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ABSTRACT

The accuracy of the “PIV wake rake” method to measure the drag of transiting objects is evaluated. Tomographic Particle
Image Velocimetry measurements are conducted on a sphere towed at different speeds, within a Reynolds number range where
the drag coefficient is constant. In contrast to PIV wake rake application on steady models in wind tunnels, where the upstream
conditions can be accurately controlled and known a priori, measurement of the flow field prior to the passage of the model is
essential for an accurate estimation of the drag for towed models when control of the undisturbed conditions is more
challenging. The drag resolution of the technique is estimated to prospect the use of the technique in large scale applications. A
resolution of approximately 20 drag counts is obtained which is coarser than wind tunnel experiments but comparable to

techniques used for field measurements.

1. Introduction

The wake rake has a long tradition as a practical instrument for measuring the aerodynamic drag
of objects immersed in a stream. Originally, the resistance force was derived from the pressure
field measured in the wake by a Pitot-tube rake, by invoking the conservation of momentum in a
control volume containing the object (e.g. Jones 1936). The approach is often used to estimate the
aerodynamic drag of airfoils (e.g. Guglielmo and Selig 2011) or three-dimensional models (e.g.
Brune 1994; Maskell 1973) in a stationary configuration. This approach offers the advantage of
more sensitivity compared to force balances when the drag force is small (e.g. Guglielmo and
Selig 2011). In addition to the drag force, the wake rake yields the velocity distribution behind
the model, which relates the aerodynamic loads with the flow structure in the wake of the
model.

More recently Particle Image Velocimetry (PIV) measurements have been used as an alternative
to the Pitot-tube wake rake. The “PIV wake rake” returns the mean and instantaneous
aerodynamic loads on stationary models in wind tunnels, as demonstrated by Van
Oudheusden et al. (2007) and De Kat and Bleischwitz (2016), among others. Furthermore, the use
of PIV as wake rake on transiting models has been introduced in the past to study the structure

of aircraft trailing vortices in towing tank experiments (Scarano et al. 2002) as well as behind a
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catapulted model (Von Carmer at al. 2008). More recently the quantitative measurement of mean
aerodynamic loads on a towed sphere in air has been demonstrated by use of tomographic PIV
(Terra et al. 2017). In the latter work, helium-filled soap bubbles (HFSB, Bosbach et al. 2009) were
used as flow tracers to obtain a measurement volume significantly larger than that achievable
with micron-sized droplets, preluding an upscale of the technique for application in, e.g., the
automotive industry and speed sport. In the latter case the method may be used to detect the
effect of small modifications of the model geometry or surface roughness on the aerodynamic
drag (e.g. Brownlie et al. 2016), and, hence, an understanding of its drag resolution is of crucial
importance. This information is not reported by Terra et al. (2017) and neither is it in other
literature. Moreover, a thorough discussion of the parameters governing the uncertainty of the
aerodynamic drag obtained from the PIV wake rake for a transiting object, in particular the role
of the non-quiescent flow conditions prior to the model transit, is missing.

The present work aims to quantify the drag resolution of the PIV wake rake by evaluating the
aerodynamic drag of a sphere at different values of the towing velocity
U, ={1.08;1.21; 1.34; 1.48; 1.62} m/s. The drag coefficient of a sphere exhibits a practically
constant value over the flow regime 1,000 < Re < 200,000 (Schlichting 1979). Hence, in the present
range of conditions (6,600 < Re < 11,400) the aerodynamic drag is expected to follow a quadratic
increase with model speed. This is exploited to estimate the accuracy of the drag from the PIV
wake rake, firstly for a single-passage measurement considering a finite time interval of the
velocity measurement. Furthermore, the drag measurement obtained from averaging the results
from repeated passages is evaluated. The influence of non-quiescent flow conditions prior to the
passage is taken into account and discussed and, finally, the drag resolution of the PIV wake rake
for transiting models is compared to that of other techniques in order to appreciate its

applicability.

2. Experimental apparatus and procedures

The experimental apparatus and procedures follow those of previous investigations (Terra et al.
2017). Tomographic PIV measurements are performed upstream and downstream of a sphere of
diameter d = 10 cm which is towed through a rectangular channel of 50 x 75 cm: cross section
and approximately 2 m length. For each value of the model speed, the experiment is repeated
between 20 and 60 times, to obtain an ensemble estimate of the drag. The instantaneous model
velocity U, is monitored with a high-speed camera (cam 4 in Fig. 1).

Helium-filled soap bubbles, used as flow tracers (Bosbach et al. 2009), are illuminated by a high-

speed laser over a domain of 40 x 40 X 3 cm. The interrogation volume of 96: voxels corresponds
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to 4.4 e and velocity vectors are returned with a spacing of 11 mm. Images are acquired at 500
Hz and the tomographic objects are reconstructed using every 5 image with the Sequential
Motion Tracking Enhancement technique (SMTE, Lynch and Scarano, 2015) to enhance the PIV
accuracy. A non-dimensional time is defined as t*= tU,/d where t*=0 indicates the moment
when the centre of the sphere is passing through the measurement station (x = 0). The flow
conditions before the passage of the sphere are evaluated around t* = —6. After the transit, the
wake velocity is sampled over the time range 5 <t*<7, as this allows the drag to be reliably
evaluated without accounting for the pressure term in the momentum balance (Terra et al. 2017).
A schematic view of the setup is depicted in Fig. 1, with the sphere prior to (t* = -6, top) and after
the transit (t* = 5, top).
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Fig. 1: Schematic top view of the experimental apparatus at t* = -6 (top) and a side view at t* =5 (bottom).

Some air motion is introduced inside the channel, among others, by the HFSB seeding
procedure. Therefore, the sphere encounters a fluid environment that is never perfectly stagnant.
This aspect needs to be considered when calculating the momentum imparted by the sphere to
the air during its transit and it is illustrated in Fig. 1 where the streamwise velocity component of
the fluid is depicted, before (top) and after (bottom) the passage of the model, u.. and .,

respectively.
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3. Methodology

The instantaneous drag force D, resulting from the relative motion between a model and a
surrounding incompressible fluid, can be obtained by invoking the conservation of momentum
in a control volume containing the object. Assuming the control volume extends sufficiently far

into the freestream, the drag force can be expressed in terms of downstream surface integrals
only (e.g. Rival and Van Oudheusden 2017):

D(t) :—p%tsﬂ xud5+psjj (U, —u)udS +Sjj (p,—p)ds (1)
where p is the density, u is the streamwise velocity component and p the static pressure of the
fluid. The freestream velocity and pressure are U. and p., respectively, and S... is the downstream
surface (orthogonal to U.) of the control volume with x the streamwise distance measured from
any fixed frame of reference. The conservation of mass reduces the first integral at the right-
hand-side of the equation to zero for stationary inflow conditions. Also the contribution of the
pressure term is neglected, because it provides a contribution to the overall aerodynamic drag
below 2% after t*>5 (Terra et al. 2017). Hence, the expression for the drag force is largely
simplified:

D(t)=p [[ (U, -u)uds (2)

This equation holds in the frame of reference moving with the model. The measurements instead
are conducted in a fixed frame of reference (that of the laboratory) and, hence, the drag is

rewritten in terms of ., and u...(see Fig. 1):

D(t) =P .” (ue”" _uwake)(uwake _UM )dS (3)
Smea.\'

where S... is the fixed measurement cross sectional area and U, is the measured model velocity,
which is assumed to be stationary. For each single transit, the drag of the model Dy is

computed as the time-average drag over the range 5 <t*<7. Consecutively, a multi-passage

average drag D, is computed from the ensemble Diig. obtained from repeated measurements

at the same model velocity. The drag due to the strut estimated according Terra et al. (2017)

amounts to approximately 14% of the total drag and is subtracted from it. A correction factor of
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0.96 to the aerodynamic drag is applied to account for the model blockage of 2% by assuming

continuous model blockage (Moradian et al. 2009).

4. Results

Application of the wake-rake technique in wind tunnels typically does not require a detailed
measurement of the inflow conditions as the free-stream velocity can be assumed uniform. In
contrast, for towed experiments the model may travel into a not fully stagnant environment. The
impact of the non-stagnant nature of the flow prior to the passage on the resulting drag force is
evaluated (Fig. 2). When the environment velocity is neglected (Fig. 2-left, blue symbols), the
expected quadratic increase in drag is not observed, resulting in an RMS error g, =1.5 mN
w.rt. a quadratic fit of the five data points. Instead, accounting for the environment velocity
yields values of the aerodynamic drag (Fig. 2-left, black symbols) in good agreement with the
theoretical quadratic scaling with the model velocity (red dashed line represents quadratic fit
through the data points: D = 0.00177U,7) with an &,,,, =0.16 mN. The uncertainty of the multi-
passage average drag is computed at 95% confidence level, conservatively using one
uncorrelated drag value per integer value of t*. The uncertainty, depicted by the size of the error
bars, is reduced from above 20% to below 7% of the mean drag value when accounting for the
environmental velocity, hence increasing the precision of the wake rake approach. The
uncertainty of the aerodynamic drag includes the drag variations stemming from the changing
density and velocity of the model from run to run. The uncertainty of drag coefficient, instead,
does not, which is depicted in Fig. 2-right, and its relative uncertainty, therefore, is

approximately 4% below that of the drag.
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Fig. 2: Multi-passage average drag Bmum (left) and drag coefficient CTDWM (right) at five different model velocities

assuming u.. = 0 (blue symbols) and using the measured environment velocity u.. upstream of the model transit
(black symbols). The red dashed lines represent a fit through the latter set of data points: D = 0.00177U.; (left) and
C, =0.365 (right).
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The flow conditions prior to the model passage changed from day to day during the experiment,
which explains the variation between the corrected and uncorrected aerodynamic drag in

Fig. 2-left over the different model speeds. Fig. 3-left depicts this environmental velocity in terms
of the spatial distribution of time-average velocity and its fluctuations, obtained from 53
repeated experiments at a model speed of 1.34 m/s. The results at the other speeds are omitted
for reasons of conciseness. The time-averaged velocity distribution (Fig. 3 top-left) depicts a
streamwise velocity up to 4% of the model velocity, which corresponds to up to 20% of the
streamwise velocity measured in the wake of the model (Fig. 2 top-middle). Hence, for a correct
estimate of the drag value, the streamwise velocity deficit Au =u,.. - u.. must be considered,
which is illustrated in Fig. 3 top-right. In the latter, the velocity difference is brought close to zero
almost everywhere outside of the sphere wake, except for the strut wake region. Fluctuations in
the environment prior to the passage appear relatively uniform and limited to approximately
1.5% of the model velocity (Fig. 3 bottom-left). The fluctuations in the wake (Fig. 3 bottom-
middle) are concentrated around the cross section of the model. Subtracting the initial velocity of
the environment, the level of the fluctuations outside of the wake is reduced considerably (Fig. 3
bottom-right), which further clarifies the increased precision of the PIV wake rake when u., is

accounted for.
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Fig. 3: Spatial distribution of the ensemble average streamwise velocity (top) and its fluctuations (bottom). Velocity
prior to the passage of the model at t*=-6, u.. (left), and after five diameters (t* = 5), u... (middle). Net velocity deficit,
Au = u..-u.. (right) for a model speed of 1.34 m/s.

To identify the additional sources of uncertainty of the PIV wake rake technique, the time-series
of the drag coefficient in the interval 5<t*<7 for ten different passages of the model are
depicted in Fig. 4 left. A second order polynomial time filter, using a kernel of five samples
(At*=0.67), has been applied to the underlying time-resolved velocity fields to reduce small-
scale fluctuations of C, for better readability of the large-scale variations. The dispersion of the
data encompasses minimum and maximum values of C, from 0.25 to 0.5 respectively.

For a single passage, variations of the drag coefficient up to 0.15 are observed. The latter are
ascribed to the unsteady behavior of the wake, thus leading to a time-varying drag coefficient.
Considering that the fluctuations of largest amplitude are observed over a time scale of
approximately T* =2 (corresponding to a Strouhal number of 0.5) an observation time of the
order of several periods would be required to achieve statistical convergence of the drag

coefficient from a single passage. For each individual passage, the standard deviation of the
(instantaneous) drag coefficient, C,, is computed with respect to the time-average of the specific

measurement, C,  (Fig. 4-right). The ensemble average of these standard deviations is equal

single
t0 G yinge = 0-026, exceeding the unsteady fluctuation of the C), of a sphere reported in literature:
Norman and McKeon (2011) measure o, ~0.02 at Re =50,000 and the numerical work of

Constantinescu and Squires (2003) reportso,,, ~0.017 at Re =10,000. This over-prediction is

largely attributed to the assumption of stationary flow prior to the model passage.

Secondly, considerable variations of C, are observed among different model passages, as can be
seen from the comparison of the time-average drag coefficients from different runs (Fig. 4-right).
Such variations are mainly ascribed to the variability of the experimental conditions (mainly the
environment velocity and its unsteady behaviour) among different runs. In particular, Eq. 1 is
valid under the assumption that the environment velocity field is stationary during the

observation time (-6 < t*< 7). The uncertainty associated with the variability of experimental

e

conditions is quantified from the standard deviation of the average drag coefficients C,, ingrer AN
is equal to 20,,,.,, =0.108. This uncertainty is considered as an upper-bound of the drag
coefficient resolution of the single-passage PIV wake rake for transiting models. Decreasing this
uncertainty value is likely possible taking into account longer measuring times (increasing the

range of t*). Considering that the average drag coefficient C,

. is computed from N = 53

passages of the sphere, the uncertainty of the former at 95% confidence level is
26, i [ N'N = 0.015.
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Both the drag coefficient resolution of the single-passage measurement and the uncertainty of the
multi-passage approach may be decreased firstly through better flow conditioning, thus
reducing the temporal fluctuations of u.., and secondly by decreasing the size of the wake plane
by excluding the area that does not result from the interaction between the model and fluid. For
example, when the integration area is reduced to the rectangular region indicated by the dashed
line in Fig. 3 top-right (-2<y/D <1.5; -1.5<z/D <1.5), the uncertainty of the multi-passage

average drag coefficient decreases by 10%.

CD single

0.2

I%

Fig. 4: Temporal evolution of the measured drag coefficient from ten individual model passages (left) and its value
averaged in the interval 5 < t* < 7. The ensemble average value is given in red (right).

A third source of uncertainty may be introduced by possible systematic errors in the
experiments, which can be evaluated from the drag coefficient obtained over repeated
measurements at different model speed presented in Fig. 2-right. As mentioned before, in this

narrow range of Reynolds number the drag coefficient of the sphere is expected to be constant.
Values of average drag coefficient between 0.33 < CTDmum < 0.38 are obtained, with an ensemble

average drag coefficient of C, = 0.365 (red dashed line in Fig. 2-right). The drag resolution of

the PIV wake rake is estimated as the standard deviation of the average drag coefficients at

different model speeds with respect to the ensemble average value:

1 Ny [
ACWD = \/ Z (CD multii CD,ens )2 (4)
NM —-143

where N, is the amount of different model speeds that are considered (here N, =5). When the
drag resolution is computed considering the five model velocities, the value AC, =0.021 or 21

drag counts is obtained (see also Table 1). When the drag coefficients are computed under the

assumption of stagnant flow prior to the passage of the model (u.=0), the accuracy of the
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measurement is strongly reduced (see Fig. 5) and the drag resolution is equal to AC, = 0.193 (193

drag counts). This again clearly illustrates the necessity of measuring the flow prior to the

passage to estimate the drag force accurately.

Table 1: Comparison between the drag resolution of the PIV wake rake of a transiting model to that of other techniques.

Drag resolution
[drag counts]

Stationary model in wind tunnel

Force balance 0.5
(Philipsen et al. 2004)

Pitot-tube wake rake 1
(Brune 1994)

Transiting model

PIV Wake rake (current study) 21
Coast-down method 12
(Petrushov 1998)

Torque measurement 10

(Bouillod et al. 2015)

5. Conclusions

Based on the results of this work, the following is concluded: 1) Having flow conditions that are
not fully stagnant, measurement of the spatial distribution of the flow velocity prior to the
passage of the model is necessary for accurate drag estimations via the PIV wake rake approach
of transiting bluff bodies; 2) The tomo-PIV wake rake approach returns the average drag force
and coefficient from multiple passages of transiting objects with a drag resolution in the order of
20 drag counts.

It should be noticed that, with a drag resolution of about 20 drag counts, the PIV wake rake for
transiting models remains a relatively course instrument compared to established techniques
used in the laboratory environment (see Table 1 for a comparison), but it becomes comparable to
in-field approaches, such as the coast-down and torque measurement method. The additional
contribution of the PIV wake rake is the introduction of fluid-dynamic information on the wake
structure, of potential interest in the understanding of the flow physics and drag generation. It is
expected that the current approach may be further perfected especially with control of
environment conditions prior to the passage and possibly with more advanced modelling of the

wake region.
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