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Abstract
The aerodynamic drag of a human-scale wind tunnel model is obtained from large-scale particle tracking velocimetry 
measurements invoking the conservation of momentum in a control volume surrounding the model. Lagrangian particle 
tracking is employed to obtain the velocity and static pressure statistics in a thin volume in the wake of a cyclist mannequin 
at freestream velocities between 12.5 and 15 m/s, corresponding to Reynolds numbers from 5 ×  105 to 6 ×  105 based on 
the torso length. The spatial distributions of the time-average streamwise velocity and pressure coefficient match well with 
previous works reported in literature. The streamwise velocity fluctuations in the wake of the cyclist’s model are presented, 
clearly demonstrating the unsteady nature of the main wake flow structures. Furthermore, the obtained aerodynamic drag 
follows the expected quadratic increase with increasing freestream velocity. The accuracy of this drag estimation is evaluated 
by comparison to force balance data and corresponds to 30 drag counts. The three terms composing the overall drag force, 
ascribed to the mean and fluctuating streamwise velocity and the mean pressure, are also evaluated separately, demonstrating 
that the resistive force is dominated by the contribution of the mean streamwise momentum deficit, whereas the contribution 
of the pressure term is negligible.

Graphical abstract

1 Introduction

Determination of the aerodynamic loads is relevant in many 
fluid dynamic applications, e.g., for the fuel-efficient design 
of air and ground transportation systems, the safe structural 
design of wind turbines and the maximization of perfor-
mances in elite speed sports such as cycling and skating. 

The data presented in the figures in this work is available online 
(https ://doi.org/10.4121/uuid:7f42e 060-766d-4bf1-86c4-c648c 
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Measurement of these aerodynamic loads is conventionally 
carried out in wind tunnels, where full-scale or scaled-down 
models are immersed in a homogeneous stream of air, while 
the forces and moments are measured via six-component 
force balances (e.g., Zdravkovich 1992; Tropea et al. 2007). 
Thanks to their high resolution (up to 0.0003% of the full 
scale load, Tropea et al. 2007) these balance systems are 
nowadays considered as standard tools especially for meas-
urements in industrial wind tunnels. Nevertheless, such bal-
ance measurements are regarded as “blind”, in the sense that 
they do not provide insight in the flow field and flow struc-
tures generating these aerodynamic loads. Alternatively, 
the aerodynamic loads can be evaluated using wake rakes, 
invoking the conservation of momentum across a control 
volume containing the model and measuring the total and 
static pressure in the wake of the model (Betz 1925; Jones 
1936; Goett 1938; Somers 1997, among others). In contrast 
to balance measurements, the wake rake approach provides 
not only the aerodynamic forces, but also allows relating 
these forces to the flow variables in the wake of the model, 
yielding a deeper insight into the components and genera-
tion of the total resistive force (e.g., Maskell 1973; Hucho 
and Sovran 1993). These pressure-based wake rake measure-
ments, however, are intrusive in nature and yield the result 
at a single point in space, requiring traversing mechanisms 
and precluding measurement of the instantaneous flow field.

In the last two decades Particle Image Velocimetry 
(PIV) has been used extensively as a viable alternative 
to the pressure probe wake rakes, for loads determination 
from wake velocity data, primarily due to its whole-field 
measurement capability and non-intrusive nature. Lin and 
Rockwell (1996) and Unal et al. (1997) conducted PIV 
measurements in the wake of a two-dimensional cylinder 
to characterize its unsteady lift coefficient at Re = 3780. 
Similarly, Noca et al. (1997) and Kurtulus et al. (2007) 
used time-resolved PIV to quantify the unsteady aero-
dynamic forces of cylinders at Re = 100 and Re = 4890, 
respectively. Using PIV velocity data and the control vol-
ume approach, van Oudheusden et al. (2006) character-
ized the time-average aerodynamic forces and pitching 
moment of an airfoil; the authors reported a discrepancy 
between the drag coefficient measured with the PIV wake 
rake and the conventional pressure-based wake rake of 1 
drag count (or ΔCD =  103). Ragni et al. (2009) proved the 
feasibility of the PIV wake rake for drag determination of 
a transonic airfoil at Mach = 0.6. In a successive work, the 
authors extended the use of the PIV wake rake to moving 
objects for the determination of the aerodynamic loads on 
an aircraft propeller blade (Ragni et al. 2011). Recently, 
a detailed review of loads estimation approaches from 
PIV measurements has been carried out by Rival and van 
Oudheusden (2017) and a set of guidelines is provided 

for accurate fluid force measurements involving unsteady 
body motion by Lentink (2018).

Despite the popularity of the PIV wake rake for meas-
uring the time-average and instantaneous loads and inves-
tigation of the governing flow fields, its application has 
been limited to relatively small sized wind tunnel models 
(typical characteristic length of the order of 10 cm) due 
to the limited domain of conventional PIV measurements 
(Raffel et al. 2018). This is largely ascribed to the low 
scattering efficiency of conventional micrometric flow 
tracers. The introduction of sub-millimeter Helium-filled 
soap bubbles (HFSB) as flow tracers for PIV measure-
ments (Bosbach et al. 2009; Scarano et al. 2015) allowed a 
dramatic increase in measurement size (square meters and 
liters for planar and volumetric PIV, respectively), making 
‘large-scale’ PIV measurements possible in wind tunnels. 
Large-scale PIV has mainly been exploited for volumetric 
PIV measurements. Caridi et al. (2016) made use of large-
scale tomographic PIV over a volume of 12 l to investigate 
the flow field at the tip of a vertical axis wind turbine 
blade. By conducting large-scale PTV measurements and 
solving the Poisson equation for pressure, Schneiders et al. 
(2016) measured the instantaneous volumetric pressure in 
the wake of a truncated cylinder over a volume of about 
6 liters. Loads determination from large-scale PIV has 
been attempted for the first time by Terra et al. (2017), 
estimating the drag coefficient of a transiting sphere at 
Re = 10,000. Load determination from large-scale PIV 
in wind tunnels, however, has been hampered firstly by 
the limited HFSB tracers concentration, which has been 
below 1 bubble/cm3 (Caridi et al. 2016), and secondly by 
the limited size of the seeded stream tube cross-section, 
not exceeding the order of 0.1 m2 (Caridi et al. 2016; Jux 
et al. 2018).

The present work aims to assess the feasibility of using 
a large-scale PIV wake rake for the determination of the 
aerodynamic drag on a three-dimensional human-scale 
wind tunnel model. For this purpose, Lagrangian particle 
tracking is employed to obtain the velocity in a plane of 
approximately 1.6 m2 in the wake of a full-scale cyclist man-
nequin, demonstrating the human-scale PIV wake rake on a 
fully three-dimensional, unsteady and highly complex flow, 
recently discussed in several studies (Defraeye et al. 2010; 
Crouch et al. 2014; Barry et al. 2014, among others). The 
obtained time-average flow topology is presented and vali-
dated against literature. Furthermore, for the first time the 
distribution of streamwise velocity fluctuations and experi-
mentally measured pressure in the wake plane are presented 
and discussed. Finally, the accuracy of the aerodynamic drag 
is evaluated by comparison with state-of-the-art balance 
measurements and repeating the measurements at varying 
freestream velocity.
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2  Theoretical background

Consider a body in relative motion with respect to a fluid. 
In the incompressible flow regime, the instantaneous drag 
of the object can be determined invoking the conserva-
tion of momentum in a control volume enclosing the body 
(Anderson 1991):

 where V is the control volume, Swake the downstream bound-
ary of the control volume extending sufficiently far into the 
freestream, ρ, p∞ and U∞ are the fluid density, freestream 
pressure and freestream velocity, respectively, and p and u 
are the static pressure and stream-wise velocity at the loca-
tion Swake as illustrated in Fig. 1.

Applying Reynolds decomposition to the velocity and 
pressure and averaging both sides of Eq. 1, the time-aver-
aged drag is obtained:

 where ū is the time-average streamwise velocity, u′ the fluc-
tuating streamwise velocity and p̄ the time-average static 
pressure. Following Terra et al. (2017), the first, second and 
third term at the right hand side of this equation are referred 
to as the momentum term, the Reynolds stress term and the 
pressure term, respectively. Equation 2 allows evaluating the 
time-average aerodynamic drag from velocity and pressure 
statistics in the wake of the wind tunnel model. The latter is 
computed from the PIV data by solving the Poisson equation 
for pressure, which is obtained after Reynolds averaging the 
momentum equation and prescribing appropriate boundary 
conditions (van Oudheusden 2013). The viscous term has 
been omitted in this reconstruction assuming its contribution 
is negligible (de Kat and van Oudheusden 2012).
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The accuracy of the drag estimation via the PIV wake 
rake approach is assessed via direct comparison with state-
of-the-art balance measurements. The measurements are 
repeated at different freestream velocity in a narrow range 
of Reynolds numbers, where the drag coefficient is assumed 
to be constant. The drag resolution of the PIV wake rake is 
evaluated as:

 where CDi,PIV
and CDi,bal

 are the time-average drag coefficients 
from the PIV wake rake and the balance system, respec-
tively, and N is the number of repeated measurements at 
different freestream velocities.

3  Experimental apparatus and procedure

3.1  Wind tunnel model

The experiments are conducted in the Open Jet Facility 
(OJF) of the Aerodynamics Laboratories at the Delft Univer-
sity of Technology. This atmospheric closed-loop, open jet 
wind tunnel has an octagonal cross-section of 2.85 × 2.85 m 
with a contraction ratio of 3:1, that allows the generation 
of a homogeneous jet at speeds between 4 and 35 m/s with 
0.5% turbulence intensity (Lignarolo et al. 2014). The wind 
tunnel model consists of a rigid-body full-scale cyclist man-
nequin seated on a time-trial bike. The latter is supported 
at the front and rear axis, as illustrated in Fig. 2, with the 
front wheel centreline located 1 m downstream of the OJF 
contraction exit. The mannequin, wearing a long-sleeved 
Etxeondo time trial suit along with a Giant time trial helmet 
(season 2016), is manufactured from thermoplastic polyester 
by additive manufacturing after scanning an elite cyclist in 
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√

√

√
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,

Fig. 1  Schematic of the control volume approach to determine the 
aerodynamic drag of an object Fig. 2  Wind tunnel model and PIV seeding system
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time-trial position (Van Tubergen et al. 2017). The legs of 
the mannequin are in asymmetric position (left leg stretched 
and right leg bended) relating to a 75° crank angle (Fig. 2). 
The model’s hip width W, torso length T and frontal area A 
are 0.365 m, 0.600 m and 0.32 m2, respectively. More details 
of the mannequin dimensions are available in the work of 
Terra et al. (2016) and Jux et al. (2018). A 4.9 m long and 
3.0 m wide wooden table, elevated 20 cm above the wind 
tunnel contraction exit, is used to reduce the boundary layer 
thickness interacting with the model.

3.2  PIV system

The flow field in the wake of the cyclist model is meas-
ured by Lagrangian particle tracking with neutrally buoy-
ant helium-filled soap bubbles (HFSB) as flow tracers. The 
latter have a diameter of approximately 300 µm (Scarano 
et al. 2015) and are introduced into the flow by an in-house 
developed seeding rake installed on a two-axis traversing 
system at the exit of the wind tunnel contraction (Fig. 2). 
80 HFSB generators are integrated into the four-wing seed-
ing rake with a vertical and horizontal pitch of 25 mm and 
50 mm, respectively. The trailing edge of the rake is installed 
85 cm upstream of the front wheel’s axis (see Fig. 2) and 
releases approximately 2 × 106 bubbles per second, seeding 
a streamtube of approximately 20 × 50 cm2 cross-section in 
the freestream. At a freestream velocity of 14 m/s, the seed-
ing concentration is estimated at 1.4 tracer/cm3 (Caridi et al. 
2016). The flow rates of helium, air and bubble fluid solution 
are regulated via a Fluid Supply Unit from LaVision GmbH. 
To seed the entire wake of the model, measurements are 
repeated at 15 different positions of the seeding rake, 5 along 
the horizontal direction and 3 along the vertical direction. 
Due to the presence of the seeding rake, the freestream tur-
bulence intensity, measured 2 m downstream of the seeding 
rake, is increased from 0.5 to 1.9%, while the mean flow 
remains unaltered (Jux et al. 2018). Details on the different 
seeder positions and the effect of the seeding rake on the 
measured aerodynamic drag are provided in the “Appendix”.

Collimated light is provided by a Continuum Mesa PIV 
532-120-M laser (Nd:YAG diode pumped, pulse energy 
of 18 mJ at 1 kHz) illuminating a 5 cm thick plane, 80 cm 
downstream of the trailing edge of the saddle of the bike 
(see Fig. 3). Time-resolved images are acquired by three 
Photron FastCAM SA1 cameras (CMOS sensor, 12 bit, 
20 µm pixel pitch, 1024 × 1024 pixels at full resolution) 
over a region of 1.0 × 1.62 m2. The cameras are located 
about 4 m downstream of the model, 2 m from the open 
jet’s central axis (Fig. 3). The cameras are equipped with 
50 mm Nikkor objectives with an aperture set to f/4 and 
tilt adapters to satisfy the Scheimpflug condition. The opti-
cal magnification is equal to 0.0125, resulting in a digi-
tal image resolution of 1.6 mm/px. For the geometrical 

camera calibration, an in-house developed double-plane 
calibration target of 1.2 × 1.2 m is placed vertically at 
two locations, 5 cm upstream and 5 cm downstream of the 
measurement plane. The target contains a total of 156 cir-
cular dots of 8 mm diameter per plane, distributed over 12 
rows and 13 columns with a pitch of 9 cm in both vertical 
and horizontal direction. The offset between the two planes 
is 2 cm; the dots of the two planes are staggered by 4.5 cm 
in both the vertical and horizontal directions.

3.3  PTV measurement procedure

The images are recorded in short bursts of 11 images at 
4 kHz acquisition frequency resulting in a mean track 
length of five particles irrespective of the transverse loca-
tion on the wake plane. Particle streaks, visualized as the 
maximum image intensity over the 11 subsequent images 
of a burst, in the centre of the model’s wake and in the 
freestream are depicted in Fig. 4-left and right, respec-
tively. The number of particles per pixel (ppp) varies 
between 0.04 and 0.1 depending on the seeder position. 
The highest density is observed in the freestream, where 
the seeded streamtube remains largely unaffected by the 
wake of the model, whereas the lowest ppp appears in the 
cyclist’s wake as the particles spread over a larger volume. 
The average particle image intensity is rather independent 
of the seeder position and is approximately equal to 200 
counts over a background intensity of about 20 counts, 
resulting in an image signal-to-noise ratio of 10. For each 
position of the seeding generator, 480 bursts are acquired 
with 0.1 s separation between two successive bursts to 
obtain a statistical ensemble of uncorrelated particle 
tracks. Image acquisition and processing is conducted with 
DaVis 8.4 from LaVision GmbH.

Fig. 3  Schematic representation of the experimental setup
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3.4  Force balance measurements

Force measurements are carried out with a six-component 
balance designed, manufactured and calibrated by the Dutch 
Aerospace Laboratory (NLR). Under simultaneous loading 
of all six components (three forces and three moments), the 
balance is capable of measuring loads up to 250 N in the 
streamwise direction with a maximum uncertainty of 0.06% 
of the full-scale value (Alons 2008). The balance is mounted 
directly under the ground plate, shielded from the air flow, 
and connected to the bike supports (see Fig. 3). The balance 
measurements are conducted at each position of the seeding 
rake simultaneously to the PIV measurements; the acquisition 
frequency is set to 2 kHz and the observation time is 30 s.

PIV and force balance measurements are repeated at five 
different freestream velocities between 12.5 m/s and 15 m/s, 
corresponding to Re = 5 ×  105 to Re = 6 ×  105 based on the 
torso length. Table 1 provides an overview of the data acqui-
sition parameters and the varying experimental conditions.

3.5  PIV data reduction

The acquired images are pre-processed by subtraction of the 
time-averaged intensity of each burst to remove background 
noise (see Fig. 4-left vs right for a raw and processed image, 
respectively) and are then processed with the Shake-The-Box 

algorithm (STB; Schanz et al. 2016) yielding Lagrangian 
particle tracks. Particle tracks resulting from one image burst 
per seeder location are depicted in Fig. 5 (colours indicate 
different seeder positions) illustrating the extent of overlap 
of tracks stemming from the different positions.

Velocity statistics (time-average and fluctuations root-
mean-square) are computed from the Lagrangian velocity 
ensemble within bins of size 5 × 4 × 4 cm3 with 0%, 75% 
and 75% overlap in x-, y-, and z-direction, respectively 
(Agüera et al. 2016). The resulting velocity field is defined 
on a Cartesian grid with a vector pitch of 1 cm along y- 
and z-directions. The bin size was determined requiring a 
minimum number of 25 tracks per bin. A universal outlier 
detection filter (Westerweel and Scarano 2005) was applied 
to the particle velocity data in each bin, to reduce spurious 
tracks, resulting in an average number of used tracks per 
bin of approximately 2000. The uncertainty of the velocity 
data is estimated comparing the time-average streamwise 
velocity obtained from different seeder positions in a region 
of overlap. Discrepancies of approximately 5% and 2% are 
obtained in the wake and the freestream, respectively.

For the computation of the aerodynamic drag via Eq. 2, 
apart from the velocity statistics in the wake plane, the 
freestream velocity U∞ and the static pressure are needed. 
The measured freestream velocity, U∞,meas is obtained as the 
mean streamwise velocity over the three free boundaries of 

Fig. 4  HFSB seeding in the 
wake of the model. Particle 
streaks without pre-processing 
in the central wake (left) and 
after pre-processing by time-
average intensity subtraction in 
the freestream area (right)

Table 1  Data acquisition parameters and experimental conditions

Acquisition parameters PIV Bursts of 11 images at 4 kHz
480 image bursts at 10 Hz

Force balance Acquisition at 2 kHz
Observation time of 30 s

Experimental conditions (for PIV and 
balance)

Freestream velocity U∞ = [12.95, 13.34, 13.71, 14.33, 14.78] m/s

Seeding system 15 different positions; 5 along the horizontal direction and 
3 along the vertical direction (details are provided in the 
appendix)
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the wake plane, excluding a region in relative proximity to 
the floor (y > 50 cm). Afterwards, a correction for the wind 
tunnel jet expansion, εS and the nozzle blockage, εN is applied 
according to Mercker and Wiedemann (1996), to obtain U∞:

 with εS = 0.0018 and εN = 0.0132. The static pressure is 
obtained solving the Poisson equation for pressure prescrib-
ing Neumann conditions on the bottom boundary and Dir-
ichlet conditions with freestream pressure on the three free 
boundaries. For the pressure reconstruction, the streamwise 
gradients of the time-average velocity and of the velocity 
fluctuations are neglected after estimating that these are two 
orders of magnitude smaller than the corresponding in-plane 
gradients.

Finally it should be noted that the advantage of the pre-
sent PTV measurement approach, opposed to using conven-
tional stereo-PIV, is that a stitching procedure of the velocity 
information obtained from the different seeder positions is not 
necessary. Stitching of velocity fields may result in anomalies 
in the velocity gradients in the overlap regions (Shah 2017), 
which yield reduced accuracy in the pressure field reconstruc-
tion from the solution of the Poisson equation.

4  Results

4.1  Wake flow topology

The obtained time-average flow topology in the wake of the 
cyclist mannequin is discussed in terms of the spatial distri-
bution of the streamwise velocity (Fig. 6-left) and vorticity 

(4)
U

∞

U
∞,meas

= 1 + �S + �N,

with in-plane vectors (Fig. 6-right). The streamwise velocity 
contour exhibits two main regions of significant velocity 
deficit. The first one is located behind the lower back of the 
mannequin (y ~ 100 cm) slightly towards the left, and fea-
tures a minimum velocity of u/U∞ ~ 0.6. The lateral asym-
metry of this velocity deficit originates from the asymmetric 
leg position (left leg extended downwards and right leg bent 
upwards), and agrees well to literature (e.g., Crouch et al. 
2014; Jux et al. 2018). The minimum value of the stream-
wise velocity is comparatively higher than that measured by 
Crouch et al. (2014, u/U∞ ~ 0.5) and Jux et al. (2018, u/U∞ 
~ 0.35). The smaller velocity deficit is attributed to the more 
streamlined position of the mannequin; The trunk angle of 

Fig. 5  Lagrangian particle tracks in the wake of the model from one image burst per seeder location (different colours represent the different 
seeder locations)

Fig. 6  Contours of time-average streamwise velocity (left) and 
streamwise vorticity with in-plane velocity vectors (right). Freestream 
velocity equal to 14.5 m/s (Re = 5.8 × 105)
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attack is smaller (α ~ 5° for the present model as compared 
to α = 12.5° for that used by Crouch et al.) and the head and 
helmet do not contribute to the frontal area of the model in 
contrast to the one used by Crouch et al. Although the same 
model was used in the case of Jux et al., the measurement 
plane in their case was further upstream (x = 30 cm) com-
pared to the present case (x = 80 cm).

A second region of high velocity deficit is observed 
downstream of the wheel axis and the drivetrain configu-
ration (y ~ 40 cm). In this region the minimum velocity of 
u/U∞ ~ 0.45 matches well the work of Crouch et al. (2016) 
in terms of location and magnitude, despite the differences 
between the respective models.

A region of strong downwash behind the curved back 
of the mannequin (y ~ 120 cm) is observed in Fig. 6-right, 
with a peak vertical velocity of v/U∞ ~ − 0.17 that agrees 
well with literature (Crouch et al. 2016; Griffith et al. 2014, 
among others). Two distinct counter-rotating vortices 
(marked T1/T2 in Fig. 6-right) originate from the cyclist’s 
thighs and are fed by the downwash behind the model’s 
back, as also documented in previous literature (Crouch 
et al. 2014). Other counter-rotating vortex pairs originate 
from the left foot (marked F1/F2 in Fig. 6-right) and from 
the right foot (marked F3/F4) agreeing well with the work of 
Jux et al. (2018). The location and strength of the streamwise 
vortices K1 and K2 also match well with the latter work. 
The regions of streamwise vorticity emanating from the hips 
(H1/H2) are shearing regions, rather than vortex regions, 
stemming from the interaction between the downwash over 
the back of the mannequin and the surrounding streamwise 
velocity. Overall, it is concluded that the measured time-
average streamwise velocity and vorticity are in good agree-
ment with existing work providing confidence in the quality 
of the present measurement approach.

The streamwise velocity fluctuations in the wake of 
a cyclist in time-trial position have not been reported 
in literature and are discussed hereafter. Two separated 
unsteady shear layers behind the lower left leg can be 
observed in Fig. 8-left (marked S3/S4), exhibiting peaks 

of about 
√

u�2∕U
∞

 ~ 0.1. These shear layers bend inwards 
just below the knee due to the strong inward velocity 
component in this region (y ~ 50; z ~ − 20, Fig. 6-right), 
partly stemming from the counter-clockwise streamwise 
vortex K1. The shear layer originating from the top part 
of the extended leg (y ~ 90 cm and z ~ − 15 cm) exhibits 
fluctuations of similar magnitude. Conversely, the stream-
wise velocity fluctuations behind the bent leg are com-

paratively lower, with peaks of about 
√

u�2∕U
∞

 ~ 0.06, 
due to its more streamwise orientation. The location of 
counter-rotating streamwise vortex pairs originating from 
the thighs (T1/T2 Fig. 6-right) and the shearing regions 
(H1/H2) coincides with two regions of high streamwise 

velocity fluctuations (T1/T2 and H1/H2 Fig. 7-left) indi-
cating that these flow structures are unsteady in nature. 
Hence, the presented time-average streamwise vorticity 
levels in Fig. 6-right are below the instantaneous peak 
values suggesting that insight into the instantaneous vor-
tex topology may contribute to a better understanding of 
the streamwise vortex structures in the wake of a cyclist, 
possibly aiding in future drag minimization. Finally, other 
local maxima of the streamwise velocity fluctuations 
appear in the wake of the drivetrain and behind the lower 
part of the wheel (V-shape area).

Outside of the wake of the mannequin, the root-mean-
square of the streamwise velocity fluctuations reduces sig-
nificantly, reaching a level of about 4% of the freestream 
velocity. With an estimated freestream turbulence level in 

Fig. 7  Contours of streamwise velocity fluctuations (left) and 
time-average pressure coefficient (right) at a freestream velocity of 
14.5 m/s (Re = 5.8 × 105)

Fig. 8  Contours of 90% u/U∞ at the different freestream velocities
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the wake of the seeding system of 1.9% (Jux et al. 2018), it 
is argued that the freestream turbulence intensity is likely 
overestimated due to measurement random errors of the 
large-scale PTV system. As a consequence, the contribu-
tion of the Reynolds stress term in the expression for the 
drag (second term in Eq. 2) is overestimated, thus yielding 
an underestimation of the aerodynamic drag by approxi-
mately 0.15 N.

At sufficient distance behind a bluff body, the contribu-
tion of the pressure term to the aerodynamic drag decays 
to zero due to the pressure recovery towards the freestream 
condition (Terra et al. 2017). To understand the contri-
bution of the time-average pressure term to the drag for 
the present downstream position of the wake plane, the 
pressure field distribution is investigated. Figure 7-right 
depicts the spatial distribution of the pressure coefficient 
showing the presence of a large high pressure region (HP1) 
behind the upper back of the cyclist. This overpressure is 
attributed to the deceleration of the flow after passing the 
curved back of the cyclist. Lower in the wake plane, at 
y ~ 90 cm, the flow has separated over the lower back of 
the cyclist, resulting in a region of negative CP (LP1). A 
second low pressure region, likely caused by a flow sepa-
ration over the left foot and the rear wheel, is observed 
behind the left foot (LP2). The overall distribution of the 
time-average pressure coefficient matches well to the work 
of Blocken et al. (2013), despite the differences in model 
geometry and crank angle (symmetric leg position instead 
of the present asymmetric case). Finally it is observed that 
the spatial variations of the pressure coefficient are small 
(up to 0.03 between minimum and maximum Cp in the 
wake plane) and the pressure in most of the domain equals 
the freestream pressure, suggesting that the contribution 
of the pressure term to the aerodynamic drag (through 
Eq. 2) may be assumed negligible. This is discussed in 
more detail in the following section.

The present experiment is repeated within a narrow range 
of freestream velocities (12.5 m/s < U∞ < 15 m/s) where 
the drag coefficient is constant (Grappe 2009) and, hence, 
the flow topology is expected to remain unaltered. The con-
tours of 90% of u/U∞ at five freestream speeds, depicted in 
Fig. 8, coincide well and discrepancies of about 5% in non-
dimensional streamwise velocity are observed between the 
different freestream conditions, indicating a good level of 
repeatability of the experiment.

4.2  Drag estimation

Considering the unaltered flow topology at the different 
freestream velocities (Fig. 8), the drag coefficient of the 
cyclist can be assumed constant and the aerodynamic drag 
is expected to scale quadratically with increasing velocity. 
Hence, despite the narrow range of freestream velocities, 

the drag force is expected to increase by almost 50%. This 
expected increase is clearly observed in Fig. 9 depicting 
the resistive force obtained by the balance system (black 
symbols) and from the PIV wake rake (red symbols) at 
five freestream velocities. The uncertainty of the time-
average balance readings is below 0.2 N and, hence, error 
bars depicting their uncertainty are omitted. A quadratic fit 
through the five data points resulting from the PIV wake 
rake (D = 0.1433U∞ 2; red-dashed line) and (0,0) is included 
as well. The accuracy of the obtained drag from the PIV 
wake rake is estimated from the root-mean-square of the 
residuals between the measured data and its quadratic fit and 
is equal to εRMS = 1.2 N.

The accuracy of the drag estimation, or drag resolu-
tion, is also evaluated comparing the drag coefficients 
obtained with the PIV wake rake with those obtained by 
force balance. Figure 9-left shows that the drag coeffi-
cients measured by the force balance are relatively con-
stant (black line) and the variations are obtained within 
1.5% with increasing freestream velocity. The error bars 
on the time-average drag coefficient indicate the uncer-
tainty of the mean value at one sigma level. Details on 
the computation of this uncertainty stemming from the 
different seeder positions are provided in the “Appendix”. 
In contrast to the measurements by the force balance, the 
variations observed in the drag coefficient obtained from 
the PIV wake rake are significantly larger (Fig. 10-left red 
line), illustrating the higher measurement uncertainty of 
this technique. Figure 10-right (solid-red line) shows the 
error in the drag coefficient measured by the PIV wake 
rake approach relative to that obtained by balance meas-
urements, which varies between 0.75 and 6.5%. Using 
Eq. 3, a drag resolution of the PIV wake rake of ∆CD = 
0.03 or 30 drag counts, is obtained (Fig. 10-right dashed-
red line).

Fig. 9  Time-averaged aerodynamic drag from the balance (black 
symbols) and the PIV wake rake (red symbols) at five freestream 
velocities. The red-dashed line depicts a quadratic fit through the lat-
ter (D = 0.143U∞ 2)
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Finally, the separate contributions of the momentum 
term, Reynolds stress term and pressure term (Eq. 2) to the 
overall aerodynamic drag are depicted in Fig. 11. The con-
tribution of the latter is approximately zero at all freestream 
conditions, which was expected from the small zero-level 
deviations in the distribution of the pressure coefficient 
(Fig. 7-right). Hence, the pressure reconstruction can be 
omitted in future cyclist drag estimations with a wake plane 
downstream position x/L > 2.2, where L is the characteristic 
length scale representative for the wake topology (hip width 
in this case), significantly simplifying the evaluation of the 
aerodynamic drag. The Reynolds stress term consistently 
contributes by approximately 5% of the drag with increas-
ing freestream velocity and cannot be neglected. Finally, the 
momentum term dominates the air resistance accounting for 
the remaining 95%.

5  Conclusions

Large-scale PTV measurements have been conducted 
in thin volume of 5 × 100 × 160  cm3 in the wake of a 
full-scale cyclist model. Cameras and laser imaged and 

illuminated, respectively, the entire measurement domain, 
while an in-house built HFSB seeding generator was tra-
versed into 15 different positions to obtain flow tracers 
in the whole domain. The distribution of time-average 
streamwise velocity, vorticity and pressure coefficient 
resembles literature closely and a good level of repeatabil-
ity is demonstrated iterating the measurements in a narrow 
range of Reynolds numbers (5 ×  105 < Re < 6 ×  105). The 
main streamwise vortices in the wake of the mannequin are 
clearly unsteady in nature, suggesting that an analysis of 
the instantaneous wake topology may provide new insights 
for future drag reductions. By invoking the conservation of 
momentum in a control volume containing the model, the 
time-average aerodynamic drag acting on the wind tunnel 
model is expressed as a summation of three terms compos-
ing the overall resistive force, namely, the momentum, the 
Reynolds stress and the pressure term. In the present con-
ditions, the contribution of the pressure is negligible and, 
hence, the pressure reconstruction can be omitted for drag 
evaluation at a downstream distance of x/L ≥ 2.2, where L 
is the hip width. Conversely, the momentum term domi-
nates the overall drag force, contributing to about 95% of 
the drag value. The drag resolution of the PIV wake rake 
technique is estimated comparing the aerodynamic drag to 
that of a force balance at five freestream velocities, result-
ing in a measurement sensitivity of 30 drag counts or ∆CD 
= 0.03. Although this qualifies the large-scale PIV wake 
rake as a rather coarse instrument for drag determination, 
increased accuracy can be expected using a larger seeding 
system to avoid traversing the seeder, and placing it inside 
the settling chamber of the wind tunnel to decrease the 
induced flow disturbance.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

Fig. 10  Aerodynamic drag from 
the PIV wake rake vs force 
balance (left) and the relative 
error of the drag of the PIV 
wake rake as a percentage of the 
balance data (right)

Fig. 11  Time-average aerodynamic drag from the PIV wake rake at 
five freestream velocities including the individual momentum, pres-
sure and Reynolds stress term
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Appendix

Balance measurements are conducted simultaneously to 
PTV at each position of the seeding system. The HFSB 
seeder is traversed into 15 positions, depicted in Fig. 12-
left. For each position the obtained drag force is presented 
in Fig. 12-right. Clearly, the measured drag at positions 
7 and 8 is largely affected by the seeder upstream of the 
model, with a drag value 4 to 8% below that of the other 
positions. In these cases, the lateral position of the sup-
porting strut of the seeder coincides with that of the wind 
tunnel model and, hence, the velocity deficit in the wake 
of the former reduces the drag measured on the latter. This 
reduction in drag, however, is not observed for seeder posi-
tion 9. In this position the strut supporting the seeder is 
entirely below the ground plate and its wake cannot interact 
with the wind tunnel model. Therefore, it is concluded that 
it is mainly the wake of this strut, and not that of the seeder 
itself, that interacts with the bike and the mannequin and 
reduces its drag. In the wake of the strut, generally, no or 
little seeding is present and, hence, no PTV measurements 
are conducted. Hence, it is assumed that the wake of the 
strut has a negligible effect on the measured velocity and 
the resulting drag measured by the PIV wake rake. To com-
pare the drag obtained by the PIV wake rake and that of the 
force balance, therefore, the measurements of the latter that 
are affected by the strut are excluded. To identify these data 
points, the drag values outside one standard deviation from 
the mean obtained over all seeder positions are excluded in 
the computation of the final statistical mean aerodynamic 
drag. The standard deviation of the data excluding these 
outliers is considered the uncertainty of the mean drag and 
is presented by the error bars in Fig. 10.
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