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Abstract: The current work concerns the problem of estimating the aerodynamic forces and moments
induced by the wind on the fast-erecting 63K crane by Liebherr. In the first step, scaled sectional
models of the tower truss and horizontal jib truss are prepared for experimental analysis in an
aerodynamic tunnel. Next, the aerodynamic forces and moments are measured in the aerodynamic
tunnel. It is assumed that the direction of the wind changes from 0◦ to 180◦ in 15◦ steps for both
of the studied sectional models. The experimental tests are carried out for two levels of turbulence
intensity. In the case of the model of the vertical part of the studied crane, the turbulence intensities
are assumed to be equal to 3% and 9%. In the case of the horizontal crane jib, they are 3% and 12%,
respectively. In the second step, a CFD analysis is performed with the use of Ansys Fluent R22
software. The standard k-εmodel with a standard wall function of the turbulent flow is utilized. The
airflow around the studied structures is modeled with the use of polytetrahedral cells. A relatively
good agreement between the numerical and experimental results is observed. The obtained values
are compared to the appropriate standard, namely PN-ISO 4302.

Keywords: fast-erecting crane; sectional model; wind load; CFD simulation; aerodynamic tunnel;
tip-over

1. Introduction

With the rapid change in climatic conditions, the risk of accidents due to high winds
is increasing. This is particularly important in the case of cranes and different types of
mobile elevating work platforms. The wind is the second most common cause of tower
crane accidents [1]. Extremely tall tower cranes are particularly exposed to such dangers [2].
The entire structure, as well as the horizontal beam of the crane jib, may be damaged [3].
However, relatively lower tower cranes are also exposed to the risk of tip-over due to
local strong gusts of wind. Cranes with heights of 35 to 50 m are the most commonly
used cranes in the building industry. These are free-standing cranes that can be used to
build a 10-story residential building. Higher structures are secured against overturning by
anchoring to the building. Therefore, the authors limited themselves to free-standing crane
structures. Such a structure was the scene of an accident that took place in Cracow (Poland)
on 17 February 2022. A local strong whirlwind, probably created due to the interference
effect caused by the surrounding buildings, was so strong that it caused the overturning of
a tower crane [4]. This whirlwind is clearly visible in the video, which is available on the
referenced website. Two people died because of this accident. It is worth noting that this
kind of wind phenomenon is rather rare in Cracow and its surroundings areas. Moreover,
it seems that all safety principles had been fully satisfied prior to the accident. Therefore,
this accident is one of the main motivations for the work presented here.

Generally, according to different standards, namely the European standard, Eurocode
ISO 4302:2016 [5]; British standard, BS 2573-1 [6]; American Society of Civil Engineers
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standard, ASCE 7-16 [7]; Japanese standard, JIS B 8830-2001 [8]; and Chinese standard,
GB/T 3811-2008 [9], the load induced by wind is treated as a static load. The influence of
the surroundings and adjacent structures, mainly buildings (so-called interference effect),
is neglected.

However, from a practical point of view, such a simple approach could be inadequate
in the case of real airflow phenomena, especially in the case of large-scale structures like
tower cranes, gantry cranes, or different types of mobile elevating work platforms. Thus,
there is significant value in works in which wind measurements are performed on real-scale
structures [10–12]. Based on these results, the appropriate wind conditions can be imitated
in aerodynamic tunnels, where scaled models of the real large-scale structures can be tested
in order to determine the wind load (force and movement coefficients) [13–16].

On the other hand, the rapid development of computer hardware, together with
specialized software based on the finite element method or finite volume method, allows
for numerical simulations of the airflow and its interactions with different types of cranes
or mobile elevating work platforms to be carried out [17–19]. Additionally, by having
the distribution of the static pressure (caused by wind) on the surface of the studied
structure available, it is possible to carry out further mechanical analyses based on the
fluid–solid interaction in order to determine, for example, the stress distribution in the
most at-risk parts of the structure [20]. Moreover, an analysis of the dynamic response of
the investigated structure is also possible [21]. Nowadays, the standard approach in the
case of the analysis of the impact of the wind on crane-like structures consists of two steps.
Generally, in the first step, a scaled model of the studied structure is prepared, and next, the
appropriate experimental analysis is performed in an aerodynamic tunnel. In the second
step, numerical simulations are carried out, and the results are compared [22].

It is worth noting that the wind load, especially gusts of wind, which are very of-
ten two times greater in comparison to the mean wind speed and have a frequency of
about 1 Hz [11], can also cause vibrations in structures [23]. Chen and Li [24] studied
the displacement of a lattice tower using time–history analysis and a nonlinear dynamic
analysis and found that the displacement was higher by about 5–28% compared to that
calculated using a static analysis. Jiang and Li [25] investigated the random wind-induced
response of tower cranes using the finite element method and virtual excitation method.
The results indicated that the vibrations of the tower crane showed a greater response at
low frequencies. Next, Takahashi et al. [26] studied the runaway of quayside container
cranes subjected to transient gusty winds. They also proposed a sliding state to model the
runaway and after a runaway caused by a wind gust. A linear filter autoregressive model
was used by Jiang and Li [27] to simulate the time history of multi-dimensional fluctuating
wind samples, and the corresponding wind load was applied to a finite element model
of a tower crane to analyze the vibration response to the wind. The results showed that
under the action of a wind speed of 20 m/s, the structural strength reserve of this type
of tower crane was relatively sufficient. Chen et al. [21] studied the interference effect of
the different segments of a tower crane subjected to wind loads. The wind coefficients of
a full-scale model of a tower crane were calculated using computational fluid dynamics
(CFD). Then, the time history of the wind loads, simulated through the autoregressive
method, was applied to the finite element model of a tower crane. Although the maximum
wind load direction of the tower crane was perpendicular to its jib, the obtained results
revealed that the maximum along-wind load direction was deflected by 30◦–60◦, and the
mean ratio of the absolute value of the across-wind coefficient to the along-wind coefficient
of the tower crane was about 8.56%. Su et al. [28] studied the effect of stochastic dynamic
transient gusty winds on the sliding and overturning of quayside container cranes. The
main conclusion was that dynamic transient gusty-wind-induced peak responses follow a
type III (Weibull) extreme value distribution. Azzi et al. [29] performed wind tunnel tests
on an aeroelastic lattice tower model. The obtained results revealed that the resonance
contribution could reach a maximum of 18% of the peak response of the tower. El Ouni
et al. [30] performed a modal analysis using the finite element method to calculate natural
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frequencies and corresponding mode shapes of a tower crane. The analysis was carried
out to design a decentralized active vibration control to prevent the collapse of the crane.
Active damping is added to the tower crane using pairs of force actuators–displacement
sensors collocated on selected elements. Finally, Oliveira and Correia [31] compared the
dynamic response of the tower crane excited by seismic vibrations and wind loads.

In the last year, several interesting works, which concern the problem of the impact of
wind loads on crane-like structures, were published. Lu et al. [32] took into consideration
the problem of the outer-attached tower cranes installed on super-high-rise buildings and
exposed to wind-induced vibrations. Numerical CFD simulations and structural FEM
calculations were performed. Next, He et al. [33] presented a study on a similar problem.
To avoid sophisticated finite element analysis of the main building, a modified generalized
flexural–shear model (FSM-MS) was proposed to estimate the along-wind and across-wind
displacement responses of the main building and the responses at the connection support
of the tower crane. Yeon et al. [34] studied the lift effect on wind load estimation for a
semi-submersible rig. Wind loads on the analyzed rig were calculated under the maritime
atmospheric boundary layer. The obtained results matched well with those from the wind
tunnel within an error of about ±20%.

The impact of the lifted load on the stability of crane-like devices has also been
investigated. Here, several works can be quoted, namely Skelton et al. [35], Monteiro
et al. [36], Cekus et al. [37,38], and Jin et al. [39].

At the end of this brief survey of the literature, it is also worth mentioning the wind-
induced interference effect (IE). The analysis of this problem provides insights into how the
neighboring structures influence the studied structure by changing the surface pressure
caused by the wind. Here, the work by Wu et al. [40] can be mentioned. The authors inves-
tigated the wind load and wind-induced dynamic response of three quayside container
cranes. Other similar works concerning lattice structures studied the mutual influence of a
system of antennas, for example, Holmes et al. [41], Carril et al. [42], and Martín et al. [43].
The interference factor of microwave antenna dishes was found to be greater than that
for some wind directions. The interference effect has also been investigated for tall build-
ings [44], low-rise buildings [45–48], cooling towers [49,50], and scaffoldings [51].

The main motivation for the current work is the tragic accident mentioned at the
beginning of this section [4], where a relatively low tower crane tip-over due to a sudden
strong gust of wind was caused by a locally formed whirlwind. As an example of such a
tower crane, the fast-erecting Turmdrehkran 63K crane by Liebherr [52] is investigated. For
the experimental analysis, two sectional models are prepared, namely a model for the tower
truss and the truss of the horizontal jib. Next, the forces induced by the wind are estimated
in an aerodynamic tunnel. A numerical analysis using CFD is also performed, and the
results are compared to the Eurocode ISO 4302:2016 [5]. Based on the obtained results,
the aerodynamic coefficients for the sectional models of the tower and jib are calculated.
Next, select values of the aerodynamic coefficients are compared with the values from
the Institute of Aviation [53] and the available literature and standards [54–56]. It is also
worth noting that the current work is the continuation of similar studies, which concern
the problem of the overturning of scissor lifts due to wind loads [57].

2. Materials and Methods
2.1. Study Object

The study object of the currently presented work is the fast-erecting Turmdrehkran
63K crane by Liebherr, which is shown in Figure 1. This type of crane is one of the most
common constructions because its transport is relatively cheap and quick, and its assembly
does not require much space, thus taking up little space on the construction site. This
structure’s geometrical dimensions is similar to those of the crane that was destroyed
during the storm in Cracow in 2022 [4].
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(22) guy support II—head, (23) jib extension, (24) jib extension, (25) jib extension, (26) hook (2/4 
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Table 1. The technical parameters of the fast-erecting Turmdrehkran 63K crane. 

Technical Data Value 
Maximum permissible lifting capacity (kg) 1750 
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Figure 1. Fast-erecting Turmdrehkran 63K crane by Liebherr. (1) Stationary support, (2) tower crane
chassis, (3) movable platform, (4) lifting mechanism, (5) rotation mechanism, (6) switch cabinet,
(7) counterweight, (8) rope immobilizing the horizontal jib, (9) lower part of the tower, (10) upper
part of the tower, (11) auxiliary drive, (12) lifting winch, (13), trolley-driving mechanism, (14) rear
lashing, (15) guy support I, (16) crane jib—lashing rope II, (17) crane jib—lashing rope III, (18) crane
jib—lashing rope I, (19) lifting rope, (20) jib—articulated element, (21) jib—assembly rope, (22) guy
support II—head, (23) jib extension, (24) jib extension, (25) jib extension, (26) hook (2/4 strand). The
dimensions of the crane are listed in Table 1.

Table 1. The technical parameters of the fast-erecting Turmdrehkran 63K crane.

Technical Data Value

Maximum permissible lifting capacity (kg) 1750
Range of crane rotation angle around its own axis (◦) 360
Distance between end point of the jib and the axis of rotation (m) 35
Maximum lifting angle of the entire jib (◦) 30
Maximum lifting angle of the second part of the jib (◦) 45
Total height of the tower crane (m) 34.6
Spacing of the stationary supports (m) 4.4
Total distance between the mobile platform and the axis of rotation (m) 3.6
Distance between the rope immobilizing the jib to the axis of rotation (m) 1.85
Height of the entire tower with chassis and stationary supports (m) 31

Table 1 presents the most important technical parameters of the investigated structure.

2.2. Experimental Setup

In order to compare the phenomena acting on model M on a much smaller scale in
an aerodynamic tunnel (sectional models of the tower and jib) and the real object N (parts
of the tower and jib), the appropriate scales of the investigated phenomena should be
satisfied. The appropriate dimensions and parameters, such as velocity V0, characteristic
length L0 and density ρ, were chosen. Only three parameters were considered for scaling
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parameters; because of mechanical problems, only three quantities could be chosen to be
dimension-independent, and the others should fulfill the appropriate relationships.

Taking into consideration the spatial dimensions of the aerodynamic tunnel, the model
scale was equal to 1:7. Next, the other scales were estimated for both sectional models, i.e.,
the tower and jib. The determined scales are listed in Table 2.

Table 2. The scales for tower and sectional models of the fast-erecting crane.

Scale Name Scale Mark Value

Length scale kL 1/7
Velocity scale kV 1
Density scale (for air) kρ 1
Viscosity scale kv 1
Gravity scale kg 1
Sound speed scale ka 1
Force scale kP 1/49
Pressure scale kp 1
Time scale kt 1/7
Frequency scale kf 7
Ratio of the mass density per element unit scale (structure) km 1/49
Ratio of the density of inertia moment per element unit length scale kmb 1/2401
Longitudinal stiffness scale kEA 1/49
Bending stiffness scale kEI 1/2401
Torque stiffness scale kGIs 1/2401

There are only three independent scales. However, in this work, there were six scales.
Therefore, the following criteria will not be fulfilled:

- Strouhal’s similarity criterion:(
f0L0

V0

)
M

=

(
f0L0

V0

)
N

, (1)

where L0 is the characteristic dimension (e.g., the lateral dimension of the flowing body
by the air), V0 is the characteristic velocity (e.g., the velocity of the non-disturbed airflow
before a body), and f0 is the frequency. The frequency scale for all considered frequencies is
equal to

k f =
1
kt

= kVkL
−1 = 7, (2)

It should be mentioned that this is the only criterion that can be satisfied under the
assumed scales of the dimensions (if the subject of the investigations in the aerodynamic
tunnel is the aeroelastic model). For the rigid models, this criterion is not fulfilled. In our
work, the studied models are rigid, openwork structures made of structural steel.

- Reynold’s similarity condition:

kRe =
(Re)M
(Re)N

= kVkL = kL
3/2 6= 1, (3)

The above discussion shows that in reality, the satisfaction of all the similarity condi-
tions is not possible. Although some criteria are not fulfilled here, the impact of this fact on
the final results of the experiments is not significant in the case of the rigid model of the
fast-erecting crane because

- Strouhal’s similarity criterion is satisfied for aeroelastic models and for vortex excitation;
- Reynold’s similarity criterion in the laboratory environment does not have to lead to

significant errors because in the case of cross-sections, which contain sharp edges or
truss objects, the values of the aerodynamic coefficients do not, in fact, depend on the
Reynold’s number in a wide range of Reynold’s number values.
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2.2.1. Truss of the Vertical Part of the Crane

Figure 2 shows the model of the vertical part of the crane. The scale of the model
is equal to 1:7. The studied part of the crane is the lattice structure with a square base
with a side length of aT = 157 mm and a height of hT = 560 mm. At both ends of the
model, there are circular plates installed with a diameter equal to d = 400 mm and thickness
of t = 4 mm to not disturb the airflow around the model. Additionally, the plates are
chamfered, as shown in Figure 2. Inside the model, there is also a part of the ladder. The
structural elements of the sections are connected by welding. The ladder, due to the small
dimensions of the parts from which it is made, was assembled by sealing the previously
rolled rungs, and then welded to the tower structure using connectors. The entire truss
structure of the model was bolted to the circular plates. Finally, the model was degreased
and protected against corrosion. In Figure 3, the real object and the CAD model used in the
CFD simulations are presented.
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2.2.2. Truss of the Horizontal Part of the Crane

Figure 4 represents the scaled model of the truss of the horizontal part of the investi-
gated crane. The sectional model of the jib is a lattice (spatial structure with a triangular
base). The overall dimensions of the section are as follows: height of the whole model
h = 714 mm; base width composed of isosceles triangle with side aJ = 136 mm; and height
hJ = 104 mm. The section, similar to the tower model, is closed on both sides with aluminum
circular plates with a diameter of d = 400 mm and thickness of t = 4 mm.
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The structural elements of the jib section, like the tower, were joined by welding. The
entire truss structure of the model was bolted to aluminum circular plates. Figure 5 shows
a sectional model of the horizontal jib of the tower crane.

Both models were made of the same type of structural steel and attached to the
aerodynamic balance vertically using a connector (steel pipe with a flange). To prevent
the air stream from exerting pressure on the element connecting the model to the balance
during the test, an additional fairing was installed.

For both models, it was assumed that the wind direction varies from 0◦ to 180◦ with an
increment equal to 15◦. The assumed coordinate system and the way the angle of the wind
direction was defined are shown in Figures 6 and 7. For the tested models, the aerodynamic
moment MX, MY, and MZ and aerodynamic forces FX and FY were measured using the
five-component aerodynamic balance based on the electric resistance strain gauges. The
orientation of the fixed x, y, z coordinate system is as follows: x—along the wind direction,
y—across the wind direction, and z—vertical direction.

2.3. Aerodynamic Tunnel

The experimental tests were carried out in the boundary layer wind tunnel at the Wind
Engineering Laboratory at the Cracow University of Technology [58]. The wind tunnel,
with a length of 10 m and a measurement area of 2.2 m × 1.4 m, allowed users to conduct
tests in both closed and open circuits. The wind flow was generated by an axial fan with a
diameter of 2.7 m and an efficiency of 0.8–0.9, and a blade tip speed of about 100 m/s. The
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fan was driven by a 200 kW alternating current motor with a nominal speed of 750 rpm
and was controlled by an inverter. The maximum wind speed was approximately 40 m/s
(144 km/h).
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conditions: the assumed wind direction W; the aerodynamic moments MX, MY, and MZ; and
aerodynamic forces FX and FY.

2.4. The Wind Profile

The wind profile in the aerodynamic tunnel is determined for two cases, namely for
“quasi-laminar” and turbulent flow. The first case mimics the flat open terrain, and the latter
mimics the urban terrain. The turbulent flow was induced by the five “spires” installed at
the beginning of the tunnel. The spires are 1000 mm in height and 300 mm in width at the
base. Moreover, the airflow was additionally disturbed by movable wooden blocks that are
100 mm in height and installed in the tunnel floor, as shown in Figure 8.
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On the left side, there is a vertical rod with six thermo-anemometers for wind profile estimation.

Since the sectional models are placed 300 mm over the tunnel floor and their height
does not exceed 750 mm, the wind profile was estimated at a height of 300 to 900 mm over
the tunnel floor. The measurement was taken with the use of six thermo-anemometers
placed at the distance of 100 mm from each other in the vertical direction (Figure 8). Mean
values V(z), standard deviations σ(z), and turbulence intensities IV(z) were calculated for
the series of wind speeds in each measurement. The distribution of the wind parameters
along the wind tunnel height for each case of flow was estimated using the least square
method. The wind profiles are described by the power law formula:

V(z)
Vre f

=

(
z

zre f

)α

(4)

where Vre f is the reference velocity at reference height zre f :

Vre f =

√
pre f

ρ
, (5)
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where pref is the reference pressure; ρ is the actual density of the air; α is the power low
exponent, i.e., roughness coefficient; and z is the height (spatial coordinate). The intensity
of the turbulence can be estimated with the use of the following formula:

Iv =
σv

Vre f
, (6)

where σv is the standard deviation of the measured wind speed, The standard deviation
can be computed based on the dynamic component vdyn(t) of the instantaneous velocity
V(t), where V(t) = Vref + vdyn(t). The obtained wind profiles and the turbulence intensity for
both investigated cases are depicted in Figures 9 and 10, respectively.
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terrain (turbulent flow).

The sectional models of the tower and the jib were installed on the aerodynamic
balance 300 mm above the aerodynamic tunnel floor. Figure 11 shows the sectional model
of the tower. The sectional model of the jib was installed in the same manner.
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2.5. Measurement of the Force Components Acting on the Model and Corresponding Wind Speed

The sensors for the air pressure and velocity measurements were placed in front of
the model, 600 mm above the aerodynamic tunnel floor. They are visible in Figure 11 (the
vertical rod installed on the movable table). The measurements of the forces and moments
were performed with the use of the aerodynamic balance device that was placed under the
plate of the movable table. The nominal wind speed was assumed to be equal to 15 m/s.

A diagram of the measuring system is depicted in Figure 12. The model of the studied
truss (1) was installed onto the aerodynamic balance (2). The balance was wired to an
amplifier module with a data acquisition system (3) that collects aerodynamic force values.
The angular position of the model relative to the x, y plane was changed using a turntable
with a stepper motor (4), and thus, the angle of attack of the wind was changed. The rotation
of the stepper motor was controlled by a motor step control system (5). The turntable
is a part of the aerodynamic balance, and its axis of rotation coincides with the axis of
the balance. The wind speed was obtained based on pressure measurements provided
by sensor Pitot pipes (6) located on the x, z plane, which were connected to the pressure
scanner (7). The wind speed sensor (8) and thermo-anemometer AMD 2000 (9) were used
for the wind speed measurements. Devices (3, 7, and 9) are linked with the multifunctional
measuring card PCI DaqBoard/2000 (10), which was connected to a personal computer (11).

The sampling time of the wind speed measurement was equal to 5000 ms. Since
the model of the investigated truss was installed 300 mm over the aerodynamic tunnel
floor, it can be assumed that there was a uniform wind speed profile between the circular
plates (Figures 3 and 5). The turbulent air flow was introduced by the set of “spires”,
which was installed at the beginning of the aerodynamic tunnel. On the other hand, the
“quasi-laminar” airflow was obtained in the absence of the spires.

Below are the formulas for determining the coefficient of aerodynamic drag CX, the co-
efficient of the lateral aerodynamic force CY, and the aerodynamic coefficient of torque CMz:

CX =
2Fx

ρV2 Are f
, CY =

2Fy

ρV2 Are f
, CMz =

2Mz

ρV2 Are f bre f
(7)

where FX is the aerodynamic drag (N); FY is the lateral force (N); V is the average wind
speed (m/s); ρ is the mass air density; Aref is the effective area of one of the supporting
structures of the model, i.e., the area of the shadow normally projected by its members on a
plane parallel to the wall; and bref is the conventionally accepted characteristic dimension.
Table 3 shows the appropriate reference values for the force coefficients.
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Table 3. The reference values for the force coefficients.

Model Aref (m2) bref (m)

Part of the tower truss 0.021438 0.552
Part of the jib truss 0.017304 0.138

2.6. CFD Simulation

The numerical simulations were performed with the use of the ANSYS 2022R2 Fluent
with Fluent Meshing software in the Workbench environment. The main aim of the CFD
simulations was the estimation of the aerodynamic forces acting on the investigated models
of the crane trusses. The models of the tower truss and the jib truss (Figures 3 and 5) were
placed in a rectangular volume filled with air, as shown in Figure 13. The cross-section of
this volume is a rectangle with geometrical dimensions of 2200 mm × 1400 mm (hydraulic
diameter DH = 1.711 m). The model was placed 1500 mm from the inlet (blue wall in
Figure 13) and 2000 mm from the outlet. The assumed dimensions of the aerodynamic
tunnel precisely correspond to the geometric dimensions of the real aerodynamic tunnel.
In the simulations, the standard air properties were assumed; therefore, ρ = 1.225 kg/m3,
T = 15 ◦C, and p0 = 101,325.25 Pa. The walls of the aerodynamic tunnel as well as the whole
surface of the studied models were assumed to be stationary boundaries and a steady state
of airflow was assumed.

One of the most important problems is the appropriate choice of the turbulent model.
In the current work, the three most frequently applied models were used: the Reynolds
stress model, k-ω model, and k-ε model. The first model, used by Wu et al. [40], causes the
computations to converge unacceptably slowly. The second model, used by He et al. [33],
Yeon et al. [34], and Monteiro et al. [36], requires preparing a specific mesh at the boundary
conditions. In the estimation made for the studied structure using a special calculator
available online [59], the first layer of the finite volume should be about 10 × 10−5 m
in height. Unfortunately, this leads to an enormous number of nodes and finite element
volumes. Finally, the standard k-ε model with a standard wall function was used. It is
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worth noting that this model is still in use, for example, in the works of Zan et al. [19], Chen
et al. [21], Lu et al. [32], and Augustyn et al. [57].
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Figure 13. Investigated model of the truss inside the volume filled with air. Blue wall is the inlet.

In order to generate the appropriate mesh, a relatively new approach was used, namely
the shape of the elements was assumed to be polytetrahedral. Moreover, it was assumed
that the approximate edge length of the faces of the elements, which cover the surface
of the truss model, is equal to lc = 1.5 mm. The length of the edges of the faces of the
elements that belong to the circular plates and the vertical rod is equal to lc = 3.4 mm. The
maximal length of the rest cells is equal to lc = 108.867 mm. Figure 14 represents the cell
mesh generated for the tower truss model.
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lc = 0.0015 m).

Table 4 presents the values of the aerodynamic forces and corresponding coefficients,
computed according to Equation (6), for different sizes of cells. The convergence test was
performed for the part of the tower truss where the angle β = 0◦ (Figure 7), air speed
V = 15 m/s, and the turbulent intensity Iv = 9%. Table 5 shows the corresponding number
of the nodes, faces, and cells. It should be noted here that the choice of the size of the cell
was limited because for a cell size greater than lc = 0.002 m, the mesh on the ladder rungs
would not generated properly, whereas for a cell size less than lc = 0.001 m, the number
of the cells was extremely large. Moreover, for the k-ε turbulent model, and in the case
where the cell size is very small, obtaining the convergent solution can be difficult. As is
reported in Table 4, it is necessary to perform over 600 iterations to obtain a convergent
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solution. This problem is mainly connected to satisfying the continuity criterion. For other
cell sizes, there were no problems with obtaining the convergent solution, and the number
of necessary iterations did not exceed 50. Taking into consideration the results from Table 4,
it seems that the choice of the cell size lc = 0.0015 m is reasonable. It is worth noting
that for the tetrahedral elements, obtaining the converged solution would require several
hundred iterations.

Table 4. The values of the aerodynamic forces and corresponding coefficients for different mesh sizes.
Wind speed V = 15 m/s, turbulent intensity Iv = 9%.

Cell Size (mm) FX (N) FY (N) MZ (Nm) CX CY CMz Number of Iter

1.000 7.765 0.083 0.015 2.628 0.028 0.009 609 *
1.500 7.748 0.088 0.017 2.622 0.030 0.010 48
2.000 7.808 0.059 0.018 2.643 0.020 0.011 42

* Solution not convergent due to continuity criterion.

Table 5. Total number of cells, faces, and nodes.

Cell Size (mm) Faces (Truss *) Nodes Cells

1.000 17,458,489 (317,697) 12,446,064 3,088,976
1.500 9,977,802 (160,973) 7,076,642 1,775,847
2.000 6,854,749 (92,731) 4,859,870 1,219,894

* The number of faces generated on the truss surface.

3. Results
3.1. Experimental Results

Tables 6–9 show the values of the aerodynamic forces and moments that were ob-
tained from the experimental tests on the truss models discussed in the previous sections.
Tables 6–9 also present the particular wind speed and turbulent intensity for each mea-
surement. The experimental tests were performed with a “quasi-laminar” flow, where
the average turbulent intensity was equal to Iv = 3%; for tests using turbulent airflow, the
average turbulent intensity was Iv = 9% and 12% for the tower truss and jib truss models,
respectively. In all investigated cases, the nominal wind speed was equal to V = 15 m/s.
Moreover, it was assumed that the wind direction varied from 0◦ to 180◦ with a step of
15◦. Figures 15–18 show the profiles of the measured wind speed as a function of time. In
the case of “quasi-laminar” flow, the wind speed did not change significantly. However,
in turbulent flow, the wind speed varied considerably. Thus, in this case, precise wind
measurements should be considered quite problematic.

Table 6. Experimental results obtained for tower truss model with “quasi-laminar” airflow.

Angle β (◦) FX (N) FY (N) MZ (Nm)

0 6.086 −0.832 0.277
15 7.061 −0.034 0.245
30 7.682 −0.418 0.310
45 7.711 −0.654 0.391
60 7.593 −0.595 0.457
75 6.854 −0.832 0.457
90 6.234 0.143 0.391

105 7.357 0.468 0.261
120 8.420 0.409 0.408
135 8.952 0.025 0.408
150 8.568 −0.418 0.440
165 7.475 −0.595 0.408
180 6.618 −0.093 0.310
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Table 7. Experimental results obtained for tower truss model with turbulent airflow.

Angle β (◦) FX (N) FY (N) MZ (Nm)

0 8.420 −1.009 0.261
15 9.306 −0.743 0.245
30 10.370 −1.245 0.326
45 10.577 −1.482 0.408
60 10.104 −1.275 0.424
75 8.716 −1.600 0.440
90 8.184 −1.157 0.408

105 8.834 −0.507 0.391
120 9.809 −0.861 0.457
135 9.041 −0.684 0.473
150 9.306 −1.245 0.522
165 8.243 −1.304 0.489
180 7.091 −0.891 0.359

Table 8. Experimental results obtained for jib truss model with “quasi-laminar” airflow.

Angle β (◦) FX (N) FY (N) MZ (Nm)

0 5.580 0.021 1.079
15 4.769 1.332 0.214
30 4.579 0.474 0.688
45 5.103 0.283 0.645
60 4.865 0.307 0.704
75 4.221 −0.409 0.293
90 3.863 0.378 0.625

105 4.078 1.022 0.685
120 5.032 0.021 0.790
135 5.294 −0.146 0.471
150 5.008 −0.337 1.116
165 4.793 −1.267 0.253
180 4.984 −0.099 0.661

Table 9. Experimental results obtained for jib truss model with turbulent airflow.

Angle β (◦) FX (N) FY (N) MZ (Nm)

0 7.822 −0.671 0.299
15 6.963 0.665 0.504
30 6.725 −0.575 0.425
45 7.774 −0.981 1.251
60 7.369 −0.885 0.918
75 6.987 −1.696 0.306
90 5.676 −0.480 0.230

105 6.439 0.021 0.346
120 6.916 −0.623 0.375
135 7.369 −1.076 0.290
150 7.035 −1.553 0.244
165 7.464 −2.579 0.257
180 6.916 −1.243 0.247
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In both studied cases of the truss models, the highest value of the aerodynamic forces
was observed for the wind direction β = 45◦ and β = 135◦. However, due to the lack of
perfect symmetry of the investigated truss models, the values of the FX force components
for β = 45◦ and β = 135◦ are not equal to each other. Generally, together with increasing
turbulent intensity, the values of these components of the aerodynamic forces should
increase. Contrary to the aerodynamic force FX components, the FY components as well as
the values of the MZ moments are close to zero for both truss models.
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3.2. Comparison of the Numerical and Experimental Results

The comparison of the experimental and numerical results is represented in Figures 19–22,
which show the values of the aerodynamic coefficients CX and CY as a function of the angle
β. As can be observed, the results reveal a relatively good agreement.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 24 
 

 
Figure 19. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the tower truss model with “quasi-laminar” airflow. 

 
Figure 20. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the tower truss model with turbulent flow. 

 
Figure 21. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the jib truss model with “quasi-laminar” flow. 

Figure 19. Comparison of the force coefficients CX and CY for the experimental and numerical results
as a function of angle of wind attack β in the tower truss model with “quasi-laminar” airflow.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 24 
 

 
Figure 19. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the tower truss model with “quasi-laminar” airflow. 

 
Figure 20. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the tower truss model with turbulent flow. 

 
Figure 21. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the jib truss model with “quasi-laminar” flow. 

Figure 20. Comparison of the force coefficients CX and CY for the experimental and numerical results
as a function of angle of wind attack β in the tower truss model with turbulent flow.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 24 
 

 
Figure 19. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the tower truss model with “quasi-laminar” airflow. 

 
Figure 20. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the tower truss model with turbulent flow. 

 
Figure 21. Comparison of the force coefficients CX and CY for the experimental and numerical re-
sults as a function of angle of wind attack β in the jib truss model with “quasi-laminar” flow. 

Figure 21. Comparison of the force coefficients CX and CY for the experimental and numerical results
as a function of angle of wind attack β in the jib truss model with “quasi-laminar” flow.
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Figure 22. Comparison of the force coefficients CX and CY for the experimental and numerical results
as a function of angle of wind attack β in the jib truss model with turbulent flow.

The average errors εAVG for coefficient CX for all investigated cases are shown in
Table 10. These values were estimated according to the following formula:

εAVG =
∑n

i=1

∣∣∣∣CEXP
X −CNUM

X
CNUM

X

∣∣∣∣
n

, (8)

where CX
EXP and CX

NUM are the aerodynamic coefficients obtained from the experiment
and numerical simulation, respectively.

Table 10. The average error εAVG for coefficient CX.

Model Airflow Average Error εAVG (%)

Part of the tower truss
“Quasi-laminar” 4.956

Turbulent 7.928

Part of the jib truss “Quasi-laminar” 6.550
Turbulent 6.659

It seems that the results of the numerical simulation slightly overestimate the value of
the aerodynamic force FX, which plays an important role when the tip-over of the tower
crane could happen. Moreover, the best match was obtained for the tower crane model in
the case of turbulent flow. Finally, it is worth noting that in the case of the force coefficient
CY, the results from the experimental tests and numerical simulations reveal noticeably
worse agreement in comparison with those of the CX coefficients. This could be explained
by the fact that the FY force component had values that are close to zero. Thus, it was
measured during the experiment with a relatively large error.

Example distributions of the static pressure are shown in Figures 3b and 5b. Here,
it is worth noting that a better convergence of the numerical solution is observed in the
case of turbulent flow. In this case, the number of iterations was not more than about 50,
whereas in the case of “quasi-laminar” airflow, the total number of iterations was more
than 80. Moreover, the main problem relates to the continuity criterion.

4. Discussion

The experimental tests carried out in the wind tunnel allowed for the comparison of
the obtained results with the literature data(see Figures 23 and 24).
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Figure 24. Comparison of the selected aerodynamic coefficients CX in function of the solidity ratio
ϕ of the jib model with the available literature and standards data (According to Franch [54] and
English [56] standards).

Based on selected wind angles (i.e., β = 0◦ and β = 45◦ for tower, and β = 60◦ and
β = 90◦ for jib), it was shown that the values obtained for the sectional models of the
tower and jib are between the values of aerodynamic coefficients of trusses made of steel
structural sections and trusses made of tubes that were given by Górski [56]. The obtained
values were also compared with those from the available literature and standards [57–59].
Additionally, the effects of turbulence on the drag coefficient value for the truss of the tower
and jib model are presented in Figures 23 and 24.
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Figure 23 shows the research results of the Institute of Aviation [53] for spatial trusses
with a square base made of steel sections (black curve) and pipes (red curve).

The equation of the curve for the steel section Cx0(ϕ) [53] is as follows:

Cx0|steel sections = 4.1ϕ2 −
(

6.0− 0.67
k

)
ϕ− 0.13

k
+ 4.1 , (9)

and the equation of curve for the tube Cx0(ϕ) is as follows:

Cx0|tube = 2.42− 0.16
k
− 2.5ϕ→ Cx0 ≥ 1.4. (10)

In the studied case, according to the ISO-4302 standard [5], the solidity ratio ϕ of the
tower model is given as:

ϕ =
Are f

Ae
=

0.021438
0.098532

∼= 0.22 (11)

where Ae is the enclosed area.

k =
b
a
= 1 (12)

where k is the spacing ratio (relative distance between the walls of the truss structure of the
tower model), and a (breadth of section across wind front) and b (depth of section parallel
to window flow) are the lengths of the side walls.

Based on the above data, Cx0 is written as [53]

Cx0|steel sections = 4.1 · 0.222 − 0.22
(

6.0− 0.67
1

)
− 0.13

1
+ 4.1 = 2.99 (13)

Cx0|tube = 2.42− 0.16
1
− 2.5 · 0.22 = 1.71 (14)

The findings for the truss model are as follows:

• For “quasi-laminar” flow, the value of the drag coefficient CX0 obtained from the
tests was 2.54 (Figure 23), and its value is between the curves given by Górski [53].
Note that the value of CX45, which is equal to 3.22, fits the curve given by Cohen and
Perrin [55]. This value is almost equal to CX0

t, which is equal to 3.27.
• For turbulent flow, the drag coefficient CX0

t obtained from the tests was 3.27, and
CX45

t was 4.11 (Figure 23). This proves the high impact of turbulence on the tested
object. The CX0

t coefficient is in line with the curve given by Cohen and Perrin [55] for
a wind angle of attack of β = 45◦.

Similarly, the selected aerodynamic coefficients CX for the jib truss model were calcu-
lated. Figure 24 shows the dependency CX = f(ϕ) for spatial trusses on the triangular base
made of steel structural sections and tube, as recommended by French [54] and English [56]
standards, and the results of the wind tunnel tests.

According to the ISO-4302 standard [5], the solidity ratio of the tested model of the jib
is given by

ϕ =
Are f

Ae
=

0.017304
0.104244

∼= 0.17 (15)

The findings for the jib model are as follows:

• For “quasi-laminar” flow, the resistance coefficient CX90 obtained from the tests was
2.16 (Figure 24) and is close to the value from the curve given by the French standard
for steel sections. This value is much higher than the values given for pipes by both
the French [54] standard and the English standard [56], while CX60 has a value close to
the curve given by the Polish standard for steel sections.

• For turbulent flow, the value of the drag coefficient CX90
t obtained from the tests was

2.38 (Figure 24), and it indicates a high impact of turbulence on the tested object—a
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value above the values given by the French [54] and English [56] standards. It should
be noted that the resistance coefficient CX60

t is equal to 3.09.

5. Conclusions

This study was devoted mainly to the problem of determining the aerodynamic
coefficients for sectional models of the two types of trusses. These types of trusses are
the main parts of the tower and jib of the fast-erecting Liebherr 65K crane. The analysis
consists of two steps: In the first step, experimental tests in an aerodynamic tunnel were
performed. In the second step, the appropriate CFD computations were conducted, and the
obtained results were compared to the experimental ones. The analysis was conducted for
quasi-laminar and fully developed turbulent flow. In the case of aerodynamic coefficients
CX, the average error between the numerical and experimental values did not exceed 8%.

Next, the values of the aerodynamic coefficients were compared with those available
in the literature and from different standards. A significant effect of the angle of wind
attack on the aerodynamic drag coefficient CX and the coefficient of lateral aerodynamic
force CY was observed, as well as an increase in the value of the aerodynamic drag for the
turbulent flow.

The significant relative difference between the aerodynamic drag coefficients CX for
laminar and turbulent flows for a wind angle of attack of β = 0◦ for the tower section model
made of closed profiles was 28.7%. However, in the case of the sectional model of the jib
(also made of closed profiles), the relative difference between the CX values of laminar flow
and turbulent flow with a wind angle of attack of 60◦ was 13.6%, and for an angle of 90◦, it
was 10.2%.

It should be stressed that the current work should be treated as an introduction to the
further analysis of the phenomenon of the overturning of this kind of crane device that is
caused by the wind. In the future, the authors will take other effects under consideration,
for example, the influence of the load on the stability of the crane, the so-called interference
effect (interaction with surrounding objects like buildings and other cranes), and the
stiffness of the ground (foundation) where the crane is installed.
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