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ABSTRACT

In this study, the accuracy and practical limitations of three PIV-based load-estimation methods are assessed for 2D

and 3D bluff-bodies using two-dimensional PIV and three-dimensional Lagrangian particle tracking (LPT) data. The

investigated methods are the control-volume (CV) approach, the wake-rake approach, and the total pressure coeffi-

cient (CPT) approach. The CV method computes the aerodynamic load by integrating the momentum, Reynolds stress,

and pressure contributions over a control surface enclosing the object, whereas the wake-rake and CPT methods es-

timate drag from downstream wake-plane measurements using the freestream pressure and velocity. Static pressure

fields required by the formulations are reconstructed from the measured velocity fields through the pressure Poisson

equation. The methods are evaluated using two experimental datasets: planar PIV measurements around a circular

cylinder with zig-zag trips at a freestream velocity of 15 m/s, and 3D LPT measurements around a small-scaled time-

trial cyclist model. In both cases, the drag coefficients obtained from the methods are compared against reference load

balance measurements. The influence of the downstream boundary location is also investigated. For the cylinder case,

the CV method shows the highest accuracy, with the drag-coefficient error decreasing below 1% when the downstream

boundary is placed sufficiently far from the cylinder. In contrast, the wake-rake and CPT methods exhibit larger errors

and tend to underestimate the drag within the available downstream domain. Their accuracy is also strongly affected

by the prescribed freestream quantities, particularly U∞, for which even small bias errors can significantly alter the

computed drag. The 3D LPT results around the cyclist model show a similar trend: the CV method stabilizes faster

and fluctuates around zero error, whereas the wake-rake and CPT methods continue to decrease toward zero without

reaching a fully converged value within the measurement domain. These findings demonstrate that, although the

wake-rake and CPT methods require fewer measurement surfaces, they demand accurate freestream conditions and

larger downstream measurement regions. Overall, the CV method provides the most reliable load estimation among

the methods for bluff bodies when a control volume enclosing the object can be measured.
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Nomenclature

Symbols Greek symbols

CD Drag coefficient – µ Dynamic viscosity N.s/m2

CP Static pressure coefficient – ρ Fluid density kg/m3

CP T Total pressure coefficient – ∇2P Laplacian pressure Pa/m2

D Cylinder diameter m

Fi Time-averaged force component in the
i-direction

N Subscripts and superscripts

L Bicycle length m ∞ Freestream quantity

ni,j Components of the outward unit nor-
mal vector to the control surface

– i, j Tensor/component indices

P Static pressure Pa wake Wake-plane quantity

P∞ Freestream pressure Pa (−) Time-averaged quantity

Ptotal Total pressure Pa (−)′ Fluctuating component

S Control-volume surface m2 RMS Root mean square value

Swake Wake-plane surface m2

ui,j Velocity components in the i- and j-
directions

m/s Abbreviations

u Time-averaged velocity m/s CPT Total pressure coefficient method

u′ Velocity fluctuations m/s CV Control volume

uRMS Root mean square of streamwise veloc-
ity fluctuations

m/s HFSB Helium-filled soap bubbles

U∞ Freestream velocity m/s LPT Lagrangian particle tracking

xi,j Spatial coordinates m PIV Particle image velocimetry

X/D Streamwise distance normalized by
cylinder diameter

–

X/L Streamwise distance normalized by bi-
cycle length

–

1. Introduction

Force balances can measure loads with very high accuracy, but they offer no information about the
flow physics behind those loads. Surface pressure tapping provides spatial pressure distributions,
yet suffers from low spatial resolution and requires expensive, time-consuming model preparation.
It is also impractical near thin edges, rotating components, or on living models such as birds [1].
Wake rake measurements using Pitot probes can estimate drag through the momentum deficit,
but they are intrusive and limited to one streamwise location. Moreover, they only measure mean
dynamic pressure and miss fluctuating components, which can significantly contribute to drag [2].

Particle Image Velocimetry (PIV) has become the chief experimental technique for quantitative
flow visualizations in two- or three-dimensional domains. Since the advent of the method, the
measured PIV flow fields have been shown to be suitable for evaluating the aerodynamic loads
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acting on wind tunnel models via the application of the conservation of momentum in a control
volume enclosing the object. The control-volume method, as widely adopted by Van Oudheus-
den et al. and Limacher et al., is based on integrating the velocity fields surrounding the object
to compute the forces, including lift and drag [3], [4], [5]. For computing the forces, the value
of the static pressure in the flow is required, which can be computed using the Poisson equation
and measured velocity leveraging the Navier-Stokes equations, as discussed in studies such as
Gharali and Johnson [6] and Villegas et al. [7] and Fujitawasa et al. [8]. Vorticity-based methods
provide an alternative to pressure integration, particularly for cases where near-body velocity data
is difficult to capture. Limacher et al. [5] developed the Generalized Added-Mass and Circulatory
(GAMC) force formulation, which separates the forces into components related to added-mass
and circulatory effects. This method is particularly useful when vorticity fields are available from
PIV measurements, offering a robust framework for force computation. Another approach to force
estimation from PIV data is the wake rake method, which estimates the aerodynamic forces by
measuring the velocity fields downstream of an object. Terra et al. [9] assessed the accuracy of this
technique comparing the drag estimated on a full-scale cyclist model to force balance measure-
ments, showing that the PIV wake rake approach has a measurement sensitivity of 30 drag counts.
A further advancement of the PIV wake rake approach is the total-pressure method, derived from
the former under the assumption that the static pressure in the wake recovers to the freestream
value. This method has been shown to offer higher accuracy due to its lower sensitivity to velocity
measurement errors [10].

From the reviewed literature, it is evident that, due to the importance of force measurement and
the advantages of PIV as a non-intrusive technique, significant efforts have been made to identify
the most accurate method for deriving forces from PIV results. However, a key knowledge gap
remains, and there is a lack of studies evaluating these methods especially for bluff bodies. More-
over, there is a notable absence of analyses of the sensitivity of these methods, such as the distance
between the object and the control volume.

In this study, the accuracy of force measurement approaches from 2D and 3D PIV data around bluff
bodies will be evaluated, with a detailed discussion on their reliability and inherent limitations.
Moreover, the sensitivity of the methods to variations in the size of the control volume boundary
will be assessed comprehensively.

2. Methodology

In this section, the theories and equations used to compute loads from PIV data are first introduced.
The experimental setups used to acquire the PIV data are then described in detail.
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2.1. PIV load estimation techniques

The time-averaged loads acting on a body immersed in an incompressible fluid can be computed
invoking the conservation of momentum in a control volume containing the object. Three different
formulations are considered here: the original control volume approach, the wake rake formula-
tion and the total pressure formulation.

Control volume approach (CV): The mean force acting on the object using the control volume ap-
proach can be calculated using Eq. (1) [11]:

F i = − ρ
∫∫

S
uiujnj dS − ρ

∫∫
S

u′
iu

′
jnj dS −

∫∫
S

p ni dS + µ
∫∫

S

(
∂ui

∂xj
+

∂uj

∂xi

)
nj dS. (1)

In this equation, F i is a time-averaged force in direction of i (N) and j is normal direction to
the surface S, u is the time-averaged velocity (m/s), n is normal vector of the surface, p is the
time-averaged surface pressure (N/m2), u′ is the velocity fluctuation (m/s), ρ is the fluid density
(kg/m3) and µ is the dynamic viscosity (N.s/m2). Notice that this approach requires the knowl-
edge of the velocity and of the static pressure all over the surface of the control volume. Also, for
high Reynolds number flows and sufficiently large control volumes, the last term of equation (1)
is orders of magnitude smaller than the other terms and can be neglected [11].

Wake rake approach: Van Oudheusden et al. [4] showed that the drag force on an object can be
determined from the velocity and pressure statistics in the wake of the object if the considered
surface in the wake is sufficiently large and the freestream conditions are known. The expression
of the time-averaged force reads as [12]:

F i =ρ
∫∫

Swake

u (U∞ − u) dS +
∫∫

Swake

(p∞ − p) dS − ρ
∫∫

Swake

u′2 dS. (2)

Where U∞ and P∞ are the freestream velocity (m/s) and pressure (N/m2), respectively, and Swake

is the surface of the wake plane (m2). With respect to equation (1), equation (2) relies only on flow
measurements in the wake plane, rather than all around the object, provided that the freestream
velocity and pressure values are known.

CPT approach: The third method considered here for calculating the aerodynamic force is the total
pressure coefficient approach (CPT), described by Eq. (3) [13]. This equation can be derived from
the wake rake approach by assuming that the static pressure on the wake surface has recovered to
the freestream value.

F i = ρ
∫∫

Swake

u
(

1 −
√

Cpt

)
dS − ρ

∫∫
Swake

u′2 dS. (3)

where Cpt is the total pressure coefficient, Cpt = (Ptotal − P∞)/(0.5ρU2
∞), with Ptotal the total pres-

sure (N/m2).
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All three approaches contain pressure terms and thus require the evaluation of the static pressure.
A common approach for calculating the static pressure from velocity data is through the solution
of the Poisson equation for pressure, which for an incompressible, inviscid flow reads as in Eq. (4),
imposing appropriate boundary conditions [15].

∇2p = ρ∇ · (u · ∇u) . (4)

2.2. Experimental setup and procedures

2D PIV and 3D Lagrangian particle tracking (LPT) experiments were conducted. In both cases, the
flow all around the model was measured in order to assess the three load evaluation techniques
described in the previous section.

2D-PIV: The experiments were conducted in the M-Tunnel at TU Delft, which is an open-jet open-
return wind tunnel. The M-tunnel is capable of generating wind speeds up to 30 m/s, with a test
section cross-sectional area of 0.4 m by 0.4 m. Two circular holes in the closed test-section accom-
modate a fully transparent acrylic cylinder with a diameter of 5 cm and height of 50 cm (Fig. 1),
and surface height roughness of about 0.8 µm. As can be seen in Fig. 1(A), the laser is positioned
at the exit of the wind tunnel. By employing cylindrical lenses, the laser beam is transformed into
a sheet. Fig. 1(A), which is the schematic figure from a 3D view, highlights the placement of crit-
ical components within the wind tunnel, including the camera, the load balance, and the smoke
generator. Lastly, the actual picture in Fig. 1(B) provides a closer view of the direction of the wind
within the test section, along with a detailed depiction of the cylinder. The tests were conducted
at a velocity of 15 m/s and zig-zag trips were glued onto the cylinder at an azimuth angle of
±45◦, to trigger boundary layer transition prior to the separation [14]. The information about the
equipment in the PIV setup is summarized in Table 1. The recorded images were pre-processed
by subtracting the sliding minimum intensity over 7 frames to remove the background. Subse-
quently, a four-pass 2D-PIV cross-correlation algorithm was applied, using interrogation window
sizes ranging from 128 × 128 to 32 × 32 pixels which is about 27.7 × 27.7 mm2 to 7 × 7 mm2. Finally,
all computed fields were ensemble-averaged through 1000 vector fields, and the RMS components
were also evaluated. DaVis 8 was used for the processing raw images.

In addition to the PIV measurements, a 50 N force balance with the accuracy of ±0.1% [16], capable
of measuring forces in both X and Y directions, was used to measure the drag force on the cylinder.
This provided a benchmark for validating the accuracy of the aerodynamic force evaluated from
the PIV results using the mentioned methodologies.
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Figure 1. Experimental setup: A) 3D schematic view, B) picture of the test section.

3D-LPT: For the 3D analysis, the flow statistics measured by Hendriksen et al. [17] are used. These
experiments were conducted in the open-jet, open-return W-tunnel of the High-Speed Laboratory
at the Aerospace Engineering Department of TU Delft. The W-tunnel has a cross-section of 60 × 60
cm2 and can reach wind velocities up to 15 m/s. The test object was a small-scale cyclist model,
representing an 8-time reduced version of the generic cyclist model in the time-trial position [14],
Fig. 2. The model was 3D-printed using black PLA material and was coated with Musou Black, the
darkest commercially available paint to minimize reflections during illumination. The object was
mounted on a platform with dimensions of 80 × 80 cm2, positioned 10 cm above the wind-tunnel
exit floor (Fig. 2 to minimize the boundary layers thickness on this false floor. Lagrangian particle
tracking was employed, using ten Bobcat cameras, helium-filled soap bubble (HFSB) tracers and
four pulsed LEDs. Table 1 summarizes the experiments parameters [17]. Image acquisition and
processing was conducted using the LaVision DaVis 10 software. For having a reference for load
measured from 3D LPT data, load balance was also connected to the small-scale cyclist from below
(similar to the 2D PIV experiment).

The raw images were pre-processed using a time-minimum intensity subtraction, similar to the
approach used in 2D-PIV. Particle tracking was then performed using the two-pulse Shake-The-
Box algorithm [18]. After obtaining the full set of particle tracks, the data was averaged in cubic
bins of 64 voxel size (14.4 × 28.1 × 3.48 mm3), using the approach introduced by Aguera et al.
(2016).
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Table 1. PIV setup information.

2D PIV 3D LPT

Imager Camera type 1 LaVision sCMOS 2 Antenna with 5 Bobcat cameras

Resolution 2560 × 2160 pixels 2 MPx

Pixel size 6.5 µm 4.4 µm

Field of view 40 × 40 cm2 42 × 10 × 22 cm3

Focal length 35 mm 25 mm

f# 4 8

Magnification 0.03 0.02

Imaging rate 15 Hz, double frame, 500 images per case 8 Hz, double frame

Illumination Name Evergreen Nd-YAG laser LaVision air-cooled LED flashlight 300

Energy per pulse or
Power

200 mJ 300 W

Seeding particles Name Ethylene glycol based smoke Helium-filled soap bubble (HFSB)

Diameter 1 µm 400 µm

Supplier SAFEX seeding generator TU Delft HFSB rake

Software Name DaVis 8 DaVis 10



22nd LISBON Laser Symposium 2026

Figure 2. Experimental setup experiment 2: A sketch of the components (Up); a photo illustrating the model and
used equipment (Down).



22nd LISBON Laser Symposium 2026

3. Results

3.1. Cylinder flow (2D PIV)

In this section, the flow statistics obtained from Particle Image Velocimetry (PIV) measurements
around the cylinder are presented. For 2D PIV, Fig. 3 illustrates the time-averaged lateral and
streamwise velocities, the streamwise velocity fluctuations root-mean-square and the time-averaged
pressure distributions for the freestream wind speed of 15 m/s and a cylinder with zigzag trip.
Fig. 3(A) clearly shows the deceleration of the flow in front of the cylinder which falls to 0.8U∞,
the acceleration up to about 1.2V∞ at the upper and lower sides, and the separated wake down-
stream of the model, with a fluidic reattachment at around x/D = 2.5. Beyond this zone, flow
velocities in the wake gradually increase recovering towards the freestream velocity. It is worth
noting that although the stagnation point exists at the front of the cylinder, it is not visible in the
figure. This is attributed to the finite size of the interrogation window, whose linear size is about
14% of the cylinder diameter, thus precluding an accurate evaluation of the velocity at stagnation.
In Fig. 3(B), the vertical velocity contours demonstrate a symmetric pattern. Ahead of the cylinder,
the flow impinging upon the cylinder divides, directing flow upward toward the upper channel
wall and downward toward the lower channel wall. Immediately behind the cylinder, the lower
flow ascends while the upper flow descends, driven by the reduced pressure in the wake region.
The pressure coefficient distribution around the cylinder, illustrated in Fig. 3(C), is calculated using
the formula CP = (P − P∞)/(0.5ρU2

∞), whereby the static pressure P is evaluated via the solution
of the Poisson equation for pressure, using Neumann boundary conditions along top, bottom and
downstream boundaries, and Dirichlet boundary conditions for the inlet boundary. As expected,
the highest pressure occurs at the stagnation point on the cylinder’s front face, while the lowest
pressure is observed in the immediate wake region, coinciding with the highest reverse-flow veloc-
ities. However, due to the limited spatial resolution of the measurement, the maximum Cp attains
a value of 0.6 instead of the theoretical value of 1. Further downstream in the wake, pressure
recovery occurs, with positive pressures emerging due to flow deceleration caused by the fluidic
reattachment at around x/D = 2.5 which is in a good agreement with the literature [19]. Lastly,
Fig. 3(D) depicts the root mean square (RMS) of the streamwise velocity fluctuations, highlighting
maximum RMS values in the cylinder’s wake, where the shear layers oscillations induce signifi-
cant flow fluctuations. As the downstream distance from the cylinder increases, the RMS values
diminish due to weakened turbulent activity. It should be noted that two horizontal tripes of rela-
tively high fluctuations (uRMS

∼= 2 m/s) are present in front of the cylinder, which are attributed
to poor illumination due to laser light refraction at the air-cylinder interface. It is remarked that
the measured flow fields are in a good agreement with literature [20].
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Figure 3. 2D PIV time averaged contours for 15 m/s with zig-zag trip: A) dimensionless u, B) dimensionless v, C)
pressure coefficient, and D) root mean square of u.

In Fig. 4(A), the percentage error of the various load-estimation methods relative to the load-
balance measurements is presented for the cylinder with zigzag trip and freestream velocity of
15 m/s. For this case, the drag coefficient measured with the load balance was 0.76 which is the
value that was used for comparison with PIV data calculations. A blockage correction is omitted,
because it affects the measured load through the balance in the same manner as the load estimated
using the control volume methods.

For the results presented in Fig. 4, the upstream boundary surface is located 1.84D upstream of the
cylinder center, while the top and bottom boundary surfaces are positioned 2.6D from the center
of the cylinder. The downstream surface is not fixed; instead, it moves, as indicated along the hori-
zontal axis. The origin of the coordinate system is defined at the center of the cylinder. As shown in
the results, the control-volume (CV) method exhibits an error of approximately 10% at X/D = 1,
which decreases monotonically with downstream distance and falls below 1% for X/D > 4.5. In
contrast, the wake-rake method starts with an error of about 5% at X/D = 1.5, initially increases
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to approximately 6% around X/D = 1.7, and then decreases continuously, eventually becoming
negative and reaching an error of about −8% at the downstream end of the measurement domain.
The CPT method follows a similar downstream trend to the wake-rake approach but with a sys-
tematic offset. Moreover, this method provides real number estimates only once the pressure has
recovered to the freestream value, in accordance with its underlying assumption. Owing to its pos-
itive offset relative to the wake-rake method, the CPT error is reduced to approximately −4% at
the end of the domain. Another source of error for the wake-rake method, compared with the CV
method, is its reliance on the assumption that the contributions of the upper and lower control sur-
faces are negligible or, in other terms, that the velocity and pressure have reached the freestream
values at the top and bottom of the wake rake. The wake-rake method matches the CV result only
if the contributions of upper and lower control surfaces are effectively zero. However, Fig. 4(B)
demonstrates that, although the influence of the upper and lower surfaces is substantially smaller
than that of the downstream surface, it is not negligible (this figure is plotted by dividing the sur-
faces momentum to the left surface’s and due to the fact that the flow is not completely 2D the
sum of the contributions in total cannot get 100%). In particular, the bottom surface contributes a
few percentages to the total integrated drag; its contribution is higher than that of the top surface
primarily due to lack of perfect flow symmetry between the upper and lower wind-tunnel walls.
Consequently, even with a control-volume width approximately five times the cylinder diameter,
the upper and lower surface contributions do not vanish. Also it can be seen that the up and down
surface added together can have around 7% contribution which was close to the final error of the
wake rake method.

The CPT method does not yield valid results within the first three diameters downstream of the
cylinder because, its formulation contains a square-root term that becomes undefined when the
argument is negative. This occurs because the assumption that the static pressure in the wake has
recovered to the freestream value is violated. Once valid values appear, the CPT method shows
the similar trend as the wake-rake method, although with smaller errors. However, the fact that
the error of the CPT method is smaller than that of the wake rake method is purely ascribed to
the fact that, in this region of the wake (x/D > 3/5), the static pressure is positive: by assuming
that the static pressure is equal to the freestream value, the CPT method is effectively biasing the
drag results to higher values than the wake rake approach. Similar to the wake-rake approach,
the accuracy of the CPT method is strongly influenced by the prescribed freestream conditions; for
consistency, identical upstream PIV-derived freestream values were used for both methods.

The errors associated with both the wake-rake and CPT methods are highly sensitive to the pre-
scribed freestream pressure and velocity. Even a 1% variation in the freestream velocity can lead to
a substantial change in the computed error, as shown in Fig. 5. Both methods exhibit very similar
sensitivity to U∞, and both are considerably more sensitive to U∞ than to P∞. Moreover, the sensi-
tivity to U∞ varies with the magnitude of the imposed velocity bias, whereas the sensitivity to P∞
remains approximately constant. This behavior is mainly due to the different roles of U∞ and P∞
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in the expression for CD. The freestream velocity appears squared in the denominator of CD, while
it also appears linearly in the numerator. In contrast, P∞ appears only linearly in the numerator;
therefore, the sensitivity to errors in P∞ is approximately linear, as observed in Fig. 5(B). Another
important observation is that the sensitivity is higher for negative errors in U∞ than for positive
errors. This asymmetry occurs because, in the numerator of the CD expression, U∞ is subtracted
from the local flow velocity. Therefore, when the imposed error in U∞ is negative, the contribu-
tion of the velocity-related term to CD increases, resulting in a larger error in the computed drag
coefficient.

Overall, these results indicate that the wake-rake and CPT methods will always underestimate
the aerodynamic drag of a bluff body in close proximity to the body, and achieving an accuracy
comparable to the CV method requires a substantially larger measurement domain, which is often
not feasible in PIV setups. Using smaller domains, these methods might still be valuable to use to
obtain relative drag differences between objects of different shape or surface roughness, in cases
where the absolute aerodynamic drag is of less importance.
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Figure 4. A) Error of different methods of drag coefficient calculation for 15 m/s with zig-zag trip and B)
contribution of the different surfaces of the CV method to the overall drag.
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Figure 5. Sensitivity of the wake-rake and CPT methods to bias errors in P∞ and U∞ and the dependence of this
sensitivity on the magnitude of the imposed bias error.
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3.2. Flow around the cyclist (3D LPT)

In this section, the results based on the 3D LPT measurements around the scaled cyclist model are
presented. Fig. 6 illustrates the velocities in different planes as well as some streamlines around
the cyclist. In right side of the figure, control volume boundaries are brought. The planes’ distance
from the front end of the bike are normalized regarding bike length and brought above each figure.
The presented results are in a good agreement with the same contours in the literature [21]. In this
figure low velocity region around the cyclist body can be seen and also the wake of the cyclist can
be seen in the end plane (X/L = 1.25). Also, it can be found that the velocities recover to the
freestream velocity in a small distance from the cyclist body. It can be seen that streamlines closer
to the cyclist are more affected and they are not as straight as others which are far from the body.
Overall, the extracted results show very good agreement with previously reported flow features
around cyclists, confirming the reliability of the present PIV dataset [21].

Figure 6. Iso-surfaces of the time-averaged streamwise vorticity component around the scaled cyclist model.

Using the 3D LPT data and the previously introduced methods, the drag coefficient of the scaled
cyclist model was calculated, and the error of the results compared to the load balance are pre-
sented in Fig. 7. The dimensions of the control volume are depicted in Fig. 6. The horizontal axis
in this figure represents the distance downstream of the rear wheel, normalized by the total bicycle
length (L = 0.2 m).

As shown in Fig. 7, similar to the 3D results, the CV method again provides the best performance
in terms of accuracy. Close to the object, it starts with a small negative error of approximately 1%.
The error then initially increases, before decreasing to below 1%, where it remains until the end of
the x-axis, corresponding to locations further downstream of the object.
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The wake-rake and CPT methods show similar trends, with the wake-rake method producing
slightly smaller errors. Both methods underestimate the drag coefficient, as also observed for the
2D PIV case. Their errors are approximately 5%, and although their fluctuations’ range are close
to those of the CV method, they exhibit a more robust trend.

It should be noted that the sensitivity of these methods to the freestream pressure and velocity,
P∞ and U∞, again plays an important role, similar to the 2D case. Although the drag coefficients
obtained using the CV method fluctuate around 0% error toward the end of the measurement
domain, the wake-rake and CPT methods exhibit continuously decreasing trends. These trends are
almost identical, with only a small gap between their values, indicating that these methods have
not yet converged within the available measurement domain and would require measurement
planes located further downstream. This again highlights the advantage of the CV method, which
requires a much smaller measurement domain for load estimation.

Figure 7. CD error computed from 3D LPT data compared to the load balance results around the scaled cyclist
model, as a function of the location of the downstream boundary of the control volume.

4. Conclusion

In this study, two and three dimensional PIV and LPT measurements were performed around a
transparent cylinder and a scaled cyclist model, respectively. The measured velocity fields were
subsequently used to compute the aerodynamic drag values using three load estimation meth-
ods, namely the control volume approach, the wake rake approach and the total pressure coeffi-
cient method. The drag results will then be compared with the measurements from load balances
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connected to the wind tunnel models. This allows the accuracy of the different drag-estimation
methods for a bluff body to be evaluated for various sizes of the measurement domain. The main
conclusions derived from the results are summarized below:

• All force-estimation methods considered in this study require pressure information, which
cannot be obtained directly from PIV and LPT measurements. The pressure reconstruction
step introduces additional uncertainty, particularly in regions where velocity gradients and
fluctuations are small.

• The results from planar PIV are affected by the three-dimensionality of the flow. For the
cylinder flow experiment, the errors of the estimated drag coefficient are the largest when
the downstream plane is located within a distance of two diameters from the cylinder center.
After that distance, the flow becomes essentially two-dimensional and the errors of the drag
coefficient reduce.

• The results indicate that the wake-rake and CPT methods are not suitable for large-scale
objects, as they require flow-field data over regions considerably larger than the characteristic
dimensions of the object. For large bodies, acquiring such extensive PIV measurements either
in a large plane or volume may not be practically feasible.

• Overall, obtaining accurate force estimates from PIV data involves a trade-off between mea-
suring a very large region only downstream of the object or a smaller region that fully en-
closes the body. When a small downstream region is measured, the error in force estimation
from 2D PIV can easily exceed 10%, even for a simple bluff body such as a cylinder.

• One of the advantages of the CPT and wake-rake methods reported in the literature is that
they require fewer measurement surfaces. However, these methods rely on the freestream
pressure and velocity, P∞ and U∞, and are highly sensitive to these quantities, particularly
U∞. Therefore, accurate measurement of the freestream pressure and velocity is essential
to obtain reliable results. If these values are only roughly estimated or assumed, the final
accuracy can be significantly affected, making the results less reliable.

• For the 3D LPT results, although all methods yield nearly identical errors, the CV method
stabilizes faster than the wake-rake method and fluctuates around 0% error. In contrast, the
CPT and wake-rake methods do not reach a constant value within the measurement domain;
instead, their errors continue to decrease toward zero until the end of the domain. This
indicates that these methods require measurement planes located further downstream of the
object to stabilize. Therefore, they require not only a larger measurement surface but also a
measurement domain extending farther downstream compared with the CV method.
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