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Five-Hole Flow Angle Probe Calibration from Dynamic
and Tower Flyby Maneuvers

V. Parameswaran∗

National Aerospace Laboratories, Bangalore 560 017, India
and

R. V. Jategaonkar† and M. Press‡

DLR, German Aerospace Center, 38108 Brunswick, Germany

Flight-test and data analysis techniques applied to calibrate the static pressure measured by pitot static systems
and the flow angles measured by a five-hole probe mounted on a noseboom are described. Dynamic maneuvers
with rapid variations in the aircraft motion are analyzed by application of parameter estimation techniques based
on the output error method to calibrate the angle of attack and angle of sideslip. A complementary approach
based on the Kalman filter technique is applied to a wind-box maneuver to calibrate the flow variables. The
tower flyby maneuvers are analyzed using the classical approach of altitude determination through geometrical
evaluation of photographs, and accurate information is derived from redundant sources to calibrate the pitot static
system. The investigations showed that the static pressure measured by aircraft-installed pitot static system is
accurate, sufficiently whereas that measured by an additional sensor mounted on the noseboom required speed-
dependent correction. The flight estimated sensitivity factors for the flow angles measured by the five-hole probe
agreed reasonably well with the manufacturer’s specifications subject to corrections for biases resulting from
misalignment and time delays caused by the recording equipment.

Introduction

A CCURATE knowledge about the flow angles, that is, angle
of attack and angle of sideslip, is necessary for many ap-

plications, for example, in-flight simulation and model-following
control. Conventionally, the flow angles are measured using vanes
mounted either on the fuselage or on the noseboom. In the case
of the Advanced Technologies Testing Aircraft System (ATTAS),
a test bed for in-flight simulation at the DLR, German Aerospace
Center, a flight log mounted on the noseboom was hitherto used for
this purpose.1−3 It is known that the dynamics of the vane influences
the measurements of flow angles. Moreover, vanes have mechanical
difficulties, such as friction and grit in the bearings, and are prone
to malfunctioning as well as damage in bad weather conditions. To
overcome these limitations, a flight log with vanes has been replaced
by a fast response five-hole probe, which is more robust, reliable,
and suitable for operation in adverse weather conditions. The main
goal of the investigations reported in this paper is to calibrate accu-
rately the five-hole probe, that is, to obtain accurate flow angles from
the measured total and difference pressures. In the sequel, it is also
necessary to calibrate the static pressure source at the noseboom.

For the specific purpose of calibrating the five-hole probe, a com-
prehensive flight-test program was carried out with ATTAS (Fig. 1).
A total of four flights were flown, covering four flap positions and
the complete range of Mach numbers. The flight tests consisted of
1) dynamic maneuvers with rapid variations in pitch and yaw axes,
2) steady-state sideslip maneuvers, 3) wind-box maneuvers elimi-
nating the spatial, X–Y plane, wind effects for flow angle calibration
and 4) tower flyby tests for calibration of the static pressure ports.
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A flight-path reconstruction technique2,4,5 and parameter estima-
tion methods6−8 are applied to analyze the flight maneuvers and
to calibrate angle of attack and angle of sideslip. Additionally, the
calibration of static pressure measurements from tower flyby tests
through photograph evaluation techniques is elaborated.

Position Error in Static Pressure
Deriving airspeed and altitude information from total and static

pressures needs accurate measurements of these pressures in
freestream air. Besides indirectly influencing the other measured
or computed variables, accurate static pressure information is also
necessary for vertical spacing, that is, for safety reasons. Gener-
ally, the static pressure measured by the pitot static system mounted
on an aircraft in flight differs from freestream pressure.9,10 This
difference is primarily dependent on the location of the pressure
ports, the speed and the altitude; secondary effects due to angle
of attack and Reynold’s number may also exist. Because the static
pressure field varies along the length of an aircraft, it is necessary to
choose appropriately the location of the ports mounted on the fuse-
lage (Fig. 2, source Ref. 9) showing the measured pressure minus
the true static pressure, �P , normalized to compressible dynamic
pressure qc, plotted as a function of fuselage position. In the case
of ports mounted on a noseboom, the length of the boom, which
may be limited due to other considerations such weight, structural
vibrations, and stability, is an important criterion.

The commonly adopted procedures to calibrate the static pres-
sure ports are 1) trailing cone and 2) tower flyby.11 The trailing cone
procedure compares the static pressure measured by aircraft’s pitot
static system to the freestream static pressure measured behind the
aircraft by a static source. A long tube is necessary to sense the
ambient pressure out of the aircraft’s wake. The cone helps to stabi-
lize the tube and to keep it taut. The overall procedure is somewhat
difficult in practice, requires very accurate and steady flight, and
is associated with some risk resulting from instabilities, which are
difficult to predict. On the other hand, the tower flyby method is a
simpler procedure to calibrate accurately the static pressure mea-
surements. The test procedure consists of flying the aircraft past an
observation tower and recording the geometrical position of the air-
craft, for example, using a camera. The second approach, namely,
tower flyby, is adopted in this investigation.
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Table 1 Test flight conditions

KIASFlaps,
deg 120 130 140 145 150 160 170 180 190 200 210 240

14 × × × ×
5 × × × ×
1 × × × ×
Clean(−6) × × × ×

Fig. 1 Test aircraft ATTAS with five-hole probe.

Fig. 2 Static pressure field along the length of aircraft.

Tower Flyby and Measurements
The tower flyby tests were performed at four flap positions cover-

ing the speed range from 120 to 240 knots indicated airspeed (KIAS)
(Mach number roughly 0.14–0.45). Table 1 defines the flight-test
matrix of airspeed and flap setting. At each flight condition a tower
flyby is performed, while the height above the runway and the speed
are kept constant as far as possible. The nominal height above the
runway is about 150 ft.

An onboard measurement system installed in the test aircraft AT-
TAS provides measurements of a large number of signals such as
aircraft motion variables, atmospheric conditions, control surface
positions, engine parameters, etc. Pertinent to the current aspect of
investigations, the onboard measurements of altitude, static pres-
sure, total pressure, and temperature are obtained from the digital
air data computer (DADC). The altitude above ground Level (AGL),
that is the runway, is measured using the radio altimeter.

Besides the cited standard onboard measurements, the position
of the aircraft above the runway during the flyby is photographed,
as well as filmed by a digital video camera from the top of the
observation tower. The static pressure and temperature are recorded
at the observation tower. Furthermore, the QNH, that is, actual air

pressure calculated to mean sea level, relayed by the control tower,
is recorded.

Data Analysis
A schematic of the tower flyby maneuver analysis is shown in

Fig. 3. When the tower height and distance from tower to runway
centerline and to marking lights are known, it is a simple geometri-
cal procedure to evaluate the photographs to obtain the height above
the runway. After the AGL is determined, it is straightforward to ob-
tain the aircraft altitude above sea level from the known flat runway
elevation. Figure 4 provides the altitude above sea level as obtained
from the geometrically computed height above runway from the
two different cameras. Some small differences are observed in the
altitudes obtained from the two cameras. These minor deviations
are attributed mostly to the variations in the flight path above the
runway, different time points of exposure, and manual evaluation
procedure. Nevertheless, these altitudes, obtained from two inde-
pendent sources, match fairly well with the radio altitude. The same
approach can be applied to the information that is usually available
from global positioning system (GPS); in the present case, how-
ever, due to malfunctioning of the GPS receiver, the photographic
technique, which is the classical approach, was adopted and also
provided redundant measurements.

From the measured pressure altitude h during the tower flyby, the
static pressure pst is obtained as

pst = p0 act[1 − (0.0065/T0 act)h]5.25588 (1)

where p0 act and T0act are the current QNH and temperature at the
time of the particular test. The temperature gradient of 0.0065◦K/m
is assumed according to the standard atmosphere specifications;
p0 act and T0 act are noted during each tower flyby.

Fig. 3 Schematic of tower flyby maneuver analysis.

Fig. 4 Altitude above runway during tower flyby.
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In the present investigations, it was noted that the variations in
T0 act during the complete flight test were less than 0.5◦C and, hence,
were neglected in the detailed computation of static pressure for each
flyby. The average temperature was 18◦C. The static pressure at sea
level at takeoff was 1013 hPa. For most of the flight maneuvers,
which lasted 1 h 40 min, it was 1012 hPa.

Based on the earlier noted T0 act and p0 act, the static pressure in
hectopascal at the altitude hrad during each flyby is obtained from

pst rad = 1012
(
1 − 2.23253 × 10−5 × hrad

)5.25588
(2)

These static pressure values pst rad, which correspond to the altitude
above sea level obtained from the radio altimeter measurements
shown in Fig. 4, are plotted in Fig. 5.

Figure 5 also gives values of pst m and pstNB m , the static pressure
measured by the basis system (DADC) and that by the five-hole
probe. These mean values are obtained from the time histories for
the tower flyby phase during the 16 maneuvers (not shown here).
From Fig. 5, observe that, in general, the static pressure obtain by the
basis system (DADC), pst m , matches well with pst rad, that derived
from the tower flyby test evaluation. On the other hand, the static
pressure values measured by the five-hole probe sensor assembly
(triangles in Fig. 5) differ from the other two.

After it is concluded from Fig. 5 that the DADC and altimeter
derived values are correct, the position error in the static pressure at
the noseboom is the difference between pstNB m and pst rad. Figure 6
shows this position error in static pressure measured at the noseboom
as a function of speed. For the speed range tested, the position error
appears to be almost quadratic in the speed. A simple correction
factor was identified from this evaluation.

In the case of ATTAS, the noseboom length was limited to roughly
1.35 times the fuselage diameter, which is probably not sufficient

Fig. 5 Static pressures during tower flyby.

Fig. 6 Position error in static pressure measured at noseboom.

to reach the freestream flow, (Fig. 2). An empirical rule suggests a
length of 2.5–3 times the fuselage diameter for the noseboom.8,9

Five-Hole Probe for Flow Angles
A five-hole probe (Fig. 7) provides measurements of total pressure

ptot, differential pressures for angle of attack pα1 − pα2( = pdα), and
for angle of sideslip pβ1 − pβ2( = pdβ). The static pressure pst is also
measured very close to the tip of the noseboom. The angles of attack
and sideslip are then given by12,13

α = pα1 − pα2

K pdyn
, β = pβ1 − pβ2

K pdyn
(3)

where pdyn( = ptot − pst) is the dynamic pressure. K = f (Ma) is
the sensitivity coefficient specified by the manufacturer that is to be
flight verified. If necessary, other corrections have to be determined.

Dynamic Maneuvers and Measurements
Flight tests were carried out in clean configuration and 14 deg

flaps with gear up and nominal mid-c.g. location at flight levels of
90, 160, and 240. The trim speeds varied from 140 to 260 kn. The
dynamic maneuvers consisted of a multistep elevator input to excite
the short-period motion and a doublet rudder input to excite the
Dutch roll. For statistical evaluation, the maneuvers were repeated
at each trim condition. The amplitudes of the respective inputs were
such that a variation of about ±5 deg in angle of attack and angle of
sideslip was achieved. Sufficient time was allowed to damp out the
resulting oscillations. In addition to the dynamic input maneuvers,
steady-state sideslip and acceleration/deceleration maneuvers were
performed.

As pointed out in the foregoing section, the ATTAS recording
system provides measurements of a large number of signals. Rel-
evant to the current aspect of investigation, the measurements of
linear accelerations ax , ay , and az ; angular rates p, q, and r , atti-
tude angles φ, θ , and ψ ; dynamic pressure pdyn; and the difference
pressures for flow angles pdα and pdβ are necessary.

Calibration of Flow Angles
Data compatibility check, sometimes called flight-path recon-

struction, ensures that the measurements are consistent and error
free. For example, the measured angle of attack must match with
that reconstructed from the inertial measurements of accelerations
and angular rates. Such a verification is possible in the case of flight
data because the well-defined kinematic equations of aircraft motion
provide a convenient means to bootstrap the information through a
numerical procedure. Because no uncertainties are involved in the
kinematic model, the compatibility check provides accurate infor-
mation about the aircraft states. In addition, it provides the estimates
of sensitivity factors, zero shifts, and time delays in the recorded
data.2,4,5 This approach is followed here to calibrate the angle of
attack and angle of sideslip from dynamic and steady-state sideslip
maneuvers. Sensitivity factors, biases, time delays, and initial con-
ditions are estimated by application of the output error method.

Because the kinematic equations of aircraft motion are well es-
tablished and can be found in any standard textbook,14,15 they are

Fig. 7 Five hole probe: port configuration.
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omitted here for brevity. It suffices to mention that the inputs for the
flight-path reconstruction are the angular rates and linear accelera-
tions. The state variables are the velocity components u, v, and w
and attitude angles. The difference pressures for the angle of attack
and angle of sideslip are modeled as

pdαm = Kα pdynαnb + �pdα, pdβm = Kβ pdynβnb + �pdβ (4)

where Kα and Kβ are the unknown sensitivity factors. Equation (4)
includes bias corrections in the two difference pressure measure-
ments. The subscript m on the left-hand side of Eq. (4) implies the
measured variables. The angle of attack and angle of sideslip, αnb

and βnb, on the right-hand side of Eq. (4) are obtained from the lo-
cal velocity components that are computed from the integrated state
variables by accounting for the location of the noseboom from the
c.g.

To account for possible time delays resulting from the recording
system, quantities on the right-hand side of Eq. (4) are appropriately
modified. For example, in the case of angle of attack, the exact
representation will be

pdαm(t) = Kα pdyn(t − τq̄)αnb(t − τ α) + �pdα (5)

where τq̄ and τα are the time delays in the dynamic pressure and angle
of attack, respectively. They are in general not known and, hence,
have to be estimated along with the unknown sensitivity factors
and biases. The unknown parameter vectors thus consist of Kα , Kβ ,
�pdα , �pdβ , τ α , τ β , and τ q̄ and the initial conditions of the state
variables and biases in the measurements of the linear accelerations.
The flight tests were carried out in a steady atmospheric conditions.
In cases where the turbulence level is negligible, the output error
method, which accounts for measurement noise only, is found to be
adequate.

Output Error Method
The output error method of parameter estimation requires model

postulated in the state space,6−8,16,17

ẋ(t) = f [x(t), X(t, τ ), u(t), U(t, τ ),Θ] x(t0,�) = x0(bx,�)

(6)

y(t) = g[x(t), X(t, τ ), u(t), U(t, τ ),Θ]

+ �z(by,�), � = 1, . . . , nz (7)

z(tk) = y(tk) + v(tk), k = 1, . . . , N (8)

where x is the n × 1 state vector, u the p × 1 control input vector, y
the m × 1 observation (model output) vector, k is the discrete time
index, and � is the index for the time segment being analyzed. The n-
and m-dimensional system functions f and g are general nonlinear
real-valued vector functions. The measurement vector z is sampled
at N discrete time points. The measurement noise vector v is as-
sumed to be characterized by a sequence of independent Gaussian
random variables with zero mean and identity covariance. The ma-
trices X(t, τ ) and U(t, τ ) denote the time-delayed state and input
variables with17

[X(t, τ )]i j = xi (t − τ j ), [U(t, τ )]i j = ui (t − τ j ) (9)

The postulated model includes nz time records to be analyzed si-
multaneously. Furthermore, Θ represents the unknown parameters,
τ the unknown time delays, x0 the unknown initial conditions, and
�z the zero shifts, that is, biases, in the measurements.

The maximum likelihood estimates of unknown parameters are
obtained by minimizing the negative logarithm of the likelihood
function6−8

J (Θ) = 1

2

N∑

k = 1

[z(tk) − y(tk)]
T R−1[z(tk) − y(tk)] + N

2
�n|R| (10)

where R is the covariance matrix of the residuals. When started from
suitably specified initial values, the, estimates are iteratively up-
dated using the Gauss–Newton or bounded–variable Gauss–Newton
method in which the optimization is carried out subject to the spec-
ified upper and lower bounds on parameters.18

Note that simultaneous estimation of time delays as unknown
parameters leads necessarily to a nonlinear model. As already ex-
plained, the unknown time delays are estimated through delay ma-
trices; this approach is found to be most efficient. Yet another way
to account for delays is through an approximation by a first-order
lag, which is simpler but requires additional differential equations
and may introduce some dynamic effects, albeit small.16

Analysis Techniques and Results
For demonstration purposes, Fig. 8 shows the reconstructed angle

of attack and angle of sideslip for just two maneuvers, estimating
only the sensitivity factors and biases as shown in Eq. (4), that is,
neglecting the time delays. An expanded timescale plot is also shown
for a portion of the maneuver, from which it is clearly observed
that the measured signal shown by the continuous line lags that
estimated shown by dashed lines. On the other hand, accounting for
time delays according to Eq. (5) leads to a match shown in Fig. 9

Fig. 8 Estimated flow angles neglecting time delays.

Fig. 9 Estimation accounting for time delays.
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and shows significantly improved time synchronization. Repeated
analysis of several flight maneuvers at different trim conditions led
to consistent values for the time lag. To summarize, both the flow
angles showed time delays of the order of 130 ms. From a separate
laboratory calibration, it is verified that the identified time delay
is mostly due to data recording and preprocessing, but not plastic
tubing. The laboratory calibration consisted of applying the known
pressures and recording the outputs of the five-hole probes, and it
showed a time delay of 120 ms.

The output error method is successively applied to estimate the
sensitivity factor and time delays in Eqs. (4) and (5). Figure 10
shows an overview of the data analyzed to calibrate the flow angles.
A total of 32 maneuvers are analyzed simultaneously, vertical lines
in Fig. 10 mark the different time segments. From Fig. 10e, note that
the Mach number covered in the evaluation ranges from 0.25 to about
0.55. The match between the flight measured data (continuous lines)
and that reconstructed (dashed lines) is good for all of the variables;
Figs. 10a and 10b represent the difference pressures for the angle of
attack and angle of sideslip, respectively. In the present case, for the
Mach numbers tested, the sensitivity factor being not dependent on
the Mach number, it would have been possible to calibrate the flow
angle using less data. The trial runs showed that any combination
of flight maneuvers yielded comparable and repeatable results. In
general, the amount of data needed will depend on the nonlinearity
in the sensitivity factor.

Figure 11 shows the flight-path reconstruction results for steady-
state sideslip maneuvers. The estimated flow angles match well with
the measured variables. The angle of sideslip during these maneu-
vers ranged from 0 to roughly ±5 to ±10 deg.

The analysis of flight maneuvers for Mach 0.6 was carried out
separately mainly because, from a priori knowledge, the sensitivity
factor is expected to vary with speed. Parameter estimation from
flight data confirmed this, however, only for the angle of attack.
Time history plots for this case are not shown here because the
overall match was qualitatively very good.

Figure 12 shows a comparison of the sensitivity factors estiamted
separately from maneuvers at different Mach numbers. To summa-
rize, the estimated sensitivity factors for the angle of attack and
angle of sideslip are 0.0819 for Mach variation up to 0.55 compared
to 0.079 specified by the manufacturer. For Mach 0.6, the sensitivity
factor for angle of attack is estimated to be 0.0781, and for angle of
sideslip no Mach dependency could be estimated. Thus, overall,

a)

b)

c)

d)

e)

Fig. 10 Curve fits from flight path reconstruction, multiple run analysis: ——, flight measured and - - - -, estimated.

Fig. 11 Curve fits from flight-path reconstruction, steady-state
sideslip maneuvers.

Fig. 12 Comparison of estimated scale factors with manufacturer’s
data.
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the calibration coefficients obtained from the flight tests agree
fairly well with the manufacturer specifications. The measurement
of difference pressure for angle attack showed a bias of 131 Pa,
whereas that for the angle of sideslip 200 Pa. As already demon-
strated, the time delay in both the measurements was of the order
of 130 ms. It is, however, necessary to point out that the sensi-
tivity factors, biases, and time delays are system installation spe-
cific. Any generalization to other configurations requires careful
consideration.

Kalman Filter Technique
A special flight-test procedure, called a wind-box maneuver, and

a Kalman filter algorithm incorporating GPS information was pro-
posed and used at the National Research Council, Canada to cali-
brate a flush air data system, consisting of five pressure ports.19,20

Calibration of flow angles from such a flush air data system is,
in general, configuration and flight condition dependent because
the flow at the aircraft nose is strongly distorted. Although in the
present investigation the flow angles are not measured by a flush
air data system, but rather by a five-hole probe mounted on a
noseboom, it is of interest to compare the standard technique de-
scribed in the preceding section and the approach presented in this
section.

The wind-box maneuver leads to a typical horizontal flight track
shown in Fig. 13. It consists of acceleration and deceleration
phases leading to angle-of-attack variations, build up of steady-state
sideslips in both directions, and 90-deg turns to traverse the spatial
field in both x and y directions. Typical duration of such a maneu-
ver is about 700 s. Flight tests with ATTAS included two wind-box
maneuvers, one at 8000 ft and other at 16,000 ft.

Such wind-box maneuvers are analyzed applying Kalman fil-
ter techniques and by incorporating GPS information. The detailed
equations for Kalman filter algorithm and those for aircraft velocity
components are omitted here for brevity; they are exactly the same
as in Ref. 20. The dynamic pressure is modeled as

pdyn = Cp0 + (1 + Cp1)pdyn m (11)

where Cp0 and Cp1 are the unknown coefficients modeling the po-
sition error. The flow angles are modeled as

α = CA0 + CA1(pdα/pdyn), β = CB0 + CB1(pdβ/pdyn) (12)

where CA0 and CB0 account for the misalignment between nose-
boom and aircraft axes, and CA1 and CB1 are sensitivity factors. As
elaborated earlier, pdα and pdβ are the difference pressures corre-
sponding to angle of attack and angle of sideslip, and pdyn is the
dynamic pressure.

The Kalman filter algorithm consists of 18 error states (3 air
navigator position errors, 3 wind component errors, 2 calibration
errors for angle of attack, 2 calibration errors for angle of sideslip,
2 calibration errors for position error correction, 3 aircraft Euler
angle errors, and 3 GPS position offset errors). All of the error
states, other than the three air data navigational position errors, are

Fig. 13 Typical flight track during wind-box maneuver.

Fig. 14 Schematic of error feedback Kalman filter for calibration of
air data system.

Fig. 15 Flight measured and reconstructed time histories for a wind-
box maneuver.

modeled as first-order Gauss–Markov processes. A schematic of the
error feedback Kalman filter is shown in Fig. 14.

For a typical wind-box maneuver, Fig. 15 shows time histories of
the measured and estimated variables. The reconstructed variables
match fairly well with the measured data. It is observed that the sen-
sitivity coefficients are estimated with very low standard deviation.
The sensitivity coefficients CA1 and CB1 are estimated as 12.03 and
12.02, respectively.

The results obtained from Eq. (12) applying the Kalman filter
techniques to wind-box maneuver are compared with those obtained
from Eqs. (4) and (5) applying the output error method to dynamic
maneuvers. Although the two sets of equations may appear to be
formulated differently, they are basically the same. It is obvious
that CA1 and CB1 appearing in Eq. (12) are inverses of the sensitiv-
ity coefficients Kα and Kβ appearing in Eq. (4). Thus, the inverse
of CA1 estimate from wind-box for angle of attack yields 0.0831
(= 1/12.03), which compares fairly well with the estimate of Kα

(= 0.0819). The same is true for the sensitivity factors pertaining
to angle of sideslip. The minor differences are attributed primar-
ily to the fact that in the Kalman filter technique the time delays
in flow angles were not accounted for. Investigations in the past
have demonstrated that omission of time delays can affect estima-
tion results to some extent.17 Furthermore, the noise covariances
were prespecified and kept fixed; tuning of noise covariances can
somewhat influence the estimates. Nevertheless, the agreement be-
tween the two different analysis techniques applied to two different
types of flight maneuvers is good and increases the confidence in
the results generated from flight data analysis. Inclusion of time
delay in Kalman filter algorithm, although feasible, calls for signif-
icant changes in the estimation software. This effort was not made
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because the output error is simpler to use and already had the option
of estimating the time delays.

Conclusions
A flight-path reconstruction technique is applied to dynamic flight

maneuvers to calibrate the angle of attack and angle of sideslip from
a five-hole probe. The flight-validated sensitivity coefficients, bi-
ases, and time delays in the recorded parameters are determined
by the application of the output error method of parameter esti-
mation. Some small deviations in the estimated sensitivity coeffi-
cients of the flow angles compared to the manufacturer’s data are
attributed to location errors. The estimated time delays were recon-
firmed through laboratory postverification. In addition, a Kalman
filter technique incorporating GPS data is applied to specially flown
wind-box maneuvers to calibrate the same signals. The two different
flight-test techniques and analysis approaches provided comparable
results. As a precursor to the calibration of flow angles, the tower
flyby maneuvers were accurately analyzed through redundant tech-
niques to determine the position error in the measured static pres-
sure. A description of the flight maneuvers and of the data analysis is
presented.
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