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Abstract   The present study assesses the applicability of towing tank experiments 

using a moving model for the investigation of the aerodynamics of long land-borne 

heavy vehicles such as buses, trucks, and trains. Based on experiments with a 1:22 

scaled model of a high-speed train the influence of various conditions relevant for 

the transferability of the results obtained in water to air are analysed exemplary. 

These conditions include surface waves, cavitation and submergence depth. The 

experiments were carried out in the shallow-water towing tank of the Technische 

Universität Berlin. It is shown that outside a critical Froude number range of about 

0.2 < Fr < 1.2 the impact of the surface waves can be neglected and no cavitation 

appears in the velocity range investigated. Furthermore, a correction method is pro-

posed taking into account the bias through surface waves at small submergence and 

thus allowing for a wider Froude number range. The data obtained in the towing 

tank is found to be in excellent agreement to other investigation methods. 

1 Introduction 

In order to achieve realistic boundary conditions and Reynolds numbers Re (≡uLref /ν 

with u being the flow/vehicle velocity, Lref=3 m / scale and kinematic viscosity ν) 

close to full-scale conditions at reasonable scale and velocity for experiments with 

downscaled models, towing tanks can be a useful tool for aerodynamic testing. Es-

pecially for vehicles operating in close proximity to the ground, a realistic flow 

simulation underneath the vehicle can be achieved with relative ease and without 
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requiring further devices, as for example moving belts in a wind tunnel. The ad-

vantages of moving model approaches, especially in case of long vehicles such as 

trains, have already been demonstrated by towing tank experiments in the 1970’s 

(Neppert and Sanderson 1974, 1976, 1977). However, these tests were associated 

with drawbacks (mainly costs) that led to the development of moving model facili-

ties operating in air (Baker 1986, Pope 1991). Especially when considering Mach 

number dependent tunnel-effects, which have been studied intensively using mov-

ing models (Howe et al. 2003, Heine and Ehrenfried 2012, Zhang et al. 2017), air 

appeared to be the more practical working fluid. Also in the field of road vehicle 

aerodynamics, despite the attempts to draw more attention to towing tank testing by 

Erickson (1986) and Gad-el-Hak (1987), only few such investigations have been 

performed over the last decades (Aoki et al. 1992, Larsson et al. 1989, Stephens et 

al. 2016, Schmidt et al. 2017). This mainly resulted from requirements on appropri-

ate test objects and measurement techniques, which for a long time would have 

caused prohibitively high costs. However, recent technological developments allow 

for water resistant materials and measurement techniques at comparatively low 

price, remedying the drawback of higher costs compared to wind tunnel testing. 

Furthermore, moving a model through a fluid generally requires much less power 

than driving a large volume of fluid past a stationary object, making the towing tank 

the more economical tool in terms of operational costs. A further advantage of tow-

ing tank tests is the lower velocity required to achieve similar Reynolds numbers 

and hence flow phenomena to air (Fig. 1). This significantly reduces the effort for 

time resolved measurements and visualization techniques such as Particle Image 

Velocimetry (PIV), as demonstrated by Schmidt et al.  (2017), Jönsson et al. (2012, 

2014), and Stephens et al. (2016). 

 
Fig. 1: Required velocity u (solid lines) and resulting drag force Fd (dashed lines) for 

different Reynolds numbers Re at same model scale in air and water (exemplarily for a 1:22 

scale model with drag coefficient1 cd=0.5) 
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At the same time, the significantly higher density of water leads to about four times 

higher forces for the same Reynolds number compared to air (Fig. 1). This facili-

tates an accurate drag measurement on the one hand but requires resilient models 

on the other hand.  

On straight and level ground (without curvature or slope), the running resistance 

of a moving vehicle is defined as 

𝐹𝑟𝑢𝑛 =  𝐶1 + 𝐶2 ⋅ 𝑢 + 𝐶3 ⋅ 𝑢2                                             (1) 

(CEN 2013, Mayer et al. 2002, Tschepe and Nayeri 2018a), also known as the 

Davis equation, where C1 is associated with the rolling mechanical resistance, C2 

with air momentum losses from cooling systems and additional mechanical losses 

and C3 is assumed to represent the aerodynamic resistance: 

𝐶3 = 𝑐𝑑

𝜌

2
𝐴𝑟𝑒𝑓.                                                   (2) 

In order to separate the aerodynamic drag from the other acting forces, C1 and 

C2 must be either known in advance or properly determined by the measurements. 

This often implies significant uncertainties (Somaschini et al. 2018). The high ratio 

of aerodynamic- to rolling resistance in the towing tank makes such attempts un-

necessary because the aerodynamic resistance constitutes about 99% of the running 

resistance, Fig. 2. This represents another important advantage of the towing tank. 

For a rather slender body like a high-speed train with significant frictional drag, 

the overall drag coefficient is expected to vary slowly with the Reynolds number 

(Brockie and Baker 1990). In case of drag determination by coasting tests, this im-

plies that there might be a small aerodynamic component contained within the linear 

velocity term, which is not covered by the common testing procedure (CEN 2013). 

In case of constant speed measurement, as performed in the towing tank, the Reyn-

olds number impact is directly captured by the measured drag coefficient. 

 
Fig. 2: Resistance percentages of the 3-car ICE/V train (cd=0.5, C2=0) at different scale 

and fluid with C1 according to Rosenberger and Herzog (1993) and Yang et al. (2017), as 

well as a for a truck (cd=0.6, C2=0) with C1 according to Hucho (2011) 

However, when switching from air to water (at least when operating with a free 

water surface) an additional force, the resistance associated with the formation of 

1:22 vehicle model in air, Re~0.8∙106

(C1 from Yang)

1:22 modell in water (present study)

1:1 train in air, Re~14∙106

(C1 from Rosenberger)

Running resistance (on straight and level track/road)

0% 20% 40% 60% 80% 100%

Rolling mechanical resistance Drag

1:22 vehicle model in water, Re~0.8∙106

(present study)

1:1 truck in air, Re~5.6∙106

(C1 from Hucho)
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surface waves, has to be taken into account. In order to transfer the results from 

water to air and from model-scale to full-scale, in addition to Reynolds- and Mach-

number similarity the Froude number (impact of surface waves) and the onset of 

cavitation have to be considered as well. The present paper gives an overview of 

the relevant quantities in the water tank. Several water depth to model height ratios 

ranging from two to above five were studied. Finally, the obtained results and their 

impact on drag measurement of long land-borne vehicles in the towing tank will be 

presented and discussed. 

1.1 Wave resistance 

The resistance of an object moving close to or on the interface of two fluids with 

different densities such as a boat or a submarine in water is affected by waves cre-

ated at the interface, i.e. the water surface. On the one hand, the formation of these 

waves requires energy, which is detracted from the driving power of the vessel. The 

mean wave energy Ewave depends on the surface elevation ζ, the wavelength λ, grav-

ity g, fluid density ρ and wave width b (Clauss et al. 1992): 

𝐸𝑤𝑎𝑣𝑒  =
𝜌

2
𝑔𝑏𝜆 𝜁2                                                    (3) 

Especially for submerged vessels, which generate small surface wave amplitudes ζ, 

this part becomes comparably small and can be neglected. On the other hand, the 

created wave pattern generates a pressure distribution around the vessel, causing a 

horizontal buoyancy force against the direction of motion. These effects have been 

investigated intensely for submerged vessels (e.g., Gertler 1950, Wigley 1953, 

Mansoorzadeh and Javanmard 2014, Wilson-Haffenden et al. 2010, Jagadeesh and 

Murali 2010, Molland et al. 2011). The studies indicate that two parameters (aside 

from the shape of the body) predominantly influence this additional drag: the sub-

mergence depth h and the Froude number Fr: 

𝐹𝑟𝐿  =
𝑢

√𝑔𝐿
.                                                      (4) 

Figure 3 presents the wave-drag coefficient of submerged streamlined bodies as a 

function of Froude number and submergence ratio h/L as collected by Hoerner 

(1965). It can be seen that the wave-drag coefficient is very sensitive to the Froude 

number. A drag maximum exists independent of the submergence h/L in the range 

of FrL=0.5 (Fig. 3, right plot) because the wavelength then is about twice the model 

length and wave crest and trough coincide with the body’s bow and stern. Therefore, 

the pressure difference and hence horizontal buoyancy becomes maximal.  This 

Froude number is referred to as critical Froude number FrL,crit. Furthermore, Fig. 3 

(left plot) shows that the wave-drag decreases with increasing distance to the water 

surface h and at ratios above h/L=0.5 the surface wave impact almost vanishes. At 

fixed submergence depth h/d, an increase of the body length L by a factor of n de-

creases the wave drag coefficient by the same factor (Fig. 3, left plot). Therefore, 



5 

for a given Froude number an elongation of the investigated body reduces the wave 

drag coefficient. For the assessment of wave resistance parameters, this makes the 

ratio of h/d more relevant than the ratio of h/L. 

 

 

 
Fig. 3: Wave-drag coefficient cd,wave of submerged streamlined bodies as a function of 

Froude number and submergence ratio h/L (Hoerner 1965) 

 
Fig. 4: Wave-drag coefficient of a floating body as a function of Froude number for dif-

ferent water depths D/L reconstructed from Molland et al. (2011) (dashed lines indicate 

FrD=1) 

Molland et al. (2011) additionally took into account the influence of the water 

depth D for shallow water conditions (Fig. 4). With decreasing depth, the maximum 

wave resistance shifts towards smaller Froude numbers (decreasing FrL,crit) while 

its magnitude is increased significantly (Havelock 1908). This is due to the depend-

ency of the wave drag on the surface wave patterns. A very detailed description of 

these principles is given by Larsson and Raven (2010). Depending on the water 

depth D and the wavelength λ, three different regimes can be defined (Hensen 1955, 

Molland et al. 2011): 

1. D > λ/2: deep-water regime 

2. λ/20 < D < λ/2: intermediate or transitional regime 

3. D < λ/20: shallow-water regime. 

In a towing tank, experiments with land-borne vehicles will most likely be per-

formed in the transitional or shallow-water regime. According to linear wave theory 

(Airy 1845), the phase velocity c of the waves in general follows  
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𝑐 = √
𝑔𝜆

2𝜋
tanh (

2𝜋𝐷

𝜆
).                                            (5) 

In the deep-water range, the phase velocity becomes independent of the depth 

𝑐 = √
𝑔𝜆

2𝜋
,                                                      (6) 

while in the shallow-water range the depth becomes the exclusive impact factor: 

𝑐 = √𝑔𝐷.                                                     (7) 

This velocity changes as well affect the generated wave patterns. Generally, the 

Froude length number as presented in (4) can be utilized to compare wave patterns 

generated by a body of length L. However, the limited wave speed in shallow-water 

(7) can have a significant impact on the wave pattern as well (Inui 1954, Larsson 

and Raven 2010, Molland et al. 2011). The ratio between the velocity of the inves-

tigated body and the maximum wave speed is given by the Froude depth number: 

𝐹𝑟𝐷  =
𝑢

√𝑔𝐷
.                                                      (8) 

Evidently, the body’s wave pattern in shallow water not only depends on its 

Froude length number but also on its Froude depth number, which modifies the 

wavelengths and thus the interference of wave components. This leads to an in-

crease of wave drag and a shift of the drag maximum towards lower Froude length 

numbers as observed in Fig. 4. Based on the value of FrD different flow regimes can 

be distinguished, comparable to the Mach-number in air, with a subcritical range 

for FrD< 0.9, a not precisely bounded transcritical range around FrD= 1, and a su-

percritical range for FrD> 1 (Larsson and Raven 2010). Because a gravity wave 

cannot travel at 𝑐 > √𝑔𝐷, above FrD=1 the transverse wave system is left behind 

and only divergent waves are present (Fig. 5). The radical change in the diverging 

wave angle and the general wave pattern is accompanied with a wave drag maxi-

mum around FrD=1 (Larsson and Raven 2010, Molland et al. 2011). Afterwards the 

wave drag decreases again. In order to avoid a substantial impact by the generated 

surface waves, investigations in the subcritical range with FrD<< 1 are recom-

mended (Aoki et al. 1992, Hucho 2011). This however requires either a very deep 

submergence or a very low velocity. While the fulfilment of the first is restricted by 

practical limitations, the latter stays in conflict with the demand for testing at high 

Reynolds numbers. Therefore, in the current study, investigations have been per-

formed in a wide range of Froude numbers (including the supercritical Froude depth 

number range) and the impact of waves has been analysed. Another approach to 

reduce the impact of surface waves is the use of a skimming plate as presented by 

Stephens et al. (2016). However, this might require the consideration of blockage 

effects and was not considered in the current investigations. 
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Fig. 5: Change of wave pattern around a ship hull with varying FrD according to Larsson 

and Raven (2010) as well as Molland et al. (2011). 

1.2 Cavitation 

The second difference when using a towing tank instead of a wind tunnel is the 

maximum applicable free stream velocity. For most applications in vehicle aerody-

namics the flow can be considered as incompressible (if Ma<0.25-0.3, Hucho 

2011). Therefore, the speed limit in the wind tunnel is given by the onset of com-

pressibility effects. Due to the high bulk modulus of water, under normal conditions 

no compressible effects appear in the towing tank. Here, the restriction for the max-

imum free stream (or vehicle driving) velocity is set by the incipience of cavitation 

(which does not appear in air), which can be estimated by the incipient cavitation 

number (Hoerner 1965): 

𝜎𝑖 =
𝑝𝑎𝑚𝑏 − 𝑝𝑣𝑎𝑝

𝜌
2

𝑢2
,                                                      (9) 

with ambient pressure p and vapour pressure pvap. If the absolute value of the mini-

mum pressure coefficient exceeds the incipient cavitation number (|𝐶𝑝,min| > 𝜎𝑖) 

cavitation might occur. The minimum pressure coefficient of a bluff body is about 

-2 ≥ Cp,min≥ -3 (Hucho 2011). At a water depth of about D=1 m, this sets an upper 

velocity limit under normal conditions (T0=20°C, p0=1 bar) of about uwater≈ 8 m/s 

for non-cavitating flow. The requirement of Ma<0.3 gives a maximum velocity of 

uair≈ 100 m/s for incompressible flow in air. Hence, at same model scale the maxi-

mum achievable Reynolds number in air and water is about the same (Fig. 1). How-

ever, the much lower required velocity in water facilitates the use of on-board meas-

urement technique, time resolved measurement techniques, and reduces the 

requirements regarding track and vehicle. 

Transverse waves

Divergent waves

α
α

Sub-critical FrD < 1 Super-critical FrD > 1

α = 19.46 α = asin(1/FrD)

Transcritical FrD ~ 1

α = asin(1/FrD)

α
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2 Experimental setup 

The experimental setup has been implemented in the 8 m wide and 120 m long shal-

low-water tank of the Technische Universität Berlin (TUB). The maximum water 

level was set to approximately 1 m. Figure 6 shows the principle of the test rig: The 

vehicle was pulled along a track by a 1.5 mm diameter towing rope, which was 

placed inside the track bed and connected to a winch. The rope was directly attached 

to a HBM S9M one component 2 kN force sensor (accuracy class 0.02) inside the 

model, as shown in Fig. 7. Thus, the running resistance could directly be deter-

mined. The speed of the winch was controlled by a LabVIEW based computer rou-

tine, which allowed for the generation of arbitrary velocity profiles (Fig. 9). The 

track was 64 m long in total, extendable up to the tank length of 120 m for future 

experiments. About 10 m were required for acceleration of the model and 14-20 m 

for deceleration.  

Different sensors beside the track were used for the measurement of surface 

waves, the presence of cavitation, trackside loads, and the velocity of the model 

(Fig. 6). For the latter, a reflective pattern on the roof of the model combined with 

a light-gate (IDEC SA1E-LPP3, 0.25 ms switching time) above the track, as well 

as a shaft encoder (Leine&Linde RHI503, 1024 ppr) at the winch and an accelera-

tion sensor (Analog devices ADXL345 3-component sensor, 1.5kHz maximum 

sampling rate, resolution of 0.038 m/s²) inside the model were utilized. The velocity 

detected by the light gate and the shaft encoder showed very good agreement with 

deviations below 0.2% (Fig. 9). The use of these different methods rendered the 

possibility of very accurate determination of the model velocity. Furthermore, a 

comparison of the different results was used to prove that no slip occurred at the 

drive shaft. The velocity calculated from the integrated acceleration appeared to be 

less accurate, due to insufficient resolution of the sensor and flexible mounting in-

side the model.  
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Fig. 6: Principle and dimensions of the towing setup implemented in the shallow-water 

tank (upper picture); lower picture: external sensor positions: 1) hydrophone, wave sensor, 

and light gate; 2/3) wave sensors; 4) pressure probe for measurement of head pressure pulse, 

yHPP=2.5 m and zHPP=1.8 m (at full-scale) as defined in CEN (2013), h/H=1 

The wave height was measured by resistance wave level sensors (0.5 mm accu-

racy). Regarding wave measurement, the test stand offers the advantage of no water 

surface piercing struts influencing the wave patterns. A Brüel and Kjaer miniature 

Type 8103 hydrophone with a voltage sensitivity of −211 dB re 1 V/μPa over a 

frequency band of 0.1 Hz to 180 kHz and a frequency response of ±1 dB at 4 kHz 

to 200 kHz was used with 10 kHz sampling rate for the detection of cavitation. Dif-

ferential pressure sensors inside the train and along the track (Honeywell 26PC se-

ries with ±1 psi and ±5 psi range) were used for surface pressure measurements and 

the investigation of aerodynamic loads beside the track. The water temperature was 

measured using a Pt100 temperature sensor to determine density and viscosity of 

the surrounding fluid. The drag coefficient was determined from the mean drag 

force during the constant velocity period (cf. Fig. 9), averaged over at least two runs. 

For the maximum velocity, this corresponded to a minimal averaging time of 7 sec-

onds. 

The investigated train model was a 1:22 scale model (L = 2.99 m, H = 0.17 m) 

of the 3-car InterCityExperimental (or ICE/V), manufactured as one solid body. The 

model has been constructed modularly from synthetic material elements mounted 

on an aluminium core beam. That way the model was kept at the minimum required 

weight to stay on the track safely and allowed for a simple change of geometrical 

internal sensors and data logger
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configurations. In the present study, a simple geometry variant without roof ele-

ments and with simplified bogies, as well as a complex variant equipped with ge-

neric roof elements and detailed bogies has been investigated. For both variants, 

only the 2nd and 5th bogie (Fig. 8) were realized as rolling bogies. All other bogies 

were equipped with wheels cut 2 mm above the rail to avoid rail contact. Thus, the 

mechanical system was kept simple and rolling resistance was reduced. A more de-

tailed description of the model can be found in Tschepe et al. (2017, 2018a, and 

2018b). 

 

 
Fig. 7: Connection of towing rope to force sensor in the middle car 

 
Fig. 8: Flying (left) and rolling (right) bogies of end cars (complex geometry variant) 

 
Fig. 9: Measured force and velocity signal (uacc=velocity from integrated acceleration 

signal, uwinch=velocity from shaft encoder, uLG=velocity from light gate pattern; the period 

used for data evaluation is indicated by grey shading) 
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The ballast and rail design was inspired by the single-track ballast and rail setup 

(STBR) required for wind tunnel investigations of crosswinds CEN (2010). Due to 

the shape of the aluminium elements used, the total height as well as the lateral slant 

differed marginally from the STBR norm configuration. 

The investigations were performed at a velocity range of u =1-7 m/s at three dif-

ferent submergence depths, Table 1 (cf. Fig. 6). 

 
Table 1: Investigated submergence depths 

h/H h/L D/L 

1 0.06 0.14 

2.5 0.15 0.23 

4.5 0.26 0.34 

In order to reduce measurement time (before each run a waiting time of about 20 

minutes was applied for the water to come to rest), runs with lower velocities (nom-

inal speeds of 2&3 m/s and 1&4 m/s) were combined into one test run. Conse-

quently, the external sensors beside the track, placed at the rear part of the measure-

ment section (Fig. 6), were passed with a minimal velocity of u = 3 m/s (Table 2). 

Runs at a very low velocity (u ≈ 0.15 m/s) were used to determine the rolling re-

sistance, assuming that the rolling resistance is independent of the velocity as sug-

gested by (1). Since the drag force was still noticeable even at such low velocity, 

the rolling resistance could not be determined more accurate than FR= 2±0.5 N. The 

impact of this uncertainty to the measurement results will be discussed in the fol-

lowing section. 

 
Table 2: Investigated velocities and corresponding Froude/ Reynolds numbers (grey 

shaded runs are not captured by external sensors) 

u [m/s] FrL Re (x106) 

1.06 0.20 0.12 

1.95 0.36 0.24 

3.02 0.56 0.36 

4.10 0.76 0.49 

5.00 0.92 0.60 

6.03 1.11 0.73 

6.92 1.28 0.83 
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Fig. 10: 1:22 scale 3-car ICE/V model (simple configuration) on test track in empty tow-

ing tank 

3 Results 

In this section, the results of wave- and cavitation measurements are presented. The 

impact of waves regarding both drag determination and trackside load measurement 

as well as possible correction methods will be discussed. Unless stated otherwise, 

investigations were performed using the simple train geometry. The submergence 

depth will be normalized by the vehicle’s height instead of its length, because this 

ratio appears to be the more important parameter here as mentioned above. 

3.1 Surface wave impact 

Figure 11 shows the drag coefficient (with the rolling resistance FR=2 N subtracted 

from the running resistance) as a function of the Froude number, normalized by the 

drag at highest Froude number, cd,0 ≈ 0.46. The impact of the submergence/water 

depth as mentioned above becomes apparent clearly. The wave drag maximum ap-

pears little below FrD= 1 and is strongly increased for decreasing submergence ra-

tios h/H (Fig. 11a). In the supercritical Froude depth number range, FrD> 1, the 

wave drag is strongly reduced and vanishes from a certain point on, depending on 

the submergence depth h/H. Referring to the Froude length number (Fig. 11b), the 

regime of negligible wave impact with restricted depth seems to start at even lower 

Froude length numbers (around FrL= 1) compared to unrestricted water depth 

(Fig. 11c). Figure 11c shows the impact of wave drag for a streamlined body with 

same diameter to length ratio as the investigated train model (d/L=H/L≈0.057) using 

cd,0 = 0.055 (Hoerner 1965). The ratio of wave drag to total drag for both bodies 

agrees quite well, because the streamlined body creates both less surface waves and 
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lower aerodynamic resistance. Hence, the impact of the wave drag on the determi-

nation of the aerodynamic drag coefficient cd,0 is assumed to be independent of the 

geometry of the investigated body. 

 

 
Fig. 11: Drag coefficient as a function of the Froude number for different submergence 

depths h/L versus a) Froude depth number FrD and b) Froude length number FrL (dashed 

lines indicate FrD=1). c) drag coefficient of ellipsoid in unrestricted water according to 

Hoerner (1965) using d/L=0.057 and cd,0 = 0.055, h/H=h/d+0.5 (cf. Fig. 3) 

In order to analyse the wave drag in more detail, the surface wave height has 

been investigated. Figure 12 shows the elevation of the water surface ζ measured at 

different water levels at wave sensor 1 (Fig. 6). At h/H=1, an increase of the wave 

trough with increasing Froude number can be observed while the wave crest is 

slightly decreasing. With increasing water level the wave amplitude generally de-

creases and the amplitudes of crest and trough at different Froude numbers are con-

verging (except for the lowest Froude number FrL=0.56), while the wavelength in-

creases with the Froude number. The impact of the water level on the waves phase 

velocity can be estimated by observing the distance behind the model until the lat-

erally propagating waves are reflected at the walls of the towing tank and superpose 

again in the middle (indicated by dashed lines in Fig. 12). This distance can also be 

calculated by using (7), see Fig. 13. It can be observed, that there is an offset be-

tween theoretical and experimental data that is more distinct for higher water levels 

(Fig. 13, left figure), indicating that the phase velocity is above shallow water ce-

lerity. Good agreement between theoretical and experimental data can be achieved 

by applying an iteratively achieved correction factor of n to (7), as shown in Fig. 13 

(right figure): n(h/H=1)=1.03, n(h/H=2.5)=1.07, n(h/H=4.5)=1.13. This confirms 

the assumption of transitional water depth for the experiments carried out. The dis-

tance until the reflection peak and thereby induced pressures becomes relevant in 

case of pressure measurements in the vehicle’s wake. 
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Fig. 12: Surface wave amplitude during and after train passage at different submergence 

depths (grey area marks location of the train; dashed lines indicate superposition of lateral 

reflected waves at respective colour) 

h/H=1

h/H=2.5

h/H=4.5

a)

b)

c)
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Fig. 13: Distance until superposition of lateral reflected waves in the towing tank. Theo-

retical values for shallow water phase velocity (left figure) and adapted velocity (right figure) 

From the surface elevation the pressure distribution along the model induced by 

the waves in transitional water can be calculated by (10) (Clauss et al. 1992) with 

z=-h.  

𝑝𝑤𝑎𝑣𝑒(𝑥, 𝑧) = 𝜌𝑔ζ(x)
cosh [2𝜋

(𝑧 + 𝐷)
𝜆

]

cosh [2𝜋
𝐷
𝜆

]
                               (10) 

Normalized by the dynamic pressure 

𝑝𝑑𝑦𝑛 =
𝜌

2
𝑢2                                                         (11) 

a wave pressure coefficient can be defined 

𝐶𝑝,𝑤𝑎𝑣𝑒 =
𝑝𝑤𝑎𝑣𝑒

𝑝𝑑𝑦𝑛
 .                                                    (12) 

Figure 14 shows the wave pressure coefficient plotted along the train length. An 

improved impression about the dimensions is given by the comparison with the train 

induced pressure signature in Fig. 19. The pressure distribution as expected in a 

wind tunnel with open (according to Hucho 2011) and closed (according to Barlow 

1999) test section2 and equivalent cross-section is shown in Fig. 14 as well. It can 

be seen that at highest water level h/H=4.5 only the measurements at lowest veloc-

ities/Froude numbers show a significantly higher pressure gradient than observed 

in an open test section wind tunnel. At the critical Froude number FrL=0.56 the 

pressure gradient is comparable to the one obtained in a closed test section wind 

                                                           
2 According to Barlow, the pressure gradient in a closed square jet with width B 

can be calculated depending on the distance ΔL using cp(ΔL)=-k ΔL/B. The factor k 

has been observed in the range of 0.016-0.04. For the plot shown in Fig. 14, B=√8 

(same cross-section area as in the towing tank) and k=0.016 were used. The choice 

of the lower limit k-value considers the normally optimized shape of the test section 

regarding boundary layer growth. However, the appearance of blockage effects both 

in closed and open test sections might impose additional pressure gradients that 

were not considered here. 



16  

tunnel with similar cross-section. Therefore, a correction approach similar as ap-

plied in open and closed wind tunnels (Wickern 2001) is aspired, focusing on the 

pressure gradient. Due to the rather small waves, an impact on flow separation or 

transition is not considered as critical. Since the train model has a rather constant 

cross-section, for drag calculation mainly the pressure difference between head and 

tail is of interest. Hence, the wave drag is calculated by the difference of wave pres-

sure at the head and tail, each averaged over the head length indicated by grey 

shaded areas in Fig. 14. The wave drag then can be evaluated using 

𝑐𝑑,𝑤𝑎𝑣𝑒 = 𝛥𝐶𝑝,𝑤𝑎𝑣𝑒 = 𝐶𝑝,𝑤𝑎𝑣𝑒(𝑓𝑟𝑜𝑛𝑡) − 𝐶𝑝,𝑤𝑎𝑣𝑒(𝑡𝑎𝑖𝑙)              (13) 

and 

𝐹𝑤𝑎𝑣𝑒 = 𝑝𝑑𝑦𝑛𝑐𝑑,𝑤𝑎𝑣𝑒𝐴 .                                         (14) 

 

 
Fig. 14: Wave pressure coefficient along the train for different submergence depths (grey 

shading indicates head length) 

Figure 15 compares the wave drag calculated by (13) respectively (14) and the 

wave drag that is obtained when subtracting the unaffected drag coefficient cd,0 from 

the measured drag coefficient cd. It can be seen that the results agree quite well, 

except for the lowest Froude number, where the wave drag calculated from wave 

height measurement, especially at deeper submergence, is much lower than the 

measured drag increase. This might be due to additional Reynolds number effects 

that occur at lower velocities (cf. Fig. 19) or energy losses due to the wave genera-

tion as described by (3). 

open wind tunnel
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Fig. 15: Comparison of wave drag coefficient calculated using different methods 

The impact of rolling resistance and wave resistance on the drag coefficient is 

shown in Fig. 16. While at the highest velocity investigated the wave drag at deepest 

submergence and the rolling resistance each contribute less than 1% to the measured 

running resistance, at lower velocities the proportion of these forces increases and 

hence, needs to be subtracted for a proper aerodynamic drag determination (Fig. 16 

and 19). Interestingly, Fig. 16 also shows that for the critical Froude number (equiv-

alent to Re=0.36) the wave resistance cannot be compensated for by the proposed 

correction method. Furthermore, the reproduction uncertainty at this point is sub-

stantially higher than for the other velocities investigated, which could be attributed 

to more complex and sensitive wave structures at this velocity. However, above that 

critical Froude number it can be seen that if the measured running resistance is cor-

rected for rolling and wave resistance, the obtained drag coefficient agrees reason-

ably well for all submergence depths investigated. This shows that reliable drag 

measurement is possible even at very low submergence depths when applying the 

proposed surface wave correction. For Re>0.5∙106 the drag coefficient appears to 

be nearly independent of the Reynolds number which agrees well with the results 

of previous studies (Willemsen 1997, Kwon et al. 2001). The excellent agreement 

between the results at different boundary conditions, i.e. Reynolds numbers and 

submergence depths, shown in Fig. 16 underlines the reliability of the method. 
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Fig. 16: Proportion of wave and rolling resistance to fluidic force over Reynolds number 

(left plot); drag coefficient (with Froll=2 N subtracted) for different water levels as a function 

of Reynolds number with (solid lines) and without (dashed lines) wave drag subtracted and 

reproduction error bars (right plot) 

 
Fig 17: Measured running resistance (exp) with wave resistance subtracted and least 

squares fit for simple (SG) and complex (CG) geometry variant with all coefficients variable 

(dashed/dotted lines) and C1=Froll=2 N, C2=0, and C3=cd ρ/2 Aref  (solid lines) 

 

For a more detailed evaluation of the impact of the rolling resistance, the meas-

ured force data at different velocities (for measurements with u≥4 m/s in order to 

subtract the wave resistance) is analysed according to (1) using a least squares fit 

method (Fig. 17). A comparison is made to the coefficients obtained when using the 

data as presented in Fig. 19 (using Froll=2 N and cd=mean[cd(u)] ). It can be seen 

that the difference in the rolling resistance is negligible (compared to the overall 

forces). The C3 coefficient of both methods is almost identical to a difference below 

0.2% for the simple and about 4% for the complex geometry variant. For the latter, 

this discrepancy results from the more distinct Reynolds number dependency of the 

x106

cd - ΔCp,wave

cd

h/H=1
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drag coefficient, which in terms of the Davis formula is expressed by an increased 

C2 coefficient (Fig 17). It can be concluded that the rolling resistance only contrib-

utes very little to the C2 coefficient. Hence, the assumption of a speed independent 

rolling resistance appears to be justified. 

 

In order to evaluate the accuracy of the experimental method and to validate nu-

merical simulations (Tschepe et al. 2018b) different stages of geometric complexity 

were investigated. Figure 18 shows that the waves generated at the surface remain 

the same if elements are applied to the roof, implying that small geometry changes 

do not affect the wave pattern, even if those components significantly increase drag 

(Tschepe and Nayeri 2018a). Figure 19 illustrates the impact of the rolling re-

sistance. It can be seen that the uncertainty band of the rolling resistance has no 

significant effect on the drag coefficient. 

 
Fig. 18: Wave pressure coefficient at h/H=4.5 for the model without (simple) and with 

(complex) roof elements applied as shown 

In Tschepe et al. (2018b), the data obtained in the towing tank are compared to 

CFD and full-scale results. For the simple configuration (not investigated at full-

scale) the difference to CFD is about 3%. For the complex configuration, less than 

2% difference to the CFD and less than 8% difference to the full-scale results were 

found. The latter might result from Reynolds number effects and the modelling of 

the roof elements. Nevertheless, these comparisons highlight the potential of towing 

tank experiments for drag determination of long vehicles. 

simple

complex

roof elements
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Fig. 19: Drag coefficient3 for models of different detail complexity and varying rolling 

resistance as a function of Reynolds number, h/H=4.5 

The influence of surface waves can as well be observed in the pressure signature 

of the train (Fig. 20), measured at position 4 (Fig. 6). For the lowest Froude number 

the wave pressure is in the order of 10% of the train induced head suction peak (at 

x/L≈0.04), while for the highest Froude number investigated this reduces to about 

1%. If the pressure generated by the surface waves is subtracted from the measured 

pressure signature, the data at all Froude numbers qualitatively agrees well with the 

corresponding reference data, which underlines that the proposed correction method 

is reasonable. Some significant discrepancies can still be observed. These are due 

to oscillations of the pressure probe (which diameter appeared to be insufficient), 

caused by the pressure fluctuations during the train passage. This results in multiple 

additional pressure peaks at lower velocities and a significant increase of the head 

and tail peak at high velocities. Hence, future investigations of trackside loads re-

quire more robust measurement equipment. 

In Fig. 20e) a comparison of the pressure signature to full-scale data given by 

Baker et al. (2013) for the very similarly shaped ICE2 is made. The towing tank 

data is averaged over different Reynolds numbers to lower the impact of the velocity 

dependent probe oscillations (Fig. 20a-d). All data qualitatively agrees well, despite 

the pressure rise at 3 ≤ x ≤ 10 obtained in the towing tank which is due to the probe 

oscillations. The inter-car gap peak of the ICE2 can be seen at about x=26 m. The 

ICE/V driving car only has a length of about 20 m. Therefore, the inter-car gap peak 

appears at about x=20 m. The peak-to-peak value of the nose pressure from the ex-

periments exceeds the full-scale data by about 8%. Considering the slightly different 

measurement height and probably some differences in the track bed, this appears to 

be a good agreement. 

                                                           
3 In Tschepe et al. (2018), though stated otherwise, the drag coefficient with 

Froll=0 is shown! 
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Fig. 20 a)-d): Pressure level measured at position 4 for the simple geometry at h/H=4.5 

at different Reynolds/Froude numbers compared to CFD (PANS) results Tschepe et al. 

(2018b); e): Nose pressure measurements of moving model (MM) compared to CFD and full-

scale (FS) data (Baker et al., 2013) 

 

a) b)

c) d)

e)
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3.2 Cavitation impact 

As mentioned above, the onset of cavitation can be estimated by the incipient cavi-

tation number, (9). Since the ambient pressure depends on the water depth, the in-

cipient cavitation number increases with increasing depth, Fig. 21 (left plot). The 

minimum pressure coefficient of the investigated train is about Cp≈-1 (Tschepe et 

al. 2018b, Fischer et al. 2018). With the maximum velocity being about u=7 m/s, 

cavitation appears to be very unlikely. The presence of cavitation can be detected 

experimentally by acoustic measurements, indicated by a drastically noise increase 

for frequencies f ≥ 3kHz (Zhang et al. 2002, Brennen 2005, Schmidt et al. 2017). 

Figure 21 shows that this has not been detected in the current measurement results, 

confirming that no cavitation occurs. The results are shown for the lowest water 

depth h/H=1. According to Fig. 21 (left plot), higher water levels appear to be even 

less critical towards the onset of cavitation. 

 
Fig. 21: Incipient cavitation number for different water depths and velocities (left figure); 

Frequency spectra of hydrophone measurements during train passage for h/H=1 (right) 

4 Conclusion 

In the paper advantages of water based moving model facilities, focusing on drag 

measurement of trains, were discussed. It was shown, that the significant change in 

the ratio of fluid dynamic drag to rolling resistance in the water tank allows for an 

accurate determination of the total drag coefficient. The utilization of a semi self-

sufficient model enables undisturbed measurements of aerodynamic quantities. 

Limitations concerning the boundary conditions, such as maximum speed or mini-

mum submergence depth, are posed by the onset of cavitation and the generation of 

surface waves. However, a sufficiently wide range of these parameters for undis-

turbed measurements of long and rather smooth vehicles like high-speed trains was 

found. In common literature, investigations of land-borne vehicles are proposed to 

be performed under subcritical Froude number conditions to avoid wave impact 
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(Hucho 2011, Aoki 1992). However, the current results show that for geometries 

similar to the one investigated here only the critical range of about 0.2 < FrL <1 has 

to be avoided and supercritical conditions with FrL ≥1 allow for accurate measure-

ments as well. It was shown, that for submergence depths of about h/H ≥ 4.5 the 

wave drag becomes sufficiently small to be neglected (≤1% of the total drag for 

FrL≥ 1). Furthermore, a correction method using measured surface wave heights 

was introduced. By applying this method to the drag measurement results, the wave 

drag related uncertainty in the aerodynamic drag coefficient is further reduced and 

becomes about 0.5%, even for much lower submergence depths and Froude num-

bers. A practical minimum of the submergence depth in combination with the sug-

gested correction method can be assumed to be about h/H = 2-3 and the minimum 

Froude number of about FrL= 0.75. For lower Froude numbers or in cases of blunt 

geometries with probably more distinct wave generation, the application of a skim 

plate close to the water surface, as described by Neppert (1981) or Stephens et al. 

(2016), should be investigated. The advantage of the test facility presented in this 

paper, allowing for the investigation of surface waves without the interference of 

surface piercing support struts, should be used for further analysis of the waves 

generated by different geometries, such as trucks, buses and cars. 

Theoretical and experimental approaches show that the investigated velocity 

range is uncritical regarding the onset of cavitation at all submergence depths in-

vestigated, at least for geometries similar to the investigated one. Therefore, the 

results can be transferred to air without limitation, as long as the corresponding air-

flow can be considered as incompressible. This is a valid assumption for free stream 

Mach numbers below Ma<0.25-0.3, corresponding to a vehicle speed of about 

300 km/h in the open air. 

A comparison of the results to other investigation methods showed excellent 

agreement. Also the high level of agreement between the measurements for differ-

ent conditions (i.e. water heights/submergence depths) proves the viability of the 

method. Therefore, the towing tank can be considered as a very promising facility 

for drag measurements of long land-borne vehicles. Furthermore, it allows for the 

investigation of transient effects such as vehicle encounters and passings with re-

gard to aerodynamic loads on the vehicle and its surroundings (e.g., slipstreams, 

head pressure pulse, etc.). Therefore, a high number of different situations and quan-

tities can be investigated with a single model, significantly reducing the costs for 

research and development. 
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