10 deg angles of attack (AOA) are shown in figs 4 & 5 respectively. 
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Fig. 4:  Pressure ratio vs port location for Sphere for angle of attack 0 deg 
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Fig. 5:  Pressure ratio vs port location for Sphere for angle of attack 10 deg 
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From the above data for an isolated spherical body (fig 2), it is obvious that the maximum pressure occurs at angle =0 
which corresponds to the stagnation point.  If we are able to identify the exact point at which stagnation or maximum 
pressure occurs, the angle that the surface normal makes with the body axis will be angle of attack. 

From figs 4 & 5 it can be seen that the curvature of the plot of P/Pmax  Vs port location at the maximum (stagnation) 
pressure point are different for subsonic flow and hypersonic flow. It is therefore hypothesized that the curvature of the 
variation of P/Pmax with  at this stagnation point would be a function of Mach number. This aerodynamic property can 
be used to find the angle of attack of the body. 

Application of the concept to RLV FADS 
For practical reentry vehicles, though a spherical nose cap can be provided, the shape of the body after the nose cap 
cannot be made symmetrical with respect to the nose cap as it is decided by aerodynamic requirements. Nevertheless, it 
was felt that this idea could be extended to such bodies also with slight modifications, using calibrated data from wind 
tunnel tests. The application of these concepts for a typical RLV is explained below. 
 
RLV Nose body 

The RLV blunt nose body under consideration (fig 6) is of complex shape and the pressure variation in the region of 
stagnation point can be slightly different from that of a sphere.  The nose body considered 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 6. The pressure port locations are on the spherical cap and hence the proposed idea has been 
applied in this case, with modification using measured data from wind tunnel tests. 

 

 

13.350

Nose cap axis

Vehicle body axis

Nose cap  
 

Fig. 6:  Vehicle axis & Nose cap axis 
 
FADS port geometry 
 

The geometrical angle (), cone angle () and clock angle () for RLV nose cap pressure port locations are shown 
in fig 7. Cone angle for a pressure port is the angle between the port surface normal and the nose body axis. Clock 
angle is the clockwise angle looking aft around the axis of symmetry starting at the bottom of the nose body. Fig 7 also 
shows the angle of attack and sideslip. Fig 8 shows the enlarged view of nose cap region showing the port location with 
respect to body axis and nose cap axis and the angle between them.(13.35 deg in this case).  

 
Fig 7:  Cone & clock angle, Angle of attack & angle of sideslip 
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Fig. 8:  FADS port location with respect to body axis and nose cap axis 

 
The relationship between θ & λ for ports in the vertical meridian is as follows 
 

   λ = 13.35 – θ                                                       (5) 
 

FADS configuration used in this study makes use of nine pressure ports arranged in a crucifix fashion as shown in fig 9 
[17, 18]. 
 
In this paper, ports on the vertical meridian (port number 1, 2, 5, 8 & 9) of  RLV nose cap is considered for air data 
computations. Ports on the horizontal meridian (port number 3, 4, 5, 6 & 7) can be used to derive angle of sideslip, 
which is not addressed in this paper. The geometrical angle , cone and clock angle of the ports in the vertical meridian 
are given in table 1. 

For on-board real-time applications, measured absolute pressure of accuracy of 150 to 250 Pa is used [19, 20]. For fault 
tolerance, Triple Modular Redundancy (TMR) scheme is used for the pressure sensors at a port. In this scheme, three 
functionally identical sensors are used at each port. Faulty sensors are detected by cross comparing the three sensor 
outputs. If all three sensors are working, the median of the value provided by the three sensors is used for computation. 
In case any one of the sensors is faulty, the average value of the two working sensors is used for computation.       

 

Table 1:  Geometrical angle, cone angle and clock angle of FADS vertical ports 
 

Port 

Id 

Geometrical 

Angle () 

from nose cap 

axis 

(deg) 

Cone 

angle () 

from 

body axis 

(deg) 

Clock angle 

() around 

nose cap 

axis) 

(deg) 

1 45 -31.65 180 

2 20 -6.65 180 

5 0 13.35 0 

8 -20 33.35 0 

9 -45 58.35 0 
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Fig. 9:  Pressure ports on RLV nose cap 

 
For on-board real-time applications, measured absolute pressure of accuracy of 150 to 250 Pa is used. For fault 
tolerance scheme, Triple Modular Redundancy (TMR) scheme is used for the pressure sensors at a port. In this scheme, 
three functionally identical sensors are used at each port. Faulty sensors are detected by cross comparing the three 
sensor outputs. If all three sensors are working, the median of the value provided by the three sensors is used for 
computation. In case any one of the sensors is faulty, the average value of the two working sensors is used for 
computation.       

Pressure data for RLV port geometry 
 
FADS Wind tunnel Data 

 
Extensive wind tunnel tests were done for RLV model (1:8 scale model) to get the pressure coefficient at different port 
locations over the nose cap. Coefficient of pressure (Cp) data for FADS ports are obtained from wind tunnel test for 
Mach number range 0.2 to 2.5 and alpha range from –4 to 14 deg in steps of 2 deg. Cp variation for vertical meridian 
ports (1, 2, 5, 8 & 9) are shown in fig 10 & 11 for two typical Mach numbers of 1.1 and 2.0. The Cp data sets are 
presented for angle of attack ranging from –4 to 14 deg. 
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Fig. 10:  Cp variation for vertical ports for M=1.1                              Fig. 11:  Cp variation for vertical ports for M=2 
 

The required pressure information for analysis is derived from Cp data using wind tunnel free stream pressure and 
dynamic pressure. The maximum measurement error in wind tunnel derived Cp is about 0.02 and the corresponding 
error in pressure is within 25 to 30 Pa. This is repeatability error in measurement and the detailed explanation of the 
error is beyond the scope this paper.    

Analysis of FADS pressure data 
 

In this paper, computation of air data parameters using the pressure pattern over the nose cap with the measured 
pressure at different port locations is explored. The pressure ratio between each measured port pressure (P) and the 
maximum measured pressure (Pm) among the ports is generated and its variation with port location () is used for 
further analysis. For the analysis port number 9 is not considered as the stagnation point is far away from this port for 
the trajectory under consideration.  
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A relationship between the location of maximum pressure and angle of attack () is derived using the measured Cp 
data. To obtain the pressure variation for vertical meridian ports, least square curve is fitted between θ and the ratio 
between the individual pressure and maximum of the measured pressure (P/Pm) for all vertical pressure ports. Ideally 
the normalization should have been with respect to Pmax (maximum pressure at stagnation point). However Pmax being 
not known apriori, the normalization is done with respect to Pm (the available maximum measured pressure). 

The first derivative of P/Pm with respect to  will be zero for the location at maximum pressure which will indicate the 
angle of attack. The second derivative will give information on Mach number. It is also known that the second 
derivative of P/Pmvs θ will be highest near the stagnation point and it should reduce as we go away from it. To meet 
these requirements, a 3rd order least square fit is needed  

Pressure Variation -Least Square fit 
 
A 3rd order polynomial of the form 

3
3

2
210  aaaa

P
P

m


                                                       (6) 

is considered as it is easier to obtain expressions for first and second derivatives. If Pmax  is used for normalization, 
then the constant term a0 would be equal to 1.0. Using curve fit of P/Pm Vs. , Pmax is found. In addition  is also 
found where it appears.  
 
The first derivative and second derivative will be  
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Using the condition that the first derivative of P/Pm with respect to  will be zero at the location of maximum pressure 
0=θ@ max pressure can be derived  
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                                    (8) 
Where 0 corresponds to the angle, where the stagnation point occurs. Equation 8 has quadratic solution, which have 
two roots. The root, which is closer to zero, provides the correct solution. 

The third order curve fit & original data are shown in figs 12 & 13 for Mach 0.6 for two different angles of attack.  The 
marker indicates the actual measured pressure ratio between the pressure at a port and maximum pressure among the 
ports. The solid line represents the curve fit using the pressure ratio.  It is found that fitted curve matches closely with 
the wind tunnel data points. This shows the adequacy of third order fit for representing the pressure variation pattern 
(P/Pm vs ). 
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Fig. 12: Third order fit for M 0.6, AOA -4deg                 Fig. 13:Third order fit for M 0.6, AOA 14deg  

Computation of angle of attack 

Here, a new term is introduced called derived angle of attack. The  for which first differential is zero (0) at stagnation 
point is identified using equation 7 and with this information it is possible to find the derived angle of attack as follows. 
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d = 13.35 - 0                                        (9) 
With this derived angle of attack it is possible to compute the actual angle of attack. Using equation 5 and 9 it is 

clear that at stagnation point d is same as λ. It was noted that the variation of derived angle of attack with actual angle 
of attack for different Mach numbers is linear and this information is used to compute the actual angle of attack from 
the measured pressure. Therefore a linear fit is made with derived angle of attack (d) Vs. actual angle of attack ().  
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Fig. 14:  Linear Fit for various Mach numbers 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Fig. 15: Curve fit linear coefficient for various Mach numbers 
 

 
Fig. 16:Curve fit constant term for various Mach numbers 

 
Fig 17 shows the flow chart for angle of attack computation. Angle of attack and Mach number computation goes as 
iterative loops which converges till error <1.e-5. 
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Fig. 17: Actual Angle of attack computation procedure 

Computation of Mach number 
 

The computation of the Mach number using the second derivative of pressure ratio is a novel idea. It is known that the 
second derivative of P/Pmvs θ will be highest near the stagnation point and it should reduce as we go away from it. The 
location of the stagnation point in nose cap in real varying flight condition is not known. Hence with the maximum 
measured pressure and its location among the available pressure ports it is possible to derive the Mach number 
information. The accuracy of this procedure can be enhanced by adding more number of pressure ports (limited by 
geometric and plumbing line complexity) around nose cap and hence the location of maximum measured pressure will 
be same as stagnation pressure.  

The information of the second derivative (equation 7) for 0(@peak pressure) from least square curve fit can be used to 
compute Mach number. Mathematical derivations of the computation of second derivative of P/Pm with respect to  at 
0 (stagnation point) are as follows. Equation 6 is the curve fit between the pressure ratio and the port location angles 
and it is repeated below. 
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The above equation can be written as 

)(f
P
P

m










          (10) 
It is required to get the second differential of pressure ratio with respect to  at 0 (stagnation point). Therefore equation 
10 can be represented as, 
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Where Pmax is the stagnation point pressure (theoretical) and the available maximum measured pressure is Pm. The ratio 
between these can be computed using equation 6 by substituting  by 0 
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The second derivative of pressure ratio with respect to  is  
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This can be evaluated at 0 
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The value of second differential of pressure ratio with respect to  at 0 is plotted with Mach number in fig 18. This 
information is used as a table look up interpolation for the computation of Mach number. 

 
 

 
Fig. 18:  Second differentials of pressure ratio with respect to  at Pmax 

 
This second differential for different Mach numbers and angles of attack is in a tabular form. For the computed angle of 
attack, the second derivative of pressure ratio with respect to  is obtained for all Mach numbers by linear interpolation 
and stored onboard. For the given flight condition, the measured pressure in the vertical meridian is fitted as a 3rd order 
curve with respect to . The second derivative of pressure with respect to  at maximum pressure location for this curve 
is obtained. For this value, corresponding Mach number is obtained by linear interpolation from stored table. For this 
interpolated Mach number, the revised value of angle of attack is estimated using the procedure provided in the 
previous section. The procedure is repeated until convergence is achieved for angle of attack and Mach number. 
Normally it takes about 4 to 5 iterations for convergence. 

Combined Steps to Compute Angle of attack and Mach number from Pressure measurement 

The final algorithm to compute Mach number and angle of attack is provided in fig 19 
 
Computation of free stream pressure (P) and dynamic pressure (Q) 

Free stream pressure can be derived from the gas dynamics relationship (equation 16 & 17) between the free stream 
static pressure and total pressure. The total (maximum) pressure in the nose cap corresponds to either the stagnation 
point pressure (P01) for subsonic flow or P02 after the normal shock for supersonic flow.  
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Fig. 19:  Steps for AOA and M computation 
 

Subsonic flow:  1201
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Supersonic flow:  
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The pressure ratio P/Pm computed using the curve fit equation at the location of @peak Pressure can be taken as P/Pmax. . 
This ratio can be approximated as the pressure ratio between free stream static pressure and total pressure. Substituting 
Pmax for P01 or P02 in equation 16 or 17, P can be computed 

 
Free stream dynamic pressure is computed using  

 
    Q =0.5*γ P M∞

2                                                                                         (18) 
 

IV.VERIFICATION OF ALGORITHM BY SIMULATION 
 

Comparison results for the performance of the new algorithm along a typical RLV trajectory is provided below. 
Generally, FADS is designed to work in the region below 35-40 km altitude. The main limitation that prevents usage of 
FADS at high altitudes is that the magnitude of the pressures measured at the nose cap surface of the vehicle becomes 
non-discernable with available sensors. Therefore a typical RLV trajectory profile for Mach number 2.5 to 0.2 is used 
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for simulating the port pressures for FADS. In this Mach number range,  is varied from 14 deg to 5 deg. FADS port 
pressures are simulated along the trajectory profile using an Inverse FADS simulator, which generates the FADS 
pressure data for testing and analysis.  This simulator stores the wind tunnel derived coefficient of pressure (Cp) from 
the pressure ports as a function of Mach number (M), angle of attack (α) and angle of sideslip (β) in a table lookup. 
Depending on the required flight conditions, pressure coefficients for the nine ports are linearly interpolated in terms of 
M, α and β respectively. The port pressures (Pi) are generated using pressure coefficients using trajectory dynamic 
pressure (q) and atmospheric pressure (P).  

These pressure data are used for the estimation of the air data parameters with the proposed FADS algorithm. The 
simulated pressure data sets are shown in fig 20. These pressure data sets were used for performance comparison of the 
present algorithm. The comparison results are shown in figs 21 to 28. 
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                Fig. 20:  FADS port pressure variation                               Fig .21:  Angle of attack comparison 

 
                 Fig.  22:  Estimated AOA error                                                 Fig.  23:  Mach number Comparison 

Fig 21 shows the comparison of estimated angle of attack and the true (trajectory) angle of attack. Angle of attack error 
is shown in fig 22. The maximum error due to algorithm is about 0.3 deg (during the phase where pressure is low). Fig 
23 shows the Mach number comparison with trajectory time. Fig 24 shows the Mach number error along RLV 
trajectory profile. The Mach number error is within 0.1.  
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Fig 24:  Estimated Mach number error                                                         Fig 25:   Free stream pressure comparison          

                     

Fig 26: Estimated free stream pressure error                                                Fig 27:  Dynamic pressure Comparison 

Fig 25 shows the free stream static pressure comparison and fig 26 shows the estimated free stream static error 
variation. Similarly dynamic pressure comparison is provided in fig 27 and dynamic pressure error is shown in fig 28. 
The maximum error in dynamic pressure and free stream pressure are within 1000 Pa (during subsonic regime). 

 

Fig 28:  Estimated Dynamic pressure error 

The error in dynamic pressure is higher for low subsonic. In the present case, wind tunnel measurement for low 
subsonic is only at Mach number 0.2. The next higher available Mach number is 0.8. It is possible to improve the 
accuracy by adding more measurement data point in between Mach number 0.2 and 0.8. This will be explored in future 
analysis. 
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V. CONCLUSION 

In this paper, an alternate air data computational algorithm using pressure data around the nose cap is presented. The 
location of maximum pressure around the nose cap gives an indication of angle of attack and the variation of second 
derivative of the pressure pattern with port location provides insight into Mach number.  Angle of attack (α) and Mach 
number (M) are computed from the pressure distribution obtained from the ports lying in the vertical meridian of the 
nose body of a Reusable Launch Vehicle (RLV). Air data parameters are computed along RLV trajectory using 
simulated pressure data and the results are compared with trajectory conditions. The maximum error in angle of attack 
is about 0.3 deg and in Mach number is about 0.1. Similarly the maximum error in dynamic pressure and free stream 
static pressure are within 1000 Pa. This computational scheme can be extended to compute sideslip angle from 
pressures measured along the horizontal pressure ports. This shall be the focus of future work. 
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