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Abstract. The purpose of this work is to study both theoretically and experimentally the conjugated heat transfer
problem associated with the transient thermal behavior of a heated aeronautical pitot tube in a wind tunnel. The aim is
to demonstrate the importance of accounting for the conduction-convection conjugation in more complex models that
attempt to predict the icing of such sensors under critical atmospheric conditions. The experimental analysis involved
the use of a PIV system to identify the velocity field around the selected Pitot probe for a few chosen free stream
velocities, and the use of an infrared thermography system to measure the temperature field at the probe surface for
different applied heating power. The theoretical analysis involves the proposition of a lumped-differential model for
heat conduction which concentrates in the radial direction of the probe and maintains the local formulation along its
length, where the most relevant temperature variations occur. The model is then fed with well established correlations
for the heat transfer coefficients along the Pitot tube and critically compared against the experimental results for the
probe surface temperatures. An excellent agreement is achieved at both steady and transient states, once the thermal
capacitance of the porcelain heater insulation inside the Pitot tube body is accounted for, which plays a major role
within the transient period.
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1. INTRODUCTION

Aircraft icing has been found to be a considerably negative effect on the aircraft flight performance. Ice may occur
on wings, control surfaces, horizontal and vertical stabilizers, fuselage nose, landing gear doors, engine intakes, Pitot
tubes, and other sensors and drain system outputs (Caliskan et al., 2008). For instance, icing of the Pitot tube reduces
ram air pressure on the airspeed indicator and renders the instrument unreliable. Furthermore, this phenomenon has
resulted in several incidents and fatal accidents, such as the recent tragedy with the AF447 flight. While the literature is
quite rich in terms of icing and de-icing of wings and engine intakes, reporting a few different and well-known
computer codes such as the classic LEWICE, ONERA2D and TRAJICE2 for icing of airfoils (Stefanini et al., 2008),
only qualitative information has been published in terms of ice accretion over aircraft Pitot probes.

Aircraft icing is a very complex phenomenon that occurs during flights in clouds at temperatures at or below
freezing when super-cooled water droplets impinge and freeze on the unprotected areas on which they impact (Sheriff et
al., 1997). The rate and amount of ice accretion on an unheated surface depends on the shape, including surface
finishing, the size, the speed at which the body is travelling, and the temperature, liquid water concentration (LWC) and
the size of the droplets in the cloud (Gent et al., 2000; Myers et al., 2002; Fortin et al., 2006). While most models for
airfoils icing are able to incorporate somehow all these effects towards identifying a steady-state ice accretion
configuration, the research on anti-icing transient models of heated structures is much less advanced (Gent et al., 2000;
Silva et al., 2007a; Silva et al., 2007b). In addition, none of the available propositions seem to incorporate a full
conjugated heat transfer model that includes in detail the participating structure and heating system.

The present work is thus aimed at demonstrating the importance of accounting for conjugated conduction-
convection in the transient analysis of heated Pitot tubes. For this purpose, a lumped-differential model is developed to
predict temperature distributions on a Pitot probe that is internally heated through an electrical resistance, within a wind
tunnel at different free stream velocities. The proposed model is radially lumped, accounting for the geometric
variations along the Pitot tube length, as well as for the different materials that play a role in the heat transfer process,
while the local differential formulation is maintained in the longitudinal direction, so as to allow for the determination
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of the marked temperature variations along the probe body. Appropriate heat transfer coefficients correlations are
employed to complete the model, for the different geometric shapes of the probe components. In order to verify the
proposed model, a commercial Pitot tube that flies on the Brazilian Navy aircrafts (A4 Skyhawk), made by Aero-
Instruments Co., model PH510, has been installed in a wind tunnel at the Fluid Mechanics and Anemometry Division
(DINAM), National Institute of Metrology, Standardization and Industrial Quality - INMETRO, and evaluated both on
the fluid mechanics and heat transfer aspects. A PIV system by DANTEC DYNAMICS is employed to analyze the flow
field around the Pitot tube, while an infrared camera FLIR SC-660 is used to provide the temperature distributions at the
Pitot tube surface along the experimental runs. Two free stream velocities are adjusted in the wind tunnel, for each
heating power set in the Pitot tube heater, providing a few different test cases for the critical comparison of theoretical
and experimental results.

2. PHYSICAL AND MATHEMATICAL MODELS

The Pitot probe employed was model PH510 by Aero-Instruments, Co., manufactured according to the standard
American Armed Forces - AN 5812 - Air Force-Navy Aeronautical Standard, and employed in the A4 Skyhawk
aircraft, which was gently provide by the Brazilian Navy First Aircraft Squadron of Interception and Attack. Figure 1
shows the Pitot tube, already partially painted in graphite ink for the thermographic analysis, as well as mounted on a
PVC basis within the wind tunnel. The heater is embodied within the central portion of the cylindrical body of the probe
and has a nominal 41 Ohm electrical resistance, with a porcelain electrical insulator.

Figures 1. Pitot tube model PH 510, manufactured by Aero-Instruments, Co.
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Figure 2. Dimensions of the tested Pitot tube.
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The aim is to simulate the conjugated heat transfer between the heated pitot and the flow of dry air inside the wind
tunnel. The free stream velocities imposed were 10 and 20 m/s at 22 °C. The proposed conduction model consists of a
partially lumped formulation, with concentration of parameters in the radial direction and local differential formulation
along the probe length, neglecting the curvature at the handle of the tube, due to the lack of interest on an accurate
solution at this base. The cylindrical portion of the probe is made of copper and the base profile is made of brass. The
problem formulation for the radially averaged temperature distribution, T(xt), is given by:

pc, o (x) Xl (“) A(l);{eA)A(x) (“’} h()ZEX; TL0-T, 40.(0,0<x<Lt>0 ()

with initial condition and boundary conditions given by:

T,(x,00=T,(x), 0<x<L (2)
—kef(O)aTaVa—(XX’t) =h[T _-T,(O1)], t>0 aTaVT(Xt) =0, t>0 (34)

where the variables shown above correspond to p, density [kg/m?], Cp, specific heat [J/(kg °C)], ef stands for effective
property, T, transversally averaged temperature [°C], X, longitudinal coordinate [m], ke, thermal conductivity [W/(m
°C)], A, cross-sectional area [m?], p, cross-section perimeter [m], h, heat transfer coefficient [W/(m? °C)], t, time [s], T.,
temperature outside boundary layer [°C], g., (X.t), transversally averaged energy generation density [W/m?], he, heat
transfer coefficient at stagnation region [W/(m? °C)], To(x), initial temperature distribution, [°C].

Figures 3 show the functions of the x coordinate utilized in the model for the parameters and thermophysical
properties, as a result of the geometric and materials variations within the probe body. For instance, the tip of the Pitot
tube has a conical section, which together with most of the cylindrical portion is made of copper, until a soldered joint
switches the material to brass, then following the wing shaped base. In addition, the heater and the porcelain insulator
can be found only at the central portion of the cylindrical copper tube. Also, appropriate correlations are obtained from
the literature to estimate the heat transfer coefficients at the different regions, stagnation region, cone and cylindrical
bodies, and wing shaped base (Sparrow et al., 2004; Tong & Hu, 2009).
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Figures 3. Longitudinal variation of parameters and effective thermophysical properties employed in the model.

The proposed model of Egs.(1-4), together with the identified parameters and properties depicted in Figures 3, were
implemented in the symbolic-numerical platform Mathematica v.7.0 (Wolfram, 2005), and numerically solved through
the Method of Lines available in the subroutine NDSolve. The numerical results were also verified against the error
controlled solution in the UNIT code (Unified Integral Transforms) (Sphaier et al., 2009; Cotta et al., 2010), which
implements an automatic hybrid numerical-analytical solution based on the Generalized Integral Transform Technique
(GITT) (Cotta, 1993; Cotta & Mikhailov, 1997; Cotta & Mikhailov, 2006).

3. APPARATUS AND EXPERIMENTAL PROCEDURE

The experimental results of the heated Pitot tube presented in this work were obtained in an aerodynamic wind
tunnel at the Fluid Mechanics and Anemometry Division (DINAM), in the National Institute of Metrology,
Standardization and Industrial Quality - INMETRO, and is shown in Figure 4 below. It is an open circuit blower type
tunnel and consists of a test section of 500 mm x 500 mm, 8 m long, and a 12.5 HP fan with variable speed control from
0 to 23 m/s. The main components of this experimental setup are the infrared camera FLIR SC660, a high performance
infrared system with 640x480 image resolution used to obtained the temperature field at the Pitot surface and the
Particle Image Velocimetry (PIV) system, laser and camera, by DANTEC DYNAMICS with a pulse duration of nano
seconds, wavelength of 1064 and 532nm with a laser medium of Nd:YAG. Other components of the setup are: (a) an
anemometer (FCO510) by MICROMANOMETER and a reference tunnel pitot by DWYER; (b) a source of alternate
power (Variac), with capacity of up to 100 V; (c) three multimeters to measure the Pitot resistance, the current and
voltage applied at the Pitot resistance; (d) a microcomputer for data acquisition; (e) the Pitot’s tube support. The Pitot
probe was fixed to the floor of the wind tunnel through a PVVC support and in order to reduce uncertainty in the IR
camera readings, its surface was painted with a graphite ink, which brought its emissivity to around ¢ =0.97, as stated
by the ink manufacturer.

Figure 4. Open circuit blower type wind tunnel of DINAM-INMETRO.
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The experimental procedure is initiated by imposing a velocity to the wind tunnel test section, followed by the
application of a voltage difference to the Pitot’s electrical resistance. VVoltage and current are simultaneously measured
along the experiment. Due to space limitations, the infrared thermography camera and laser source of the particle image
velocimetry are not installed simultaneously, since both were required to be placed perpendicularly to the Pitot tube.
Therefore, first the infrared thermography measurements are taken along the transient process up to steady-state, and
then the PIV measurements are performed. Figure 5a shows the installation of the infrared cAmera at the top of the wind
tunnel test section, and its positioning with respect to the Pitot tube, while Figure 5b shows the laser source installation
in place of the IR camera, for the second phase of the experiment.

|
Figure 5a. Detail of the IR cAmera installation Figure 5b. Detail of the PIV laser positioning

For the IR images acquisition the camera is connected to the acquisition computer by a fire-wire cable that
makes it possible fast transference of acquired data. Using the FLIR"s proprietary software called “ThermaCam
Reseacher 2.9” one can remotely operate the thermography camera, and monitor the temperature increase. Figures 6
illustrate the IR image produced by the FLIR SC660 camera of the heated Pitot tube in the beginning of the transient
regime (Fig. 6a) and after the steady-state is achieved (Fig.6b). One may clearly observe the temperature rise at the
region of the Pitot heater and the temperature drop throughout the Pitot wing-shaped base (note that Fig. 6a is much less
brighter than Fig. 6b).

(@) (b)
Figures 6. IR image of Pitot tube for an air flow free stream velocity of 10 m/s: a) few seconds after the heater is
turned on; b) steady-state.

Once steady-state has been achieved, the IR cAmera is substituted by the laser source and the second phase of
the experiment is initiated. Particle Image Velocimetry is a technique for measuring fluid flow which is becoming
increasingly in scientific circles because of its non-intrusive measurement characteristics (Marins et al., 2009). The
region we wish to study in the 2D case is illuminated by the laser light plane. As we introduce tracer particles dispersed
in the fluid, a digital camera (the image is obtained by stimulating a group of photosensitive capacitors known as CCD,
charge-couple-device) installed perpendicular to the laser plan, captures images from the particles illuminated by the
laser. Figure 7 shows the laser digital camera manufactured by FlowSense, used in our experiments.
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Figure 7. Detail of the PIV laser camera

In Figure 8a we can observe the Pitot tube illuminated by a constant plane of laser during the PIV test and Figure 8b
illustrates a photo of the Pitot tube taken by the PIV camera. The particle used in the wind tunnel tests were obtained
using a plain smoke generator (Chauvet Hurricane 1700), which uses a fluid (ROSCO) of polyvalent alcohols, essence,
dye and deionized water to generate the smoke. In Figures 9 we can observe the average velocity field vector calculated
by the PIV software, showing the boundary layer at the Pitot upper surface, respectively for 10 and 20 m/s dry air speed
in the wind tunnel, confirming that the flow is essentially laminar over the experimental setup at such free stream
velocities.

Figure 8a. Pitot tube illuminated by laser during P1V test Figure 8b. Pitot tube photo by PIV camera

(@ 10m/s (b) 20m/s
Figures 9. Average velocity field vector over upper Pitot tube surface calculated by PIV software
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4. RESULTS AND DISCUSSION

Once the thermographic images have been acquired by the IR camera, one may select points within the Pitot tube
domain to form lines and analyze its transient behavior. Here, we illustrate the results obtained for two sets of points,
corresponding to lines (LI01) and (L102), as shown in Figure 10 below. L101 is chosen along the longitudinal direction
of the Pitot tube, extending to the wing-shaped base normally to the isotherms. L102 is perpendicular to the longitudinal
axis, and was used to verify that the temperature gradients are in fact negligible in this direction. Figure 11 thus presents
the temperature distributions along these two lines, confirming the marked temperature drop along the longitudinal line
(L101) and the practically uniform temperatures across the tube axis (L102).

Figure 10. Example of data extraction from the thermographic images (longitudinal and transversal lines).
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Figure 11. Temperature distributions obtained from the marked lines on the thermographic image (longitudinal
line in black, transversal line in red).

A total of seven experiments were conducted in the wind tunnel, for the two freestream velocity values and also
different applied voltages on the Pitot heater. Two experiments were conducted with equal input parameters, for
verifying the repeatability of the experimental setup and procedure. Figure 12 illustrates the experimental surface
temperatures obtained through the infrared thermography images at steady-state, for experiments no.6 and 7, which
shows an excellent agreement between the two independent measurements. One may also note the higher values of
temperature achieved within the heated portion of the cylinder and the progressive temperature decay as the wing
section base is approached.

Figure 13 below shows the comparison of the experimental surface temperatures against the theoretical predictions,
again for steady-state and along the Pitot tube length. Three vertical lines are shown that correspond, from left to right,
to the end of the conical section, to the transition between copper and brass within the cylindrical region, and to the
beginning of the wing-shaped base. The infrared camera measurements are shown in red, while the blue curve
corresponds to the simulation with an effective heat transfer coefficient including the radiation in linearized form and
the green curve is related to the simulation with the nonlinear radiation model, thus slightly modifying Eq.(1) by adding
the heat losses by radiation in explicit form. One can see that both simulation results are in excellent agreement with the
experimental results, and with very little difference between themselves, throughout the active body of the Pitot tube.
Only after the middle of the base length one can observe significant deviations, as expected, since the model was
simplified in this region not accounting for the curvature effects, in light of the irrelevance of the predictions in this
region. We can also observe some slight experimental temperature fluctuations right after the cone-cylinder transition,
which cannot be predicted by the proposed model.
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Figure 12. Experimental surface temperatures at steady-state: Repeatability of two experiments (nos.6 & 7),
with 10 m/s, 68 V and 0.69 A.
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Figure 13 Comparison of experimental and simulated surface temperatures at steady-state: Experimental in
red, linearized radiation in blue, nonlinear radiation in green (Exp.6, 10 m/s, 68 V and 0.69 A).

Figures 14 present the comparative transient behavior of the experimental and simulated surface temperatures at
various positions along the conical and cylindrical sections of the Pitot tube. An excellent agreement is observed
throughout the transient period and for all the positions shown, despite the complex configuration of the device vis-a-vis
the simplicity of the proposed model. Slight deviations are observable again in the region following the cone-cylinder
transition, which do not perfectly reproduce the steady-state result but follow the transient behavior of the experiment. It
must be mentioned that accounting for the porcelain influence in the effective thermal capacitance at the heater region
was crucial in obtaining this agreement between experiments and model, which obliged us to cut open the Pitot tube to
extract the geometric details of the internals.
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Figure 14. Transient behavior of surface temperatures at different longitudinal positions: Experimental in red,
simulated in black (Exp.6, 10 m/s, 68 VV and 0.69 A).

5. CONCLUSIONS

An experimental analysis of a heated Pitot tube in an aerodynamic wind tunnel is undertaken, by employing infrared
thermography to raise the surface temperatures evolution and particle image velocimety to map the flow around the
probe. Then, a simplified lumped-differential model is proposed to simulate the temperatures distribution along the
length of the tube and with time. An excellent agreement was reached between the experimental and simulated results
along the transient once the thermal capacitance of the electrical porcelain insulator of the Pitot tube heater was
accounted for. This effort is aimed at demonstrating that conjugated convection-conduction heat transfer cannot be
omitted when dealing with the analysis of heated Pitot tubes, even at low speeds and room temperatures for the free
stream. Therefore, it should be mandatory to include the participation of the Pitot tube body in the prediction of icing
and on the design of anti-icing systems for such sensors.
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