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ABSTRACT. 

A mathematical model is developed which predicts if a person or a pushchair is destabilised by a 

train's slipstream. The model simulates the mean slipstream velocity time history using the 

theories of potential tlow, boundary layer growth and wake decay. The turbulence-induced 

fluctuations are reproduced with an autoregressive model. A randomised person is generated and 

subjected to the simulated slipstream, and their response is modelled by a simple solid object and 

a mass-spring-damper system. rr the slipstream forces cause the person to be displaced by a 

critical distance the person is destabiJised. A randomised pushchair is also generated and 

positioned so as to be capable of being destabilised by either toppling over or moving along the 

ground on its wheels. A toppling pushchair is modelled as a simple solid object in a similar 

manner to that of a person, and a pushchair will move along the ground on its wheels if the 

slipstream force is greater than the frictional force. Greater numbers of destabiJised people and 

pushchairs are associated with the slipstream of a freightliner than that of a passenger train, 

increasing train speed and decreasing distance from the train side. 
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CHAPTER 1. 

INTRODUCTION. 

1.1 Background. 

The speeds of trains arc getting fa'>ter in the UK and elsewhere due to new train designs and 

the upgrading of tracks. for example, the British Class 390 'Pendolino' train had a top speed 

of 177kmlh (11 Omph) until 2005, but with the completion of the upgraded West Coast Main 

Line the speed was able to increase to 200kmlh (125mph). There are plans for further track 

improvements on some sections of the rail network which will enable the 'Pendolino' to 

travel at a speed of220km/h (135mph). The Eurostar train running between London and Paris 

or Brussels on the Channel Tunnel Rail Link (CTRL) is capable of 300km/h (186mph), and 

there are also plans to run 225km/h (140mph) trains on domestic services between London 

and Kent along the CTRL in 2009. Furthermore, the proposals for a high-speed rail link 

between the North and South of England are being considered which would have trains 

travelling at 320kmlh (200mph). On mixed track, such increases in passenger train speed are 

likely to result in increases of freight train speed in order to improve route capacity. 

Transient aerodynamic effects are generated as a train moves through the surrOlmding air, and 

the airflow around the moving train is called the slipstream. The slipstream starts upstream of 

the train's nose and continues into a wake beyond the rear of the train. Although the 

prevailing airflow is in the same direction as the train's motion, there are also lateral and 

vertical components of the slipstream. High velocity magnitudes and turbulence levels can be 

associated with the slipstream, and the subsequent slipstream forces impinge on trackside 
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objects, such as pushchairs and luggage trolleys situated on station platforms, and on waiting 

passengers and trackside workers. These forces have the potential of destabili sing both the 

objects and peopJe, for exampJe, pushchairs can move along the platform on their wheels or 

topple over, and people can lose their balance. Such destabilisation can cause injury to people. 

Sl ipstream velocities increase with increasing train speed, therefore, as the speed of trains 

increase, the risk of people and objects being destabilised also increases. 

Sixteen incidents caused by train slipstreams have been recorded on UK station platforms 

between 1972 and 2002 (Temple and Johnson, 2003). One incident involved a pushchair, 

which had a child inside, being blown over causing minor head injuries to the child. In 

another incident a braked pushchair was drawn 3m towards a treightliner, after rutting the 

train it was pushed across the platform and hit two waiting passengers, injuring one of them. 

Three people have nearly been swept off their feet by the slipstream of a passing freigbtlincr. 

Further incidents are likely to occur, especially as train speed is increasing throughout the rail 

network. 

The circumstances that rcsu1t in destabilisation need to be identified and the likelihood of 

dcstabilisation accurately quantified in order to address the increasing risk to people and 

objects from the effects of train slipstreams. This can be done if the response of a person or an 

object to a train slipstream can be predicted for given circumstances, e.g. a person standing at 

l m from the side of passenger train travelling at 200km/h. This thesis develops a 

mathematical model to simulate both the characteristics of a train slipstream, and the response 

of a person and a pushchair to the train slipstream. As train type (i.e. passenger or freight), 

train speed and distance from the train side affect the slipstream characteristics, these factors 
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are considered when simulating a slipstream. The model also considers a person's standing 

orientation and how a pushchair is positioned when simulating the response. The model 

determines if a particular person or a pushchair will be destabilised by a particuJar slipstream, 

and from this calculates the percentage of people and pushchairs destabilised. 

If the risk to a person or an object is quantified then appropriate safety measures can be 

implemented. Such safety practices include platform signs warning people of the dangers of 

slipstream turbulence, announcements of an oncoming non-stopping train over station 

speakers, and a yellow line painted parallel to the edge of the platfonn to keep waiting 

passengers at a safe distance from non-stopping trains. 

1.2 Layout of report. 

Chapter 2 of the thesis is a review of the current literature relating to train slipstreams and a 

person's response. Chapter 3 describes how a train slipstream is modelled. The experiments 

that were undertaken for the current research in order to investigate the effects of a sudden 

gust on people are described in Chapter 4. Chapters 5 and 6 are concemed with the modelling 

of a person's response to a train slipstream and the results obtained from the slipstream/person 

model respectively. Chapter 7 describes the experiments undertaken to detennine the force 

required to destabilise a pushchair. A pushchair' s response to a train slipstream is modelled in 

Chapter 8 and the results of the slipstream/pushchair model are also presented in this chapter. 

The ftnal conclusions of the thesis are given in Chapter 9. 
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CHAPTER 2. 

LITERATURE REVIEW. 

2. J Introduction. 

This chapter is a review of the literature relevant to the investigation of the effects of a train 

slipstream upon a person. Section 2.2 describes the full-scale and model-scale experiments 

undertaken to determine the velocity time history of a vehicle slipstream, and Section 2.3 

describes the models used to simulate a train slipstream. The results from experiments undertaken 

to determine the pressure acting upon people and objects due to a slipstream are given in Section 

2.4. Sections 2.5 and 2.6 discuss the literature relating to the effect of wind gusts on people and 

the proposed safe wind speeds respectively. The literature pertaining to the stability of a person is 

examined in Section 2.7, and previous work with biomechanical models concludes the literature 

review in Section 2.8. 

2.2 Experiments undertaken to measure a vehicle' s slipstream. 

A number of experiments have previously been undertaken to measure the slipstream of a 

vehicle, for example Gawthorpe ( 1978). However, the most recent experiments include those 

involving a full-scale passenger train (Liao et al. , 1999; Johnson et al. , 2004), a full-scale 

freightliner (Temple and Dalley, 2001), a 1125th model-scale passenger train (Baker et al. , 2001), 

a model-scale lorry (Baker et al., 2000) and a full-scaJe car o-1t1ggins et al., 2002). Liao et al. 
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t 1999) only discuss the maximum slipstream velocity and, therefore, do not allow an 

investigation into the characteristics of the entire slipstream; however, they do state that the 

maximum slipstream velocity occurs in the wake of a train. The other papers give details of the 

slipstream velocities from upstream of the vehicle's nose to the wake beyond the rear of the 

vehicle, and consequently allow the main slipstream characteristics to be identified. 

2.2.1 Results of previous experiments that are used in modelling a train slipstream in the 

current research. 

The measurements of the slipstream velocities taken during the experiments described in Johnson 

eta/. (2004), Baker et al. (2001), and Temple and Dalley (2001) are used in the development of 

the train slipstream model presented in this thesis in that the simulated slipstreams are made to 

reproduce the measured velocity profiles as closely as possible. Table 2.1 gives details of these 

experiments. The trains involved in the experiments were a fuJJ-scale German Intercity Express 

(ICE2) passenger train, a full-scale UK freightliner, and a model-scale ICE2 passenger train. The 

passenger trains had a locomotive at the front and rear which tapered in width and height towards 

their end. The full-scale passenger train had twelve intermediate carriages, whereas the model

scale train had two intermediate carriages. Measurements of the full-scale passenger train and 

freight liner slipstreams were taken on both a station platform and at the side of an open track. 

The full-scale ICE2 train past a 0.31m high platform, whereas the freightliner past a 1m high 

platfonn. The platforms in Germany are lower than those in the UK, hence the variation in the 

heights of the platforms involved in the experiments. The measurements were taken at I .335m 

and 1m above the German and UK platforms respectively; therefore, the height above the 
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German and UK track was 1.645m and 2m respectively. The experiments undertaken at the side 

of an open track were taken at 0.5m and 1m above the German and UK tracks respectively. A 

platform was not present in the model-scale tests, therefore, the measurements were effectively 

taken at tihe side of an open track. The anemometers were positioned at half the height of the 

model-scale train's body, i.e. at 90mm above the track (2.25m full-scale equivalent). The 

freightJiner slipstream measurements were only taken at one distance from the train side, i.e. at 

I.Sm and 0.705m on a station platform and along an open track respectively. The passenger train 

measurements were taken at several distances from the train side, although the distances were not 

the same for the three experimental setups (see Table 2.1 ). 

The full-scale and model-scale passenger train experiments were undertaken as part of the EU 

funded Railway Aerodynamics for Passing and Interactjons with Dynamic Effects (RAPIDE) 

project (Schulte-Werning et al., 1999). The project consisted of the above experiments and 

numerical modelling in order to increase the data on, and better understand, train slipstream 

effects on people and structures. The technique of ensemble averaging is used when presenting 

the slipstream velocity time histories. Taking the average of a number of velocity time histories 

reduces the run-to-run variability of the slipstream data, and the number of runs involved in the 

ensemble averaging of each train is given in Table 2.1. 
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.- Experimental Train Measurement Height (m) Distance from Number of runs in ensemble 

type type train side (m) average 

Full-scale ICE2 14 Platform 0.3 1 m I .335m above 0.57, 1.07, 1.57, 11 , except for 1.07m from the 

car high platform 2.07, 2.57, 2.97 train side when the number of 

runs is 8 

Open track 0.5m above track 0.41 , 0.75, 1.35, l6 

1.665, 1.9 t 5, 2.16 

Freightliner Platform 1m 1m above platform 1.5 11 

high I 

Open track lm above track 0.705 13 

Model-scale ICE2 4 car Open track 2.25m above track 0.125, 0.25, 0.5, l 0 runs for a vehicle speed of 

(full-scale equivalent) 0.75, 1, 1.5, 2 32m/s, 8 runs for a vehicle speed 

of50m/s 

---- --------- - - - --- -

Table 2. 1. Experimental series and measurement positions. 
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2.2.1.1 Full-scale passenger train. 

The German ICE2 passenger train involved in the full-scale tests (Johnson et al., 2004) had a 

total length of 363.8m, and the width and height of an ICE2 train are 3.07m and 3.84m 

respectively (Kohler, 2001 ). The speed of the train passing the station platform and travelling 

along an open track was 51 m/s and 69m/s respectively. Figure 2.1 Wustrates the ensemble 

averaged normalised velocity profile of sixteen runs at 0.75m from the train side of an ICE2 

passenger train travelling along an open track. The slipstream velocity is nonnalised by train 

speed; and time is normalised by train speed (V) and total length of the train (L), i.e. T == t:. 
Therefore, the nose and the rear of the train pass at T = 0 and T = 1 respectively. The normalised 

velocity profile has been separated into the u component (the longitudinal velocity travelling in 

the same direction as the lrain), the v component (the lateral velocity in the direction away from 

the side of the train); and the resultant velocity of the u and v components is also given in figure 

2. 1. Figure 2.1 shows that a velocity peak occurs as the train 's nose passes, followed by 

increasing velocities and much turbulence along the main body of the train, a peak in velocity 

immediately after the rear of the train has past, and finally a gradual decay in velocity and 

turbulence in the wake of the train. The maximum sl ipstrearn ve1ocity occurs at the rear of the 

train, and this agrees with Liao et al. (1999). figure 2.1 also shows that it is the u component of 

the slipstream that dominates the velocity time history, i.e. the largest slipstream velocity occurs 

in the direction of the train's motion. Further descriptions of the normalised slipstream velocity 

profiles of the ICE2 train are given in Section 3.6.1 .3. The experiments show that the magnitude 

of the slipstream velocities increase with decreasing lateral distance from the side of the train. 
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The slipstream velocity magnitudes and turbulence levels are greater when a train travels along 

an open track than when passing a station platform at comparable distances from the train side. 
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Figure 2.1. Ensemble averaged normalised velocity profile at 0.75m from the side of a full ·scale 

ICE2 passenger train travelling along an open track at 69m/s, showing the u and v components 

and the resultant velocity. Adapted from Johnson et al. (2004). 

:!.2. 1.2 Full-scale freightl iner. 

The freigh tliner involved in the full-scale tests (Temple and Dalley, 2001) consisted of a British 

Rail Class 92 locomotive with forty-six containers which were each sixty percent loaded. All 

containers were 2.5m wide, 2.59m high, and 6.lm long except for the ten containers at the rear 

\\ hich were 12.2m long. The train had a total length, including the locomotive, of 703.5m, and 
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\\ ~t s travelling at 33.6m/s. The width, height and length of the Class 92 loco are 2.66m, 3.95m 

and 21.34m respectively (Wikipedia, 2006a). 

rigure 2.2 il1ustrates the normalised slipstream velocity time history at 0.705m from the side of 

the freightliner travelling along an open track. The normalised velocity shown is the resultant of 

the lateral and longitudinal velocity conlponents. The velocity profile of the freightlincr 

sl ipstt·cam is significantly different to that of the full-scale passenger train. Although there is a 

sl ipstrcam velocity peak at the nose of the f'reightliner it is larger than that of a passenger train. 

For example: the normalised velocity at the nose of a train travelling along an open track is 0.336 

at 0.705m from the side of a ti-eightliner, whereas it is 0.202 at 0.57m from the side of a 

passenger train. In this example lhc nose peak is approximately 60% larger with a treightliner 

than \\·ith a passenger train even though the distance from the passenger train's side is smaller. 

The boundary layer of a freightliner develops more quickly than that of a passenger train, with 

h ighcr normalised velocities and turbulence levels at comparable distances from the train side. 

Also, there is no velocity peak at the rear of the freightliner. Further descriptions of the 

nonnalised slipstream velocity protiles ofthe freightlincr are given in Section 3.6.2.3. 
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Figure 2.2. Ensemble averaged normalised velocity profi le at 0.705m from the side of a full-scale 

frei ghtliner travelling along an open track at 33.6m/s. Adapted from Temple and Dalley (2001). 

2.2.1.3 Model-scale passenger train. 

The model-scale ICE2 train involved in the tests on a moving model rig (Baker eta/., 2001) had a 

total length of 4.2m (105m full-scale equivalent). Figure 2.3 shows the ensemble averaged 

nonnalised velocity profile at 1 Omm (0.25m full-scale equivalent) from the side of a train 

travelling at 32m/s. As with the full-scale tests, the resultant of the lateral and longitudinal 

components of the velocity is presented. The slipstream of a model-scale passenger train has an 

essentially inviscid region upstream and around the nose with a velocity peak that occurs as the 

nose passes, and increasing velocities and turbulence along the main body of the train which 

gradually decrease in the wake. The slipstream velocities increase with train speed and 
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uecrl'asing distance from the trajn sjdc. The shape of the velocity profile of the model-scale 

passenger train is similar tO that of the fu ll-scale passenger train except that there is no velocity 

p~:a" at the rear of the model-scale train . That lhe model-scale passenger train sl ips1ream does not 

reproduce the significant velocity peak recorded at the rear of the full-scale passenger train may 

be a deficiency of the experiments. However, the measurements of the model-scale experiments 

\verc taken at 2.25m (full-scale equivalent) above the track, whereas they were taken al 0.5m and 

1.6--15m above the track during the experiments involving the full-scale passenger train travelling 

along an open track and passing a station platform respectively. Therefore, the discrepancy 

bet\\·een the results may be due to the measurements of the model-scale tests being taken at a 

greater height than those of the full-scale tests. The normalised nose peak velocity is of a similar 

magnitude in both the model-scale and full~scale passenger train slipstreams at comparable 

distances from the train side. l Iowever, there is a delayed boundary layer growth as well as lower 

wah:c velocities associated with the model-scale train. further descriptions of the normalised 

slipstream velocity profiles of the model-scale train are given in Section 3.6.3.3. The model-scale 

tests used two different train speeds and demonstrated that \:Vhen slipstream velocity is 

normalised by train speed, train speed has a negligible effect on the normalised slipstream 

vdocir~. This is also in agreement with the model-scale lorry experiments of Baker et al. (2000). 

2.9 



0.6 

0.5 

?: 
0.4 ·c:; 

0 
G) 
> 

0.3 ., 
Q) 

~ 
cv 
E 

I ~ 

-0.5 0 0.5 1 1.5 2 
Normalised time 

Figure 2.3. Ensemble averaged normalised velocity profile at lOmm (0.25m fuJI -scale 

equ ivalent) from the side of a model-scale passenger train travelling at 32m/s. Adapted from 

Baker et a/. (200 I). 

2.2 .1 .4 Summarising the train slipstream velocity profiles. 

The following summarises the results of the above measurements of a train slipstream: 

• There is an essentially inviscid region upstream and around the train nose with a velocity 

peak occurring as the nose passes. 

• The normalised velocity peak at the train' s nose is larger with a freightliner than a 

passenger train at comparable distances from the train side. 

• There is boundary layer flow along the main body of the train with increasing velocities 

and turbulence. 

• Higher normalised velocities and turbulence are associated with a freightliner. 
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• A velocity peak was recorded after the rear of a fuii~scalc passenger train. 

• The velocities and turbulence gradually decay within the wake. 

• The slipstream velocities increase with decreasing distance from the train side. 

• The slipstream velocities increase with increasing train speed, however, the effect of train 

speed is small when the slipstream velocities are no1maJjsed by train speed. 

2.2.2 Differences in the slipstreams between vehicle types. 

The differences in the slipstreams between vehicle types are mostly due to the extent of the 

streamlining of the vehicles, with a more streamlined vehjcle having lower nonna]iscd sl ipstream 

\ elocities and turbulence levels. The experiments of Liao et al. (1999) used a cylindrical dummy 

representing a person's trunk to measure the force acting on a person due to a train slipstream, 

£mel shO\\ that a significantly smaller force is due to the slipstream of a train with a tapered 

locomotive at each end than a more bluff bodied train. A smaller velocity peak at the vehicle's 

nose is associated with s!reamline~nosed passenger trajns (Johnson et al., 2004; Baker et al., 

2001 ) than with the blufr~nosed frcightliners (Temple and Dailey, 2001) and lorries (Baker eta!., 

~000 ) . Figure 2.4 shows the resultant ensemble averaged normalised slipstream velocity profile 

measured at various distances from the side of a model-scale lorry travelling at 30m/s (after 

Baker eta! .. 2000). Considering that the height at which the measurements were taken affects the 

results, Figure 2.4 can be compared to Figure 2.3 as both the model-scale lorry and model-scale 

passenger train measurements were taken at the full-scale equivalent of 2.25m above the 

ground/track. The normalised nose peak velocity is of the order of 0.2 at a distance of 0.25m 
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\fu ll-scale equivalent) from the train 's side. However, this peak velocity magnitude would occur 

a1 a distance of between 0.75m and 1.50m (full-scale equivalent) from the lorry's sid~. Therefore, 

hiQher velocities occur at the front of a lorry than at the front of a passenger train at 

corresponding distances from the vehicle's side. There is also a more well-defined boundary 

!:1yer along the train than wjth any other vehicle due to the train's longer length facilitating more 

boundary layer development. Liao et al. (1999) show that higher slipstream velocities occur on 

!tnver platforms than higher platforms, which is likely to be due to the exposed bogies increasing 

the aerodynamic roughness of the train. This implies that workers situated on an open track are 

subjected to higher slipstream velocities than passengers on a station platform for a given train 

type. train speed and distance from the train side. Figure 2.5 illustrates the longitudinal, lateral 

;:md vertical components of the normalised velocity profile of a full-scale car measured during the 

experiments of Huggins er al. (2002). The velocity peaks in a car's slipstream ac:;sociated with the 

passing of \·vheels were recorded as the anemometers used in the tests were positioned close to 

the ground. From this it can be conjectured that the velocity peaks occurring along the main body 

of the full-scale passenger train (figure 2.1) arc due to the passing of the inter-carriage gaps. 
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Figure 2.4. Normalised velocity against normalised time for the slipstream of a model-scale lorry 

travelling at 30m/s (after Baker ei al., 2000). 
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Figure 2.5. Normalised velocity against normalised time for the slipstream of a full-scale car 

travelling at 1 8m/s (after Huggins et al., 2002). 
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2.3 Modelling a slipstream. 

As part of the project investigating the aerodynamic effects of high speed trains, Liao et al. 

( 1999) simulated the slipstream of a train using a Computational Fluid Dynamics (CFD) model. 

The results are used to compare the slipstream velocities by slipstream region, platform height 

and distance from the train side. They are also used to compare the slipstream of a streamlined 

train with that of a bluff-nosed, non-streamlined train. Figure 2.6 shows the results of the CFD 

model, presented in a plan view, for 0.762m and 1.524m above a platform by the side of a 

streamlined passenger train travelling at 67mfs (after Liao et al., 1999). Figures 2.6a and 2.6b 

show the results associated with a low and high level platfonn respectively. The results of the 

CFD model show that the wake is the significant region for a streamlined train, which agrees with 

the measurements of the full-scale experiments described by Liao et al. (1999). The CFD model 

of the bluff-nosed train predicts larger velocities around the nose and in the boundary layer than 

with the streamlined train, which also agrees with the experiments. However, the model predicts 

that the bluff-nosed train has higher slipstream velocities around the nose and in the boundary 

layer than in the wake, which does not agree with the experiments. During the full-scale tests it 

was observed that the wake of the bluff-nosed train extends by a greater lateral distance than 

predicted by the CFD model resulting in the maximum slipstream velocity occurring in the wake. 

There was little data available to model the bluff-nosed train and this is conjectured by Liao et al. 

( 1999) to contribute to the deficiencies in the CFD results of this particular train. The CFD model 

predicts lower levels of turbulence in the slipstream of the streamlined train than in that of the 

bluff-nosed train. Freightliners are bluff-nosed, non-streamlined vehicles, therefore, they would 

be expected to have larger slipstream velocities and levels of turbulence, and this agrees with the 
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findings of Temple and Johnson (2003), which show that freightliners have caused the most 

slipstream incidents on UK station platforms. The CFD model reproduces the full-scale 

measurements of Baker et al. (2000), Baker et al. (200 1) and Huggins et al. (2002) in that the 

slipstream velocities increase with increasing vehicle speed and decreasing distance from the 

vehicle side. It also shows that a low platform results in a more intense aerodynamic effect than a 

higher platform, which is verified by the full-scale experiments undertaken as part of the same 

project. Figure 2.6a shows that a higher wake velocity is associated with a smaller vertical 

position for a given lateral distance. This variation due to height may explain why a slipstream 

velocity peak at the rear of a train was recorded during the full-scale experiments of Johnson et 

al. (2004) but not in the model-scale tests of Baker et al. (2001), as the anemometers in the latter 

tests were positioned at a greater height. The CFD model predicts that high-speed trains generate 

slipstream velocities that routinely exceed the limits determined by British Rail for the safety of 

pedestrians and trackside workers, which are 25mph (11.2m/s) and 38mph (17.0m/s) 

respectively. Liao eta/. (1999) compare the predicted slipstream velocities to the Beaufort Scale 

in order to investigate the s1ipstream effects on a person. However, the Beaufort Scale relates to a 

sustained wind velocity and is not entirely appropriate for this use as a slipstream acts more like a 

gusty wind which has a greater effect on a person's stability than a constant wind. 
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Figure 2.6. CFD analysis results of the mean slipstream velocity of a passenger train travelling at 

67m/s (150mph) for 0.762m (2.5' ) and 1.524 (5') above the platform (after Liao et al., 1999). 
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A theoretical model of a vehicle's slipstream is developed in Sanz-Andres et al. (2004a) which 

assumes that the generated flow is a potential flow, with the emphasis being on the effect due to 

the vehicle' s nose. Sanz-Andres et al. (2004a) state that the resultant velocity of the longitudinal 

(in the direction of the vehicle motion) and the lateral (in the direction away from the vehicle's 

side) slipstream velocity components induced by a moving source in a ground-fixed reference 

frame is given by: 

Q 1 
u ::: ------= 

2n:N (x2 + y2)~ 
(2.1) 

where Q is the source flow rate (m3/s), xis the source position in a ground-fixed reference frame 

(i.e. the vehicle' s longitudinal displacement), y is the lateral distance from the vehicle centreline, 

and N is a constant which can be either 1 or 2 to denote two- or three- dimensional flow fields 

respectively. From this the resultant slipstream velocity normalised by the vehicle speed can be 

shown to be: 

1 WH 
U=---~-

4n: (T2 + Y2) 
(2.2) 

where W, H and Y are the vehicle width, vehicle height and lateral distance from the vehicle 

centreline, respectively, all normalised by the vehicle length; and T is the time normalised by 

vehicle speed and length. Equation (2.2) is derived in Appendix 1. 
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A theoretical model was developed by Baker and Sterling (2004) to reproduce the effects of high

speed train slipstreams on people standing on a station platform, and it is this model that forms 

the basis of the model developed in this thesis. However, in simulating train slipstreams, the 

model of Baker and Sterling (2004) has a number of deficiencies, including that it only simulates 

the slipstreams generated by the model-scale passenger train (Baker et al., 2001). Consequently, 

it does not reproduce the velocity peak which was measured at the rear of a full-scale passenger 

train; as this peak results in the largest slipstream velocity of a passenger train, the theoretical 

model underestimates the maximum force acting on a person due to a slipstream. Also, a 

freightliner generates larger slipstream velocities than a passenger train and so has the potential to 

cause a more dangerous environment than a passenger train; however, the model does not 

simulate this worse case scenario. In order to create a tool which can better investigate the effects 

of a slipstream on a person the model needs be able to simulate the slipstream of a full-scale 

passenger train and a freightliner, and the theoretical model presented in this thesis addresses 

these deficiencies. 

2.4 Pressure on people and objects. 

A number of experiments have been undertaken to measure the pressure changes on a person and 

an object due to a slipstream. Model-scale experiments described in Gerhardt and KrUger (1998) 

measured the transient pressure changes due to the passing of a train on a plate representing a 

person at various distances from the train side, and the model-scale tests of Cali and Covert 

(2000) investigated the slipstream effects of a vehicle on an overhead sign. The full-scale 

experiments of Robertson et al. (2004) investigated the slipstream effects of a light goods vehicle 
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(LGV) on an overhead sign, and the full-scale tests of Quinn et al. (200 1) measured the pressure 

changes on road signs due to the slipstreams of cars. AlJ of these show that there is a positive 

static pressure peak as the vehicle approaches followed by a larger negative pressure (suction) 

peak due to flow separation as the leading edge of the vehicle passes. The model train described 

in Gerhardt and KrOger (1998) consisted only of a train head, therefore, the experiments only 

investigated the pressure changes around the nose and front of a train. However, Cali and Covert 

(2000) and Robertson et al. (2004) looked at the pressure along the whole length of the vehicle, 

and recorded small suctions along the length of the vehicle. Robertson et al. (2004) recorded a 

small suction due to flow separation after the rear of the vehicle had past; however, Cali and 

Covert (2000) actually recorded a small positive pressure peak beyond the rear of the vehicle, but 

this was due to the wake interfering with the effect of the flow separation. Cali and Covert (2000) 

use a dimensionless force coefficient based on sign area and vehicle speed, and the experiments 

show that vehicle shape has a significant effect on the magnitude of the force coefficient, with the 

upstream and nose peaks being lower with a streamlined vehicle than with a more bluff bodied 

vehicle. The measurements in Gerhardt and KrUger (1998) give a pressure gradient which is 

twice as large as that considered dangerous to people during storms (Melbourne, 1978), and infer 

an allowable pressure gradient from Melbourne (I 978) which is calculated to occur at 2m from 

the tracks. Therefore, a safety zone within a lateral distance of 2m from the tracks is proposed. 
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Figure 2.7. Ensemble average vehicle force coefficient for pedestrian barriers (o perpendicular, • 

paraUel) (after Quinn et al., 2001). 

Full-scale tests undertaken on road signs and pedestrian barriers (Quinn et al. , 2001) show that 

the effect of a passing car is due to a static pressure pulse rather than being a slipstream gust 

effect. The static pressure acting on signs and barriers positioned perpendicular to the direction of 

travel increases slightly and then reaches a larger negative peak, i.e. is pushed in the direction of 

travel then pulled in the opposite direction. Barriers placed parallel to the direction of travel show 

a different pattern in that they are first pushed away from the car to a greater extent than those 

positioned perpendicular, then pulled towards the car with an approximately equal force. Figure 

2.7 shows the ensemble average vehicle force coefficient for pedestrian barriers, where the force 

coefficient is based on car speed and the area of the sign or barrier. The experimental results 

show that size, but not shape, of a sign or barrier has an influence on the force coefficient. The 
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force coefficients obtained by Quinn et al. (200 1) for the perpendicular signs and barriers, and 

those obtained by Cali and Covert (2000) for the overhead signs, have similar values. Cali and 

Covert (2000) suggest that the decay in the force coefficient is inversely proportional to the 

fourth power of the distance between the vehicle and sign, however, Quinn et a/. (200 1) suggest a 

decrease inversely proportional to the square of this distance. 

Sanz-Andres et al. (2003) use a theoretical model of the pressure changes to predict those 

occurring on road signs and pedestrian barriers and compare the prediction with the experimental 

results of Quinn eta!. (200 l ). The theoretical values of the eJapsed time between the two pressure 

peaks occurring on the signs and barriers positioned perpendicular to the direction of travel, and 

the elapsed time between the time origin and the first peak of the signs and barriers parallel to the 

direction of travel are compared with those of the measured data. The theoretical force 

coefficients are also compared with those of the experiments. The model predicts the shape of the 

force coefficient time history, the elapsed time and order of magnitude of the force coefficients 

associated with the road signs. The theoretical model of the pedestrian barriers also correctly 

predicts the shape of the force coefficient time history and the elapsed time between the time 

origin and the force coefficient peak; however, the predicted force coefficients are significantly 

larger than those of the experimental data for both perpendicular and parallel barrier positions. 

The theoretical model of Sanz-Andres et al. (2003) accurately predicts the force coefficient time 

history around the nose of the streamlined vehicle involved in the experiments of Cali and Covert 

(2000); however, it does not predict the pressure pulse measured after the rear of this vehicle. 

Sanz-Andres et al. (2003) conclude that the theoretical model gives a qualitative representation of 

the forces acting on road signs and pedestrian barriers due to the pressure pulse at the nose of a 
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vehicle, and a quantitative representation when the vehicle is streamlined. Sanz-Andres et al. 

(2004b) adapt the work ofSanz-Andres et al. (2003) to more accurately reproduce the forces on a 

pedestrian barrier parallel to the direction of vehicular travel. 

2.5 Gust effects. 

The transient nature of the aerodynamic effects of a train results in a person experiencing a 

slipstream as a sudden gust; however, there has been little work undertaken to investigate the 

effect a sudden gust has on a person. A gusty wind can affect a person's stability more than a 

wind with little turbulence, as shown by the experiments described in Hunt et al. (1976), and by 

the observations of Melbourne and Jourbert (1971 ). The experiments described in Hunt et al. 

(1976) involved people walking into a wind tunnel with a mean wind speed of 4m/s or 8.5m/s, 

with or without turbulence. The turbulence intensity was 0.13 and 0.12 with the mean wind speed 

of 4m/s and 8.5m/s respectively. These experiments show that people are deflected more when 

walking into a turbulent wind, as well as finding it more difficult to retrace their steps in a 

turbulent wind. Melbourne and Jourbert (1971) also observed that people struggle against gusty 

winds in the built envkonment, and remark upon two girls falling in the street when a wind speed 

of 12m/s rose to a maximum gust of23m/s. Murakami and Deguchi (1981) reproduced the effect 

of experiencing a sudden gust by having individuals walk out from behind a fence into the wind 

in a wind tunnel. The slats of the fence could be opened by various amounts, and the experiments 

showed that the largest deflections in the path of a person occurred when the slats were fully 

closed and, therefore, the change in wind speed experienced was the greatest. 
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2.6 Safe winds. 

Durov ( 1967) defmes a loss of balance of a person as occurring when the initial posture has to be 

altered so as to prevent falling; this change in posture could be the act of taking steps, moving the 

legs, etc. An unsafe wind speed is said to be one that causes a person to lose their balance. 

Temple and Johnson (2003) colJated from various literature the wind speeds at (and above) which 

a person can be blown over. This shows that there is a lower allowable wind speed for elderly 

people than for younger people (Bottema, 1992), and a lower allowable wind speed for 

passengers on a station platform than for trackside workers. From observations of people in the 

wind, including those made by Melbourne and Joubert (1971), Hunt et al. (1976) conclude that a 

steady uniform wind of less than 20-30m/s is safe for walking. When determining the gusty wind 

that is safe for walking they estimate an equivalent steady wind speed using a formula based on 

the mean wind speed and the turbulence intensity, and conclude that an equivalent steady speed 

of less than 20rnls is safe for walking. With a turbulence intensity of 0.13, as occurred in the 

experiments of Hunt et al. ( 197 6), the mean speed of the gusty wind would have to be less than 

l4m/s to ensure safety whilst walking. Hunt et al. (1976) also conclude that a non-uniform wind 

which varies by 70% over 2m should be less than l3-20m/s for safety. This work highlights that a 

sudden change in wind speed is more destabilising than a steady uniform wind. 

Acceleration, as well as the magnitude, of the wind speed affects a person's stability (Baker et 

al., 2001; Vuchic, 1981). Limiting accelerations of 0.61rnls2
, 0.54m/s2 and 0.43m/s2 cause a 

person to be destabilised by falling forwards, backwards and sideways respectively (De Graaf 

and Van Weperen, 1997). These values show that a person can withstand greater slipstream 
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accelerations when standing with their back to the oncoming flow than when facing it. The 

limiting acceleration values also show that a person standing side on to the flow can withstand 

the least amount of acceleration. However, as the projected area of a person side-on to the flow is 

smaller than that of a person either facing the flow or with their back to the flow, the force acting 

on a side-on person is smaller. This compensates for the lower tolerance of acceleration when 

side-on, and so standing facing the flow is the least stable orientation, as is shown in the 

experiments described in Chapter 4. 

Temple and Johnson (2003) identify sixteen incidents which occurred on a UK station platform 

due to the slipstreams of passing trains, including people nearly being swept off their feet by the 

slipstream of a freightliner. However, most of the incidents involved pusbchairs affected by a 

freightliner's slipstream. For example, a braked pushchair positioned 3m from the platform edge 

was drawn towards and hit a freightliner travelling at 70mph (3lm/s), the pushchair was then 

propelled along the platform and hit two people causing one to be injured. The incidents 

compiled by Temple and Johnson (2003) highlight the dangers associated with a train slipstream. 

2.7 Stabilityofaperson. 

A person needs to control their balance whilst standing when experiencing spontaneous postural 

sway and when subjected to an applied force. This balance control may involve changing the 

position of the body's centre of gravity without altering the base of support, e.g. by bending their 

legs, or increasing the base of support by either stepping or reaching out to grasp a rail etc. (Hsiao 

and Robinovich, 1999; Maki et al., 2003). 
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The experiments described in Laughton et al. (2003) show that postural sway is related to age, 

with elderly people swaying over greater distances than younger people. This larger sway is a 

factor in an elderly person's risk of falling. Laughton et al. (2003) recorded greater muscular 

activity in the elderly which is correlated to sway~ but does not conclude whether the increased 

muscular activity contributes to the decline in stabiJity or is activated to compensate for the 

instability. Mackey and Robinovich (2006) describe experiments in which individuals stood in an 

inclined position and contracted their ankle muscles in order to recover a vertical position. These 

experiments show that, compared to a younger person, an elderly person's reaction is slower and 

their ankle torque smaller. Also, the maximum angle of inclination that an elderly person can 

recover from is smaller. When a person was subjected to surface roll (lateral motion) and their 

support base was fixed, their response was dependent upon age (Allum et al., 2002). The young 

people involved in the experiments counterbalanced the motion by large movements of their 

trunk in the opposite direction to that of the fall. The middle.aged participants reacted similarly 

but with a smaller movement, whereas the elderly participants had the smallest movement due to 

their greater trunk stiffness. This resulted in a young and middle·aged person's trunk orientation 

being in the opposite direction to and away from the direction of the downwards surface. An 

elderly person' s trunk, however, was displaced in the direct ion of the fall , thereby increasing their 

risk of falling. The young and middle-aged people also made arm movements in the opposite 

direction to the downwards sutface to counterbalance the roll, but elderly people took their arms 

towards the direction of the fall in order to cushion themselves when falling which further 

increased their risk of falling. 
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When a person's balance is recovered by either stepping or grasping an object, there is a greater 

moment produced to counteract the falling motion due to an increase in the distance between the 

person' s centre of gravity and the point of rotation. Additionally, a person's base of support 

increases so allowing a greater distance for the centre of gravity to move without loss of stability. 

The balance recovery reactions of stepping and grasping provide a better means of stabilisation 

than just altering the position of the body's centre of gravity without altering the base of support 

(e.g. by bending the legs). The stepping and grasping reactions are initiated early and are a 

person' s preferred response mechanisms to loss of balance (Maid et al., 2003). When a person 

steps to prevent falling their step length increases with increasing perturbation and the time taken 

to complete the step decreases (Luchies et al., 1994; Hsiao and Robinovich, 1999). The step 

length of an elderly person is smaller than that of a younger person, and they rely more on multi

step responses (Hsiao and Robinovich, 1999). An elderly person is also more likely to grasp at an 

object in order to recover their balance; however, as with stepping, this action is slower for an 

elderly person than for a younger person (Maki et al., 2003). 

2.8 Biomechanical model. 

Previous work has been undertaken to develop a model of a person responding to a force. Mass

spring-damper models have been developed where the springs and dampers contribute stiffness 

and damping to the system. The stiffness is the resistance of the elastic components of a person's 

muscles to deflection and deformation (Wexler et al., 1997). The damping is the viscous 

resistance of the muscles which reduces the amplitude of the system' s oscillations (Martinet al., 

1994). Simple mass-spring-damper models consisting of an inverted pendulum with a mass-less 

2.26 



rod and a lumped mass representing the total mass of a person are used by, for example, Yu and 

Luo (2004). Mass-spring-damper models with more than one mass are also used for a variety of 

situations. Zong and Lam (2002), for instance, use a model with four masses to study the 

response of a seated person to ship motion due to an underwater explosion, whereas Nigg and Liu 

(1999) utilise a multi-mass model to investigate the muscle stiffness and damping of a runner. 

Matsumoto and Griffin (2003) develop a number of models with one or two masses representing 

a standing person subjected to vertical vibration in order to identify the most practical model. 

Whereas Matsumoto and Griffin (2003) only investigate the vertical stiffness and damping in the 

models, Kim et al. (2005) and Matsumoto and Griffin (200 1) consider both rotational and vertical 

stiffness and damping in their models of a seated person. All of these models represent the full 

body of a person except for the one developed in Zong et al. (2002) which only models a 

person's body between the head and pelvis. As the various models generally differ significantly it 

is difficult to compare the values of the stiffness and damping used, but one model developed by 

Kim et al. (2005) and one model of Matsumoto and Griffin (2001) are sufficiently similar to 

allow comparison. There are differences in values of stiffness and damping between these two 

models; for instance, the vertical stiffness of the buttocks is stated to be 0.905kN/m and 153kN/m 

in Kim et al. (2005) and Matsumoto and Griffin (2001) respectively. Also, the vertical damping 

of the buttocks is 47Ns/m and 3150Ns/m in Kim et al. (2005) and Matsumoto and Griffm (2001) 

respectively. This illustrates that there is a wide range of values for the stiffness and damping 

used in the various mass-spring-damper models of a person. 

A person's muscles are not able to react instantaneously when a person is subjected to an applied 

force, therefore, there is a short time delay from the start of the force and the inception of a 
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person's muscular response. Throughout this short duration a person's body is effectively a non~ 

responsive object. Fukuchi (1961) (cited in Johnson et al., 2004) takes a person's muscular 

response to start after 0.25s have elapsed since the application of the force, and that 63% of the 

response has developed after 0.375s. This concept that a person's response can be considered to 

be that of a simple solid object for the initial 0.375s is the basis of a model developed in Johnson 

et al. (2004) to reproduce the response of a person subjected to the slipstream of a high-speed 

train. In the model a rectangular cuboid represents a person which rotates about an axis when the 

force due to the slipstream results in a moment larger than the mass moment. The cuboid, and 

hence the person, becomes unstable when the centre of gravity moves beyond the axis of rotation. 

This model is further described in Section 5.2. A parametric analysis of the model, which uses a 

male standing facing into the slipstream as the base case, shows that a person's risk of losing 

their balance decreases with increasing body mass and decreasing height, and the most stable 

standing orientation is side-on to the oncoming flow. Clothing is also shown to affect a person ' s 

response, with an open coat resulting in an increased risk of a person losing their balance. Gender 

does not affect the response, however, a child is more susceptible to the effects of a slipstream 

than an adult 

The theoretical model developed by Baker and Sterling (2004) to reproduce the effects of a high

speed passenger train slipstream on a person at a station platform, and which forms the basis of 

the theoretical model developed in this thesis, models a person as a mass-spring-damper system. 

The model generates the same response for all people for a given weight, height, standing 

orientation and slipstream. However, an elderly person can be expected to have a different 

response to a train slipstream than a younger person but the model does not allow for this. Also, 
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the values of a person's stiffuess and damping are taken from one particular mass-spring-damper 

system of Matsumoto and Griffm (200 1 ), but there are other models to consider including those 

developed by other authors. Finally, most slipstream incidents involve pushchairs (Temple and 

Johnson, 2003), however, Baker and Sterling (2004) do not incorporate a pushchair's response 

into the theoretical model, but doing so would have allowed a more thorough investigation into 

the potential dangers of a train slipstream. The theoretical model presented in this thesis 

addresses these omissions. 

2.9 Knowledge gap and aim of research. 

The full~scale and model-scale experiments described in Johnson et al. (2004), Baker et al. 

(2001), and Temple and Dalley (2001) show that the slipstream velocity of a train increases 

rapidly at the train's nose, and that high velocities and turbulence levels can be associated with a 

slipstream. As a gusty wind can have a greater effect upon a person's stability than a steady wind 

it can be conjectured that a train slipstream will adversely affect the stability of a person standing 

by the side of a train. However, little work has been undertaken to simulate and qtiantify a 

person' s response to a train slipstream, and the current research aims to address this deficiency. 

Although Liao et al. (1999) develop a CFD model of a train's slipstream the turbulence, which is 

an important factor in the stability of a person, is not reproduced. Furthermore, the experiments 

of Gerhardt and Kruger (1998) only measured the pressure changes due to the slipstream 

occurring at a train's nose, however, high velocities and turbulence levels occur along the length 

of a train. The current research aims to develop a model to simulate the turbulent slipstream, and 
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hence the forces due to the slipstream, for the whole Jength of a train and into the wake. Johnson 

et al. (2004) develop a biomechanical model of a non-responsive object to simulate a person's 

displacement due to a force; however, the inception of a person's muscular response occurs soon 

after the nose of a high-speed train has past. Therefore, the complete simulation of a person's 

response to a train slipstream needs to incorporate the displacements occurring after the inception 

of the muscular response. The current research aims to reproduce the movement of a person 

before and after the inception of the muscular response. Although various models have been 

developed (for example, by Matsumoto and Griffin, 2003) which allow for the muscular response 

of a person, they are in relation to vertical vibration and do not investigate the response to a 

horizontal force such as that produced by a slipstream. The current research aims to address this 

and thereby simulate a person's response to the forces generated by a slipstream before and after 

the inception of the muscular response for the whole length of the slipstream. 

2.30 



CHAPTER3. 

MODELLING THE SLIPSTREAM OF A TRAIN. 

3 .1 Introduction. 

Previous experiments have measured the slipstream velocities of a full-scale passenger train 

(Johnson et al., 2004), a full-scale freightliner (Temple and Dalley, 2001), and a model-scale 

passenger train (Baker et al., 2001 ), as described in Section 2.2.1. These measurements are 

used in the development of the train slipstream model presented in this thesis in that the 

simulated slipstreams of the model are made to reproduce the measured slipstream velocity 

profiles as closely as possible. The technique of ensemble averaging is used in order to reduce 

the run-to-run variability of the measured and simulated slipstream velocity time histories, 

and hence facilitate comparison and modelling. The number of runs of an ensemble average 

for each train type depends upon the number of runs from the measured data that could be 

used in the analysis. The ensemble average of the simulated slipstream comprises the same 

number of runs of that of the measured data in order to facilitate comparison. Table 2.1 gives 

details of the trains, distances from the train side that the measurements were taken at, and the 

number of runs occurring in the ensemble averages. 

3.2 Investigating the velocity peak at the rear of the full-scale passenger train. 

The slipstream of a full-scale passenger train has a velocity peak immediately after the rear of 

the train, and in order to be able to model this velocity increase as accurately as possible a 

good understanding of what is happening within this region is required. Hence, this section 
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closely inspects the slipstream velocity around the rear of a full-scale passenger train. Figure 

2.1 of Section 2.2.1.1 gives the ensemble averaged normalised velocity profile at 0.75m from 

the side of a full-scale passenger train travelling along an open track at 69m/s. As with all 

subsequent slipstream velocity time histories, time is normalised by the train speed and the 

length of the train, so that the nose and the rear of the train pass at T = 0 and T = 1 

respectively. Figure 2.1 gives the resultant velocity, the u component of the velocity (the 

longitudinal velocity in the same direction as the train's motion) and the v component of the 

velocity (the lateral velocity in the direction away from the train side). Figure 2.1 shows that 

the velocity peak at the rear of the train is due to an increase in the u component of the 

slipstream velocity. 
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Figure 3.1. The normalised u component of the slipstream velocity of a full-scale 

passenger train travelling along an open track against Y for various T values. 

Figure 3.1 shows the normalised u component of the slipstream velocity plotted against Y, the 

distance from the track centreline normalised by train length, for various T values between 

0.90 and 1.03, i.e. at the rear of the train. Therefore, Figure 3.1 shows how the u component 

varies with distance from the track centreline around the rear of the train, and it can be seen 

that the u component decreases with increasing Y. When a boundary layer has become stable, 

i.e. is no longer developing, the velocity profile at a given Y can be expected to be identical 

for any value ofT. This is illustrated in Figure 3.1a, which pertains to 0.90 ~ T ~ 0.96, where 

the velocity profiles for each value ofT are similar at each Y value. However, Figure 3.1 b, 

which pertains to 0.97 ~ T ~ 1.03, illustrates that the velocity increases with Tat a given Y. 

This starts at T = 0.97, which is just before the rear of the train. This stability ofthe velocity 

profile followed by an increase in velocity for a given Y value is indicative of boundary layer 
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separation at the rear of the train and is the cause of the velocity peak. This boundary layer 

separation needs to be simulated in order to model the slipstream velocity peak at the rear of a 

train correctly. 

3 .3 The effect of height on slipstream velocities. 

As the slipstream velocities change with varying distances from the train side, it can be 

conjectured that the velocities also change with height above the ground. However, the full

scale passenger train experiments give only limited data that could be used in an investigation 

of the effect of height, and the full-scale freightliner and model-scale passenger train data only 

relate to one height. Therefore, an investigation of how slipstream velocities change with 

height cannot be satisfactorily undertaken, and consequently the model assumes that the 

velocities do not alter with height. 

3.4 Theoretical modelling of the slipstream. 

Section 2.2.1 identifies specific flow regions associated with a train slipstream, and the fluid 

dynamics theory related to the upstream, boundary layer and wake regions form the basis of 

the theoretical slipstream model. A theoretical vortex is developed to simulate the velocity 

peak due to boundary layer separation at the rear of the full-scale passenger train. The wake is 

delayed until T = 1.5 and a transitional region exists between the region around the rear of the 

train and the wake. Each of the flow regions is considered separately and then combined to 

form the entire continuous flow field around a train. This process results in a mean velocity 

time history, and the turbulence-induced fluctuations are incorporated into the model by the 
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use of a modified autoregressive model. A complete derivation of the equations used in the 

slipstream model is given in Appendix 1. 

3.4.1 Mean velocities. 

3.4.1.1 Upstream region. 

The slipstream velocities associated with the region immediately upstream of the train (T :::; 0) 

are essentially inviscid and are modelled using potential flow theory as adapted by Sanz-

Andres et al. (2004a), which is described in Section 2.3 and given in equation (2.1). The 

parameter N of equation (2.1) takes the value of two in the model in order to reproduce the 

three-dimensional flow of a slipstream. The resultant of the longitudinal (in the direction of 

the vehicle' s motion) and lateral (in the direction away from the vehicle side) slipstream 

velocity components normalised by train speed can be shown to be: 

1 WH 
U= 

4n (T2 + Y2 ) 

(3.1) 

where W, H and Y are . the train width~ train height and lateral distance from the train 

centreline, respectively, all normalised by the train length. T is the normalised time. The 

maximum value of U occurs when the value of T2 + Y2 is at a minimum, which is when T 2 

is at a minimum for a given value of Y2 , i.e. when T = 0. Hence there will be a velocity peak 

generated at T = 0, so reproducing the measured slipstream velocity profiles. Equation (3 .1) is 

derived in Appendix 1. 

3.5 



Sanz-Andres eta/. (2004a) use the potential flow theory to try to predict the pressure due to a 

slipstream along the whole length of the vehicle and beyond, although they recognise that the 

main contribution of the potential flow theory lies around the vehicle nose. Therefore, the 

model uses the potential flow theory for the entire length of the generated slipstream, although 

its contribution to the normalised velocity is negligible beyond the train's nose. 

3.4.1.2 Boundary layer region. 

The flow along the main body of the vehicle (0 ~ T ~ 1) is assumed to approximate the flow 

along a flat plate. Hence, the velocity profile of this region is, in part, obtained from the 

boundary layer theory of a flat plate (Duncan et al., 1970). The normalised slipstream velocity 

can then be given as: 

1 
(n+1) ( W)n 1 2 

U = 1-T n(n+3) Y- z AnRe1l(n+3) 

(3.2) 

where T, Y and Ware as for equation (3.1) andRe is the Reynolds Number defmed as~ with 
v 

V as the train speed, L as the length of the tr~ and v as the kinematic viscosity of air which, 

n+Z +3 -- (n+3) 

[ 

zn l(n+t) 

for the current work, is taken as 1.46x10-5m2/s. A_ is defined as < ~n ) C
1 

Cn+t) , where 

n and C1 are constants dependent upon the train type and distance from the train side, the 

values of which are given in Section 3.6. Note that Y- ~is the normalised lateral distance 
2 

from the train side. Equation (3.2) is derived in Appendix 1. 
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The potential flow theory is used in conjunction with the boundary layer theory for the region 

along the main body of the train. Equation (3.3) is a combination of equations (3.1) and (3.2), 

and gives the complete normalised slipstream velocity equation used in the model for the 

region where 0 ~ T ~ 1. 

1 
(n+1) ( W)n 1 2 1 WH 

U = 1 - T n(n+3) y - _ A -nRen(n+3) + --,_.--...,.... 
2 4rr (T 2 + Y2 ) 

(3.3) 

It must be noted that the potential flow theory (equation (3.1)) results in a velocity that is at a 

varying angle to the side of the train, whereas the boundary layer theory (equation (3.2)) 

results in a flow that occurs in the same direction as the motion of the train. Therefore, the 

velocities due to the two theories act in different directions. However, the longitudinal 

component of the velocity dominates the flow along the main body of the train, as shown by 

Figure 2.1, hence the boundary layer flow dominates and the contribution of the potential 

flow theory is negligible. As the motivation behind the creation of the slipstream model is its 

application to person and pushchair stability (which Chapters 5 and 8 show is related to the 

square of the resultant velocity), it is felt that the engineering approximation of the 

combination of the two equations is justified in this context. 

The constants n and C1 influence both the first and final sHpstream velocity of the boundary 

layer region and consequently the shape of the mean boundary layer velocity profile. An 

increase in n results in a larger first boundary layer velocity and a smaller final boundary 

layer velocity. An increase in C1 reduces both the first and final velocities. Therefore, the 
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values of n and C1 are chosen in combination to generate the correct magnitude and shape of 

the boundary layer velocity profile. 

3.4.1.3 Velocity peak at the rear of the train. 

The model simulates the boundary layer separation occurring at the rear of a full-scale 

passenger train by generating a vertical cylindrical vortex immediately behind the train in the 

wake. The vortex has a diameter equal to half the train's wid~ and is positioned so as to 

occupy half the width of the train, as illustrated in Figure 3.2. The effect of the vortex is 

modelled to last for the diameter of the vortex, as indicated in Figure 3.2 by the 'zone of 

vortex influence'. 

Zone of 
vortex 
influence 

Figure 3.2. Plan view of the rear of the train with an idealised embedded vortex. 

From a maximum at the circumference of the vortex, the normalised velocity decays 

exponentially outside the vortex, so that: 
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(3.4) 

where Umax is the normalised slipstream velocity at the circumference of the vortex, B is a 

decay constant; and R, X, and Yv are the vortex radius, the longitudinal distance from the 

centre of the vortex, and the lateral distance from the centre of the vortex respectively, all 

normalised by the train length. X has a negative value if the point lies between the rear of the 

train and the vortex centre. Figure 3.3 gives the plan view of the vortex. Due to the size and 

the position of the vortex, everyone standing by the side of the train is outside of the vortex 

and so subjected to the decaying velocity. The term .J (X2 + YJ) - R in equation (3.4) allows 

the model to generate a normalised slipstream velocity depending upon the distance beyond 

the vortex's circumference at which a person is standing. As the velocity peak at the rear of a 

train was only recorded during the full-scale passenger train tests the vortex is not 

incorporated into the simulated slipstream of a freightliner or a model-scale passenger train. 

Position of person 

Figure 3.3. Plan view of the vortex. 
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The vortex model reproduces the mean characteristics of the slipstream velocity at the rear of 

a passenger train, with the velocity increasing at T = 1 which reaches a peak a little after T = 1 

and then decays after the rear of the train has past During the development of the theoretical 

model a Rankine vortex with linear velocity decay outside the circumference was also tested, 

but was rejected as no combination of the decay constants was found that generated the 

correct maximum velocity magnitude for all lateral distances from the train side. 

3.4.1.4 Transition. 

The final simulated velocities of the full-scale passenger train's vortex, the freightliner's 

boundary layer, and the model-scale passenger train's boundary layer are higher than the first 

simulated wake velocity. Therefore, the onset of the wake is delayed until T = 1.5, and a 

transitional region is assumed to exist before the wake region. As no theory exists to 

detennine the velocities in this region, a quadratic equation is devised to connect the wake to 

the vortex or boundary layer in this transitional region: 

(3.5) 

where T w is the normalised time at the start of the wake region, i.e. T w = 1.5, and TE is the 

normalised time at the end of the vortex or the boundary layer region. T E = 1 for the full-scale 

freight and model-scale passenger trains as this relates to the end of the boundary layer 

region, and TE for the full-scale passenger train relates to the end of the vortex which is 

dependent upon the diameter of the vortex which in turn is dependent upon the train width. 
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3.4.1.5 Wake region. 

From the expression given by Baker (2001) the decay in the normalised resultant of the 

longitudinal and lateral velocity components in ground vehicle wakes, U, can be shown to be: 

(3.6) 

where H, T, and Yare as for equation (3.1) and Tw as for equation (3.5). The parameters a 

and p are decay constants and take the values of 2.5 and 1 respectively based on work 

undertaken in Baker (2001). Note that as T increases U decreases. Equation (3.6) is derived in 

Appendix 1. Incorporating potential flow theory, the full equation for the normalised velocity 

in the wake becomes: 

3.4.1.6 Combining the theories of the flow regions. 

Combining equations (3.1), (3.3), (3.5) and (3.7) gives the mean flow field around the full-

scale freightliner and the model-scale passenger train. With the addition of equation (3.4) to 

generate a vortex at the rear of the train the mean flow of the full-scale passenger train is also 

simulated. Figure 3.4 shows the simulated mean normalised flow of the slipstream at 0.57m 

from the side of a full-scale passenger train travelling at 5lm/s past a station platform. The 
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nose and the rear of the vehicle pass at T = 0 and T = 1, respectively. Figure 3.4 illustrates 

that the slipstream model generates a continuous flow, and that the flow regions identified 

from the experimental data are reproduced, i.e. velocities increase upstream of the train 

reaching a peak at the train nose, a boundary layer develops with increasing velocities along 

the train side, a peak occurs at the rear of the train, and the velocities decay gradually in the 

wake. Although the general mean profile of the flow is reproduced, the turbulence-induced 

velocity fluctuations are absent. 
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Figure 3.4. Simulated mean normalised velocity time history of the slipstream at 0.57m from 

the side of a full-scale passenger train travelling at 51m/s past a station platform. 

3. 4.2 Reproducing turbulence. 

A slipstream with a high level of turbulence will have larger velocities and larger changes in 

velocity than a slipstream with the same mean flow but a low level of turbulence. Thus, a 
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person subjected to a high level of turbulence will be exposed to larger applied forces and 

greater gustiness. This will increase their risk of losing their balance; therefore, it is important 

that turbulence is incorporated into the slipstream model to enable a person's response to be 

reproduced accurately. 

3.4.2.1 AR modelling. 

An adapted autoregressive (AR) model is used to incorporate the turbulence-induced velocity 

fluctuations into the slipstream modeL In general, an AR model is a mathematical model of 

the autocorrelation in a time series, which is the correlation of the values of a time series with 

previous values of the same series. The AR model expresses a value of a time series as a finite 

linear function of its previous values along with one white noise term, i.e.: 

(3.8) 

where Xt is the current value of a time series, p is the order of the AR model, cp is an AR 

coefficient, and at is the white noise term (see Box and Jenkins, 1970). An AR model is used 

to forecast a stationary time series, i.e. a stochastic time series with a probability distribution 

that is the same at all the times so that the mean and variance do not change with time. 

However, the turbulence-induced velocity fluctuations within a slipstream vary with time, for 

example the boundary layer region has greater levels of turbulence than any other region, and 

the turbulence in the wake decays with time. In order to reproduce the turbulence-induced 

velocity fluctuations an AR model of order two is modified as follows: 
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(3.9) 

where Vis the fluctuating normalised velocity, U is the normalised mean velocity, and at and 

cf> are as for equation (3.8). Therefore, the AR model is based on previous fluctuating 

normalised velocities minus previous normalised mean velocities. The values of 4J1 , 4:lz and 

¢ 3 depend upon the slipstream region, and 4J3 is dependent upon the lateral distance from the 

train side. The white noise term in an AR model is random in time, normally distributed and 

with a mean value of zero. In the AR model used by the slipstream model the standard 

deviation of the white noise term is of the value one. The AR coefficients of ¢ 1 and ¢ 2 affect 

the slipstream's larger scale turbulence, and as ¢ 3 is associated with the white noise term it 

affects the magnitude of the smaller scale turbulence. In order to correctly model the 

turbulence-induced velocity fluctuations the order of the model (in this case two) needed to be 

identified and the AR coefficients estimated. Box and Jenkins (1970) describe a method using 

plots of the autocorrelation functions and partial autocorrelation functions to identify the order 

of the AR model. However, as the AR model is modified this method has not been adopted, 

instead the order and values of the AR coefficients are obtained by a process of trial and 

improvement, and by using the technique of wavelet analysis to examine the frequency 

domain to check that the correct energy distribution has been produced. The technique of 

wavelet analysis is appropriate as the slipstream model needs not only to have the correct 

velocity time history but also a realistic energy distribution in the frequency domain, i.e. 

realistic turbulence. 

The simulated mean velocity at 0.57m from the side of a full-scale passenger train travelling 

at 5lm/s past a station platform is given in Figure 3.4, and Figure 3.5 shows how 
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incorporating the AR model into the slipstream model results in the generation of the 

turbulence-induced velocity fluctuations of a slipstream. 
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Figure 3.5. Simulated normalised ensemble average velocity time history with turbulence of 

the slipstream at 0.57m from the side of a full-scale passenger train travelling at 51m/s past a 

station platform. 

3.5 Investigating the frequency domain of a train slipstream velocity fluctuation. 

The frequency domain of a train slipstream needs to be investigated in order to determine if 

the turbulence-induced velocity fluctuations of the slipstream are simulated correctly by the 

AR model. The mathematical techniques of Fourier analysis and wavelet analysis are 

described in Sections 3.5.1 and 3.5.2 respectively. Wavelet analysis has an advantage over 

Fourier transforms in that it is suitable for investigating non-stationary signals, such as that of 
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a train slipstream; therefore, this method is used to investigate the frequency domain of a train 

slipstream in the current research. 

3.5.1 Fourier analysis. 

Fourier analysis transforms a signal from being time based to frequency based. This is 

achieved by expressing the signal as a series of sinusoids of different frequencies. A drawback 

of Fourier analysis is that time information is lost when transforming to the frequency 

domain, therefore, the time when a signal event occurred is unknown. This is not particularly 

important with a stationary signal, but the Fourier analysis is not suitable for detecting non

stationary characteristics. An improvement can be made by adapting the Fourier transform so 

that small time sections, or 'windows', of the signal are analysed separately, this gives some 

information on when a signal event occurs. However, the windowed Fourier analysis can 

determine the frequencies inaccurately as the size of the window is the same throughout the 

analysis. For instance, if the window is too large then high frequencies of the signal can be 

mistaken for lower frequencies. The accuracy would be improved by a method that utilises a 

varying window size, so that a large and small window could be used when information on 

low-frequencies and high-frequencies are required respectively. Such a method is wavelet 

analysis which breaks down a signal into a time and frequency space simultaneously. 

3.5.2 Wavelet analysis. 

A wavelet is a mathematical function that resembles a small waveform and is of finite length 

and zero mean amplitude. In a wavelet analysis, the wavelet's scale is varied by changing its 
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width, and for each scale the wavelet is shifted (translated) along the signal, so that a number 

of translations occur for each scale. This results in a relationship between amplitude, scale and 

time of the signal. The wavelet function used in the current research uses a Morlet wavelet, 

which is a sine curve modified by a Gaussian curve, and shown in Figure 3.6. Figure 3.6, after 

Wikipedia (2007a), shows the Morlet wavelet in the time domain, with the horizontal axis 

corresponding to time and the vertical axis to amplitude normalised by the greatest amplitude. 
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Figure 3.6. Morlet Wavelet (after Wikipedia, 2007a). 

As it is the wavelet power spectrum of the slipstreams that is used to compare the simulated 

and measured train slipstreams then the particular wavelet function is not critical (Torrence 

and Compo, 1998). Therefore, a Morlet wavelet is chosen as it is commonly used and 

relatively simple. The equation of the Morlet wavelet is given by: 
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(3.10) 

where ljJ0 (77) is the wavelet functio14 17 =!a non-dimensional time parameter with t and s as 
s 

the time and wavelet scale respectively, i is the imaginary unit (Fi), and w0 is the non-

dimensional frequency. Equation (3.10) gives the mother wavelet, which is then scaled, 

translated and normalised: 

(3.11) 

where ot is the sampling time interval of the signal, and n and n' are the time indices along 

which the translation occurs with n = 0 ... N - 1, e.g. if n = 0 then events at the beginning of 

1 

the signal are investigated. si normalises the scaled and translated wavelet so that the total 

energy is constant, and the subscript 0 is removed to show that the wavelet function is 

normalised. 

A continuous wavelet transform of a signal is: 

~ [(n'-n)ot] 
Wn(s) = ~ Xn•l/J * s 

n =O 

(3.12) 

where Xn is the signal, N is the number of data points in the time series, and the asterix ( *) 

denotes the complex conjugate, i.e. the negation of the i term to - i. The wavelet transform 

can be computed in the time domain directly from equation (3.12); however, it is simpler and 
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faster to undertake the wavelet transform in Fourier space using the Fast Fourier Transform. 

The Fourier transform is taken of equation (3.12) and then the inverse Fourier transform is 

taken, thus the wavelet transform is: 

(3.13) 

where FFT-1 indicates that the inverse Fast Fourier Transform is taken of the product within 

the brackets, k = 0 ... N- 1 is the frequency index, xk is the discrete Fourier transform, the 1\ 

indicates the Fourier transform, and W~c is the angular frequency. The discrete Fourier 

transform of the signal, x", is given by: 

N-1 

xk = ~ L Xne-2n:ikn/N 

n==O 

At each scale, s, the wavelet function is normalised to have unit energy, so that: 

With the Fourier transform of the Morlet wavelet function being: 

(3.14) 

(3.15) 

(3.16) 
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where H ( w) is the Heaviside step function. H ( w) = 1 if w > 0, H ( w) = 0 otherwise. Each 

of the unsealed $0 are normalised to have unit energy: 

and the angular frequency is: 

{ 

2nk 

w = Not' 
k 2rck 

---
Not' 

N 
k<-z 

N 
k>-

2 

(3.17) 

(3.18) 

The wavelet power spectrum is defined as the square of the absolute value of the amplitude of 

the wavelet transform, i.e. 1Wn(s)l2 . A plot of the wavelet power spectrum in a scalogram 

gives the relationship between power (energy per unit time), wavelet scale and time, see 

Section 3.5 .2.2. 

3.5.2.1 Values of the wavelet function parameters. 

In order to calculate the wavelet power spectrum of both the simulated and measured train 

slipstreams the correct values of the parameters involved in the wavelet analysis need to be 

detennined. The value of w0 is 6 to ensure admissibility of a Morlet wavelet (Farge, 1992). 

The relationship between the equivalent Fourier period, il., and the wavelet scale, is: 
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(3.19) 

with w0 = 6, equation (3.19) becomes it= 1.03s. Therefore, the Morlet wavelet scale is 

approximately equal to the Fourier period. In order to satisfactorily sample all the frequencies 

within the slipstream velocity time series the smallest wavelet scale, s0 , takes a value so that it 

is approximately 2ot. As it and s are approximately equal, the value of s0 is such that: 

so= 2ot (3.20) 

The angular frequency, w, relates to the frequency, f, by the relationship w = 2rrf. The 

parameter otis normalised in the wavelet analysis undertaken on the train slipstreams so that 

8T is actually used, thereby corresponding to the normalised time used to present the 

slipstream data. 

3.5.2.2 Wavelet power spectra. 

The wavelet analysis described in Section 3.5.2 gives the relationship between the wavelet 

power spectra, wavelet scale and time which can be represented in a contour plot referred to 

as a scalogram. Figure 3. 7 gives an example of such a scalogram and was produced by using a 

program on the website of the University of Colorado (Torrence and Compo, n.d.). This 

figure is for a single measured slipstream at 0.57m from the side of a full-scale passenger train 

travelling past a station platform at 5lm/s. Figure 3.7 shows the normalised time, T, the 

wavelet scale (which is dimensionless as it is based on normalised time), and the power 

(which is also dimensionless as it is based on normalised velocity). In Figure 3.7 the highest 
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powers are associated with the largest scales, i.e. the lowest frequencies, and not in the high 

frequency turbulence. However, there is an increase in the energy in the smaller scales for 

0 ~ T < 1, therefore, the scalogram shows that there are greater turbulence levels in the 

slipstream along the main body of the train, i.e. in the boundary layer. This agrees with the 

normalised slipstream velocity time history of Figure 2.1. 
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Figure 3.7. Wavelet scalogram of the measured slipstream at 0.57m from the side of a full-

scale passenger train travelling at 5l m/s past a station platform. 

Further investigation is carried out by effectively taking a vertical slice from a scalogram at 

any particular time so giving the relationship between the dimensionless power and the 

dimensionless wavelet scale for that time. Using equation (3.19) the equivalent Fourier 

period, and hence frequency, can be calculated for each of the wavelet scales. The relationship 

between power and frequency can be seen in a power spectra plot, the curve of which is 

analogous to spectra obtained from Fourier transform techniques, and an example of such a 

plot is given in Figure 3.8. The two curves of Figure 3.8 illustrate the ensemble average of the 
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data from eleven scalograms at T = 1 for simulated and measured train slipstream data. The 

slipstreams occur at 0.57m from the side of a passenger train travelling at 5l m/s past a station 

platform. The horizontal axis of Figure 3.8 is the frequency (which is dimensionless as it is 

based on normalised time), and the vertical axis is the dimensionless power, both axes have a 

logarithmic scale. Figure 3.8 illustrates that for this particular train type, train position, train 

speed, distance from the train side, and T value, the measured and simulated slipstream power 

is similar for each frequency. The exception to this is at the lowest frequency, i.e. the largest 

scale. This shows that the slipstream model does not generate the largest scale turbulence

induced fluctuations as accurately as the smaller scale fluctuations. Also, the power of the 

measured and simulated slipstreams diverge at the highest frequencies, indicating that the 

slipstream model does not reproduce the smallest scales of turbulence as accurately as the 

larger scales (except the largest scale). However, the difference between the power of the 

simulated and measured slipstreams at the higher frequencies is not as great as that at the 

lowest frequency. Therefore, the slipstream model generates a realistic flow except at the 

largest scale for this particular train setup and value of T. 
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Figure 3.8. Wavelet spectra plots of the measured and simulated slipstreams at T = 1, 

0.57m from the side of a full-scale passenger train travelling at 5 hnls past a station 

platform. 

3.5.2.3 Model validation. 

The slipstream model needs to accurately simulate a train slipstream in order to be a useful 

tool, with the magnitudes of the simulated velocities being the same as those determined from 

experiment. The method of quantifying the goodness-of-fit of the model has to be carefully 

selected as some methods have limitations that allow a poor model to be described as good. 

'f.~ (M·-M)(S·-S) 
For example, the Coefficient of Determination is N 

1=~ 
2 

1
0 .5 N 

1 

2 0 _5 , where M and S 
('f.i=l (M,- M) ) ('f.i=l (Si-S) ) 

refer to the measured data and simulated data respectively, and the overbar refers to the mean 

of the data (Legates and McCabe, 1999). This validation method is not sensitive to 

proportional or additive differences between the measured and the simulated values. 

Therefore, if the power of the simulated data at each frequency was a hundred times greater 
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than that of the measured data the Coefficient of Determination would describe the two sets of 

data as a perfect match. As the slipstream model needs to both reproduce the correct 

slipstream velocity magnitudes and the slipstream region that they occur in, the Coefficient of 

Determination is not a reliable assessment of accuracy. The Index of Agreement (d), which is 

the average relative error between the measured and simulated values, was developed by 

Willmott ( 1981) to overcome the deficiencies of such validation methods as the Coefficient of 

Detennination, and is given by equation (3.21). The value of d varies between 0 and 1, which 

correspond to a poor model and a perfect model respectively. 

(3.21) 

This method of validation is used to analyse the accuracy of the slipstream model in both the 

time and frequency domains. 

3.6 Modelling the slipstream of various train types. 

This section shows how the model reproduces the slipstreams of the various train types that 

were measured during the full-scale and model-scale experiments. The details of the trains are 

given in Section 2.2. The relevant fluid dynamics theories are utilised by the model, and the 

parameters of n and C1 of the boundary layer equation (equation (3.2)) are determined for 

each train type, as well as the parameters Umax and B of the vortex equation (equation (3.4)) 

when modelling the full-scale passenger train. The dimensions of each train type are 
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incorporated into the model as train shape has been found to affect the slipstream velocities 

(see Section 2.2.2). 

3.6.1 Full·scale passenger train. 

3.6.1.1 Mean velocity. 

In order to simulate the mean slipstream velocities of a full ·scale passenger train the theories 

of potential flow, boundary layer growth and wake decay are used along with the equations 

for a vortex at the rear of the train and a transitional region between the vortex and the wake. 

The tapering of the locomotive's nose is modelled as it affects the velocity peak at the train's 

nose. A plan of an ICE2 train, including its tapering nose, is given by Kohler (2001) and is 

used to model the tapered region. Although the plan specifies neither the width of the train's 

nose at its narrowest nor the length of the tapered region, these can be approximated from the 

plan using the known width of the main body of the train (3.07m). The narrowest width of the 

train's nose is half the width of the main body of the train. The tapering nose width is 

approximated by using the average nose width along the full length of the nose, and is 

therefore three quarters of the width of the main body of the train, i.e. 2.303m. The ratio of the 

nose length to the width of the main body of the train is 0.5173, therefore, the nose length is 

l.588m. The tapering of the width of the train's nose results in a smaller normalised velocity 

peak in this region than would have occurred if the tapering had not been modelled. The 

height of the train nose also tapers; however, when this was also reproduced in the slipstream 

model the normalised velocity peak at the train's nose was too low, i.e. smaller than the 
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measured normalised velocity nose peak of the full-scale tests. Therefore, only the tapering 

nose width is modelled. 

The constants nand C1 in the equation for the boundary layer growth along a flat plate were 

originally taken to depend upon the Reynolds Number, as described for flow in pipes by 

Duncan et al. (1970). However, this method neither reproduces the shape of the velocity time 

history of the boundary layer growth nor the velocity magnitudes in this region. Therefore, a 

trial and improvement approach is taken to identify the values of the constants that, in 

combination, generate the correct velocity time history along the main body of the train. The 

values of n and C1 used to model a full-scale passenger train have an approximate linear 

relationship with the distance, in metres, from the side of the train (y5 ). For the train passing 

by a station platform the parameters used in the model are given by: 

n = 56.153y5 + 2.237 

cl = 12ys + 5.160 

For a train travelling along an open track the parameters are given by: 

n = 28.8y5 + 5.8456 

cl = 8.4903ys + 2.5631 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

The values of n and C1 increase with increasing y5 , and C1 is greater for a passenger train 

passing a station platform than when travelling along an open track. Varying the boundary 

layer parameters in this manner is an arbitrary allowance made in order to fit the two-
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dimensional boundary layer theory to a three-dimensional reality. Although n and C1 have 

roots in boundary layer theory, in the current work they are considered as 'curve fit' 

parameters, and so are altered to reproduce the shape and magnitude of the velocity profile 

along the main body of a train. 

In order to generate a vortex at the rear of the train which produces the correct velocity peak 

magnitude in this region a trial and improvement process was used to determine the 

appropriate values of the constants B and Umax· With a full-scale passenger train, B = 284, 

and Umax is 35% and 50% of the speed of the train passing by a station platform and 

travelling along an open track respectively. 

3.6.1.2 Turbulence. 

The AR coefficients used to simulate the turbulence-induced velocity fluctuations within the 

full-scale passenger train's slipstream are given in Table 3.1. The values of ¢ 1 and ¢ 2 do not 

change with y5 , whereas ¢ 3 decreases with increasing Ys reflecting the reduction in the 

magnitude of the turbulence levels as the distance from the train side increases. The value of 

</J1 is the same for both the train passing a station platform and travelling along an open track, 

except along the main body of the train where the value of 4J1 is greater at a station platform. 

This is also the case with 4J2 • The values of l/J3 are smaller with a train passing a station 

platform than with a train travelling along an open track for all of the slipstream regions, 

except upstream and around the train nose. Hence, there are smaller turbulence magnitudes in 

the slipstream of a train passing a station platform. The differences between the slipstreams of 

a train travelling along an open track and passing a station platform are likely to be due to the 
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interaction of the platform with the slipstream, with the exposed bogies of a train travelling 

along an open track increasing the aerodynamic roughness of the train. The values of C/>3 are 

the same for both train types upstream and around the train nose as the turbulence levels in 

this region are very small for both train types. The largest values of ¢ 3, and hence the largest 

turbulence magnitudes, occur along the main body of the train reflecting the large turbulence 

levels measured in the boundary layer as described in Section 2.2.1.1. The next largest values 

of ¢ 3 occur in the vortex and transition region, then in the wake region, and finally in the 

upstream and nose region. 

The values ofy5 associated with cf>3, as given in Table 3.1, are based upon the Ys values that 

the slipstream measurements were taken at during the full-scale tests. For example, at Ys = 

0.57m and Ys = 1.07m, the ¢ 3 values used along the main body of a train passing a station 

platform are 0.03 and 0.015 respectively. When Ys is 1.57~ 2.07m, 2.57m and 2.97m, ¢ 3 = 

0.0113. Thus, in the model C/>3 = 0.03 when Ys ~ 0.75m, ¢ 3 = 0.015 when 0.75 < Ys ~ 0.125m, 

and ¢ 3 = 0.0113 otherwise. In this example, the limiting Ys value of 0.75m is chosen as it lies 

between the distances of 0.57m and 1.07m used in the full-scale tests; similarly, the limiting 

Ys value of 1.25m lies between the distances of 1.07m and 1.57m used in the full-scale tests. 
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Region of train ¢ AR coefficient values 

Train travelling past a station Train travelling along an open 

platform track 

Upstream and around 4h 0.5 0.5 

nose ¢2 0.2 0.2 

¢3 0.003 ify5 :5 0.75m, 0.003 ify5 :5 0.5m, 

0.0017 otherwise 0. 00 17 otherwise 

Main body ¢1 0.35 0.3 

¢2 0.55 0.5 

¢3 0.03 ify5 :5 0.75m, 0.08 if Ys :S 0.5m, 

0.015 if0.75m < Ys :S 1.25m, 0.045 if 0.5m < Ys :S lm, 0.0225 

0.0113 otherwise otherwise 

Vortex and transition ¢1 0.5 0.5 

¢2 0.2 0.2 

¢3 0.0141 ify5 :5 0.75m, 0.025 if Ys :S 0.5m, 

0.007 otherwise 0. 0 141 otherwise 

Wake ¢1 0.65 0.65 

¢2 0.1 0.1 

¢3 0.0039 if Ys :S 0.75m, 0.007 if Ys :5 0.5m, 

0.002 otherwise 0.0039 otherwise 

Table 3.1. AR coefficients used to simulate the turbulence within the slipstream of the full

scale passenger train. 
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3.6.1.3 Simulated velocity time histories. 

Figure 3.9 shows both the simulated and measured normalised ensemble averaged slipstream 

velocity profiles of a full-scale passenger train passing by a station platform at Slm/s at 

various distances from the train side. Figure 3.10 shows the simulated and measured 

normalised ensemble averaged slipstream velocity profiles when the train is travelling along 

an open track at 69m/s. The normalised velocity upstream of the trains involved in the full 

scale tests was not zero; therefore, there was an ambient wind velocity during the tests that is 

not reproduced by the model. The ambient normalised wind velocities were 0.03 and 0.02 for 

the train passing a station platform and travelling along an open track respectively. Hence, the 

magnitudes of the simulated normalised velocities are less than those of the measured 

normalised velocities by this amount, and this needs to be taken into consideration when 

comparing the simulated and the measured normalised velocity profiles. 

Figures 3.9 and 3.10 show that the general shape and velocity magnitudes of the measured 

slipstreams are reproduced in the simulation. The two main points of reference for 

comparison are the maximum values of the normalised velocity peaks at the nose and the rear 

of the train, and Tables 3.2 and 3.3 give the magnitudes of these peaks for a train passing a 

station platform at 51rnls and along an open track at 69m/s respectively. The peaks measured 

during the full-scale tests are reduced to remove the ambient wind velocity associated with 

each train. Tables 3.2 and 3.3 also give the percentage difference between the simulated and 

measured normalised velocity peaks, where a negative percentage difference reflects that the 

~imulated velocity peak is less than that of the measured slipstream, and vice versa. 
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Figure 3.9a. Simulated normalised slipstream at Ys = 0.57m. 
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Figure 3.9c. Simulated normalised slipstream at Ys = 1.07m. 

2 

2 

?;
u 
0 
'ii 
> 
'tl 
~ 
.!! 
ii 
E 
0 
z 

-0.5 

0.6 

0.5 

0.4 

0.3 

~ 
u 

0 0.5 1.5 
Normalised time 

Figure 3.9b. Measured normalised slipstream at Ys = 0.57m. 
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Figure 3.9d. Measured normalised slipstream at Ys = 1 .07m. 
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Figure 3.9e. Simulated normalised slipstream at Ys = 1.57m. Figure 3.9f. Measured normalised slipstream at Ys = 1.57m. 
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Figure 3.9g. Simulated normalised slipstream at Ys = 2.07m. Figure 3.9h. Measured normalised slipstream at Ys = 2.07m. 
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Figure 3.9i. Simulated normalised slipstream at Ys = 2.57m. 
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Figure 3.9k. Simulated normalised slipstream at Ys = 2.97m. 
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Figure 3.9j. Measured normalised slipstream at Ys = 2.57m. 
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Figure 3.91. Measured normalised slipstream at Ys = 2.97m. 

Figure 3.9. Simulated and measured normalised slipstreams of a full-scale passenger train passing by a station platform at 51 m/s. 

2 

2 

3.34 



0.6 0.6 

0.5 0.5 

a-u 0.4 
a-
u 0.4 

0 0 .. "i 
> 

"0 0.3 
1 

> 0.3 "0 
Cl 
.I 

ii e 0.2 'ii 
E 0.2 

0 0 
z z 

0.1 

I ~ 
-0.5 0 0.5 1.5 2 -0.5 0 0.5 1 1.5 2 

Normalised time Normalised time 

Figure 3.10a Simulated normalised slipstream at Ys = 0.4lm. Figure 3.10b. Measured normalised slipstream at Ys = 0.41m. 
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Figure 3 .10. Simulated and measured normalised slipstreams of a full-scale passenger train travelling along an open track at 69m/s. 
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Ys (m) Measured velocity peak Simulated velocity peak Percentage difference 

Nose Rear Nose Rear Nose Rear 

0.57 0. 184 0.211 0.158 0.232 -14.1% +10.0% 

-
1.07 0. 103 0.136 0.103 0.1 53 0.0% +12.5% 

1.57 0.073 0.111 0.071 0.106 -2.7% -4.5% 

-
r 7..07 0.064 0.082 0.058 0.076 -9.4% -7.3% 

'-----
I 2.57 1-- - 0.059 0.057 0.042 0.053 -28.8% -7.0% 
I 

2.97 0.055 0.052 0.042 0.038 -23.6% -26.9% 

Table 3.2. Normalised slipstream velocity peak magnitudes of a full-scale passenger train 

passing a station platform at 51 m/s. 

Ys (m) Measured velocity peak Simulated velocity peak Percentage difference 

Nose Rear Nose Rear Nose Rear 
' 

0.41 0.182 0.348 0.186 0.354 +2.2% + 1.7% 
' 

0.75 0.126 0.261 0.1 35 0.259 +7.1% -0.8% 

1.35 0.082 0.156 0.085 0.175 +3.7% +12.2% 

' 1.665 0.076 0.1 50 0.069 0.144 -9.2% -4.0% 
I 

1.915 0.068 0.137 0.062 0.112 -8.8% -] 8.2% 

I 2.16 0.065 0.128 0.058 0.093 -10.8% -27.3% 

Table 3.3. Normaltsed slipstream veloc1ty peak magmtudes of a full-scale passenger train 

travelling aJong an open track at 69m/s. 

fhe best match between the simulated and measured peaks is associated with the nose of the 

passenger train passing a station platform at Ys = I .07m, where both the simulated and 
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measured nose peaks have a value of 0.103. The largest percentage differences are associated 

\vith the larger values of Ys· There is a -28.8% and -23.6% difference associated with the nose 

peak of a train passing a station platform at Ys values of 2.57m and 2.97m respectively. For 

the rear peaks, there is a -26.9% difference associated with the train passing a station platform 

Jt Ys = 2.97m, and a -27.3% difference with a train travelling along an open track at Ys = 

2.16m. Although the percentage differences at the larger values of Ys are quite large they are 

associated with small normalised velocity magnitudes. A person is more vulnerable to being 

displaced by the large slipstream velocities occurring close to the train side, and the model 

simulates these velocities with greater accuracy. The simulated nonnalised velocity 

magnitudes along the main body of the train and in the wake are also similar to those of the 

measured slipstreams; however, there is a more gradual increase in normalised velocity 

towards the peak at the rear of the train in the measured slipstream than generated by the 

model. This results in the maximum measured rear peak velocity occurring later than in the 

simulated slipstream at large values of Ys· A second velocity peak at the rear of the train is 

evident in the measured slipstreams at Ys values of 0.57m, 1.07m and 1.57m, which will be 

due to vortex shedding occurring in the wake of the train. This phenomenon is not simulated 

by the slipstream model as it is not possible to predict the rate of the vortex shedding for the 

var1ous train types or speeds. 3.6.1.5 gives a further quantitative comparison of the simulated 

and measured normalised slipstream velocity profiles of a full-scale passenger train. 

f rom a visual inspection of Figures 3.9 and 3.10 the turbulence levels of the measured 

slipstreams appear to be reasonably well reproduced by the model. The exception to this 

occurs along the main body of a train travelling along an open track at the smallest distance 

from the train side, i.e. at Ys = 0.41 m, where the larger scale turbulence is not accurately 
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:;imulated. Theoretically, increasing the values of ¢ 1 and ¢ 2 would result in an improved 

simulation. However, the values of ¢ 1 and ¢ 2 are as large as they can be as a further increase 

in either ¢ 1 or ¢ 2 results in an unrealistic simulated velocity profile that bears no resemblance 

wan actuaJ velocity profile along the main body of a train. 

3.6.1.4 Wavelet spectra plot. 

fhe wavelet spectra plots of Figure 3.8 in Section 3.5.2.2 are concerned with a passenger train 

[ravelling by a station platform at 51m/s when T = 1 and Ys = 0.57m. Figure 3.11 gives this 

information but for Ys = 1.07m. The two curves of Figure 3.8 are a closer match than those of 

Figure 3.11 , hence the modcJ simulates a more accurate slipstream at Ys = 0.57m than at Ys = 

I .07m when T ::::: 1. The curves in Figure 3.12 arc concerned with a passenger train trave1ling 

along an open track at 69m/s when T = 1 andY.~ = 0.41m, and are not as close a match as 

those in either Figure 3.8 or Figure 3.11. Therefore, the slipstream of a train travelling along 

an open track is not as accurately simulated as the train passing a station platform at T == 1 for 

the particular distances from the train side investigated. As with Figure 3.8, .Figures 3.1 I and 

3.12 show that the measured and simulated dimensionless power is similar for each 

dimensionless frequency, except at the lowest frequency (largest scale) and at the highest 

frequencies (smallest scales). 
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Figure 3.11. Wavelet spectra plots of the measured and simulated slipstreams at T = 1 and Ys 

= 1.07m for a full-scale passenger train travelling at 51m/s past a station platform. 
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Figure 3.1 2. Wavelet spectra plots of the measured and simulated slipstreams at T = 1 and Ys 

= 0.4lm for a full-scale passenger train travelling at 69m/s along an open track. 
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These three figures of wavelet spectra plots are given as examples of how the model's 

accuracy is investigated in the frequency domain. Section 3.6.1.5 gives the results of the 

1 ndex of Agreement calculations that were undertaken on all values ofT and Ys for both the 

passenger train passing a station platform and travelling along an open track to determine the 

accuracy of the model in the frequency domain. 

3.6.1.5. Model validation. 

The Index of Agreement (d) for the normalised velocity time histories of the train passing a 

station platform and travelling along an open track are given in Tables 3.4 and 3.5 

respectively. The normalised velocities of the measured slipstreams have been reduced to 

allow for the ambient wind velocities so that they are comparable with the simulated 

slipstreams, and the value of d is dimensionless. 

·--
Ys (m) 0.57 1.07 1.57 2.07 2.57 2.97 

--- 1-· ·-
d 0.902 0.661 0.852 0.835 0.783 0.750 

! 

t -
fable 3.4. Index of Agreement (d) pertaining to the normalised velocity time history of the 

full-scale passenger train passing a station platform. 

l Ys (m) 0.41 0.75 1.35 1.665 1.915 2.16 

j-d--
0.923 0.929 0.777 0.725 0.674 0.622 I 

L 
fable 3.5. Index of Agreement (d) pertaining to the nonTlalised velocity time history of the 

full-scale passenger train travelling along an open track. 
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Tables 3.4 and 3.5 show that the value of d lies between 0.902 and 0.661 when the full-scale 

passenger train passes a station platfom1, and between 0.929 to 0.622 when the train travels 

along an open track. In general, the value of d increases with decreasing y5 , therefore, the 

model accurately simulates the s1ipstrcam velocities close to the train side where the 

slipstream velocities are highest and therefore the risk to a person is greatest. The main 

exception to this is at 1.07m from the side of a train passing a station platform, which is the 

second smallest distance but is modelled the least accurately for this train. Although Table 3.2 

shows that the magnitudes of the velocity peaks are simulated with reasonable accuracy at Ys 

= 1.07m, the model does not reproduce the 'flat' shape of the normalised velocity profile of 

the measured slipstream along the main body of the train (see Figures 3.9c and 3.9d). The 

measured velocities along the entire length of the main body of the train at Ys = 1.07m are 

only slightly larger than those upstream of the train, however, the simulated velocities 

increase along the train's main body. No combination of the boundary layer parameters nand 

C1 result in such a 'flat' velocity profile, but the values of the constants used in the model give 

the best possib1e simulation of this region. 

Figures 3.13 and 3.14 give the values of d relating to the dimensionless power of the full

scale passenger train passing a station platform and travelling along an open track 

respectively. The value of d of a train passing a station platfonn lies between 0.81 and 0.93 

for all values ofT and Ys· These are reasonably high values and, therefore, indicate that the 

model simulates the slipstream turbulence with reasonable accuracy. In Figure 3.13 the value 

of d lies between 0.88 and 0.89 at Ys = 1.07m showing that although the nonnalised velocity 

is not reproduced with great accuracy in the time domain (as indicated by a low value of din 

Table 3.4) the turbulence levels are reproduced with reasonable accuracy in the frequency 
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domain. The smallest Ys value (0.57m) is associated with the largest values of d , which lie 

between 0.92 and 0.93, therefore, the most accurate reproduction of the turbulence levels 

occurs at this value of Ys· Figure 3.14 shows that d lies between 0. 78 and 0.99 for all values 

of T and y5 , except at the smallest distance from the train side, for a train travelling along an 

open track. These values are reasonably high indicating that the model reproduces the 

turbulence levels of this train with reasonable accuracy. However, the smallest distance from 

the train side, Ys = 0.4lm, is associated with the lowest range of d values (0.61 to 0.64), 

indicating a poorer simulation of the turbulence levels, as also described in Section 3 .6.1.3. 

The highest values of din either Figure 3.13 or 3.14 occur at 0.75m from the side of a train 

traveJiing along an open track and lie between 0.98 and 0.99. 
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Figure 3.13. Index of Agreement (d) relating to the dimensionless power of the full-scale 

passenger train passing a station platform. 
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Figure 3.14. Index of Agreement (d) relating to the dimensionless power of the full-scale 

passenger train travelling along an open track. 

3.6.2 Freightliner. 

3.6.2.1 Mean velocity 

The full-scale freightliner slipstream is modelled usmg the theories of potential flow, 

boundary layer development and wake decay, as for the full-scale passenger train described in 

Section 3 .6.1. However, as no peak at the rear of the freightliner can be identified, a vortex is 

not included in the freightliner slipstream model, and so the transition region links the 

boundary layer and wake regions. The parameters n, Cb and ¢ 3 used in the simulation of a 

full-scale passenger train vary with Ys· However, the full-scale tests only took slipstream 

measurements at Ys = 1.5m and Ys = 0. 705m for a freightliner passing a station platform and 

travelling along an open track respectively. As there is no data on which to base slipstream 
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simulations at any other value of y5 , the model only generates a slipstream for the distances 

from the freightliner's side used in the tests. 

In order to correctly model the magnitude of the normalised velocity of the nose peak, it was 

found appropriate to alter the value of the normalised distance from the track centreline (Y) to 

an effective value for the length of the locomotive. The slipstream model of a freightliner 

passing by a station platform uses an effective Y value that is 15% larger than the actual Y 

value in order to reduce the normalised nose peak velocity that would otherwise be generated. 

Conversely, the slipstream model of a freightliner travelling along an open track has an 

effective Y value 18% lower than the actual Y value to increase the normalised nose peak 

velocity to be the same magnitude as that of the measured slipstream. 

I 
Freightliner position n cl 

··- - -· 
Passing a station platform 8 1.3 

L -I Travelling along an open track 10 2.5 

Table 3.6. Boundary layer parameters nand C1 used in the freightliner slipstream model. 

Table 3.6 gives the values of the boundary layer parameters n and C1 used in the freightliner 

slipstream model. The values of nand C1 for the freightliner travelling along an open track 

are larger than for a freightliner passing a station platform reflecting that the shape of the 

normalised boundary layer velocity profiles are different for the two trains. 
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3.6.2.2 Turbulence. 

Table 3.7 gives the values of the AR coefficients used to model the turbulence within the 

slipstream of a frcightliner. The values of ¢ 1 are the same for both the freightliner passing a 

station platform and travelling along an open track, except along the locomotive and the main 

body where they are greater for a freightliner passing a station platform. The values of </>2 are 

also independent of train location, except along the locomotive and in the wake. 

The value of ¢ 3 is also independent of train location, except along the locomotive and the 

main body. The largest values of ¢ 3 , hence the greatest small scale turbulence magnitudes, 

occur along the freightliner's main body as with the full-scale passenger train described in 

Section 3.6.1.2. The next largest ¢ 3 of the freightliner passing a station p1atform occurs in the 

transition region, followed by the locomotive, then the wake, and finally the upstream region 

has the lowest small scale turbulence magnitudes. This sequence differs fTom that of the train 

crave! ling along an open track in that the second and third largest turbulence magnitudes occur 

along the locomotive and in the transition region respectively, which is the reverse order for 

the train passing a station platform. The difference in turbulence levels between the train 

locations is likely to be due to the interaction of the station platform and the slipstream, and 

the exposed bogies of a train travelling along an open track. 
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I 
I Region of ¢ AR coefficient values 
I ··-

train Train passing by a station Train travelling along an open track 

I 
platform (Ys = L5m) CYs = 0. 705m) 

I 
j Upstream ¢1 0.5 0.5 

cf>z 0.2 0.2 

¢3 0.0017 0.0017 

Locomotive 4>1 0.35 0.3 

¢2 0.55 0.5 

I 4>3 0.015 0.045 

Main body ¢1 0.35 0.3 

I ¢2 0.6 0.6 
I 

I 4>3 0.04 0.065 

I 
I Transition ¢1 0.5 0.5 

I 
I cf>z 0.45 0.45 

l ¢3 0.02 0.02 

I Wake 4>1 0.65 0.65 

I cf>z 0.1 -02 

I ¢3 0.0039 0.0039 

-1 able 3. 7. AR coefficients used to simulate the turbulence Within the slipstream of the full-

scale freightliner. 
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3.6.2.3 Simulated velocity time histories. 

Figures 3.15 and 3.16 show the simulated and measured normalised ensemble averaged 

slipstream velocity time histories of a freightliner passing by a station platform and travelling 

aJong an open track respectively. The speed of both trains is 33.6m/s. As with the full-scale 

passenger train tests, an ambient wind velocity was recorded during the freightllner tests. The 

normalised ambient wind velocity of 0.04 is not reproduced by the model, therefore, the 

simulated normalised slipstream velocity magnitudes are less than those of the measured 

slipstreams by 0.04. Figures 3.15 and 3.16 show that the general shape, velocity magnitudes 

and turbulence levels of the measured slipstreams are reproduced in the simulation. However, 

Lhe model does not reproduce the very rapid increase in velocities along the main body of the 

Lrain immediately after the nose peak for a train travelling along an open track. 
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Figure 3.15a. Simulated normalised slipstream at Ys = 1.5m. 
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Figure 3.15b. Measured normalised slipstream at Ys = 1.5m. 

Figure 3.15. Simulated and measured normalised slipstreams of a freightliner passing by a 

station platform at 33.6m/s. 
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Figure 3.16a. Simulated normalised slipstream at Ys = 0.705m. 
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Figure 3.16b. Measured normalised slipstream at Ys = 0.705m. 

Figure 3.16. Simulated and measured normalised slipstreams of a freightliner travelling along 

an open track at 33.6m/s. 

Table 3.8 gives the magnitudes of the nose peak of the measured and simulated slipstreams, 

and the percentage difference between the measured and simulated peak values. The 

measured nose peak in Table 3.8 has been reduced from that shown in Figures 3. 15b and 

3.1 6b by the ambient normalised wind velocity in order to facilitate comparison with the 

simulation. The percentage differences between the measured and simulated nose peaks are-

1.3% and -0.3% for the freightliner passing a station platform and travelling along an open 

track respectively. As these values are low the model is generating normalised velocity peaks 

at the nose of a freigbtliner with reasonable accuracy. Section 3.6.2.5 gives a further 

quantitative comparison of the simulated and measured normalised slipstream velocity 

profiles of a freightliner. 
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! Freightliner Measured slipstream Simulated slipstream Percentage difference 

! 
' Passing a station 0.079 0.078 -1.3% 

I I platform 

i Travelling along an 0.296 0295 -0.3% 

j open track 

' . 
Table 3.8. Nom1ahsed velocity peak magrutudes at the nose of a full-scale fretgbthner w1th a 

speed of33.6m/s. 

3.6.2.4 Wavelet spectra plot. 

The wavelet spectra plots for a freightliner passing a station platform when Ys = l.5m and a 

freightliner travelling along an open track when Ys = 0.705m are given in Figures 3.17 and 

3.18 respectively, for T = 1. The simulated and measured wavelet spectra plots are very 

similar at low frequencies, but diverge at higher frequencies, indicating that the model 

reproduces the large scale turbulence of a freightliner more accurately than the small scale 

turbulence. Section 3 .6.2.5 gives the values of d for a freightliner at all values of T to 

detennjne the accuracy of the model in the frequency domain. 
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Figure 3.17. Wavelet spectra plots of the measured and simulated slipstreams at T = I and Ys 

= 1 .5m for a full-scale freightliner travelling at 33.6m/s past a station platform. 
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Figure 3.1 8. Wavelet spectra plots of the measured and simulated slipstreams at T = 1 and Ys 

= 0.705m for a full-scale freightliner travelling at 33.6m/s along an open track. 
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I 

3.6.2.5 Model Validation. 

Table 3.9 gives the values of d relating to the normalised velocity time history of a 

freigh tJiner, allowing for the ambient wind speed. The values of d are high indicating that the 

model reproduces the normalised velocity time history of a freightliner with reasonable 

a<.:curacy. 

Train d 

j Frcightliner passing a station platform (y5 === 1.5m) 0.923 

I Freightliner travelling along an open track (y5 = 0.705m) 0.934 

Table 3.9. Index of Agreement (d ) relating to the normalised velocity time history of a fuJI

scale freightliner. 

Figure 3.19 gives the values of d relating to the dimensionless power of the full-scale 

freightliner, which clearly have a wide variation. The values of d of a freightliner passing a 

station platform vary between 0.079 and 0.624, therefore, the model does not simulate the 

turbulence levels of this train accurately. The freightliner travelling along an open track has 

values of d that vary between 0.078 and 0.869, and only around the rear of the train are the 

values greater than 0.8. Therefore, the model also inadequately reproduces the turbulence 

le\·els of a train travelling along an open track. This was the best model of a freightliner that 

could be developed within the time available, and the low values of din Figure 3.19 reflect 

the difficulty in modelling the turbulence within a frcightliner's slipstream. The difficulty is 

likely to be due to the complexity of the turbulence of the freightliner involved in the full-
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scale tests which consisted of wagons of various types and various loadings, and which would 

have been much more aerodynamically rough than a passenger train. 
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Figure 3.19. Index of Agreement (d) relating to the dimensionless power of the full-scale 

freightl iner. 

3.6.3 Model-scale passenger train. 

3.6.3.1 Mean velocity. 

The mean slipstream velocity of the model-scale passenger train is simulated using the 

theories of potential flow, boundary layer development and wake decay, as for the full-scale 

passenger train and freightliner. The experimental results did not show a velocity peak at the 

rear of the train, therefore, a vortex is not included in the slipstream model for this train type. 

The model-scale train nose width is modelled to taper in the same manner as that of the full-

3.55 



scale passenger train. As with the full-scale passenger train, modelling a tapering nose height 

resulted in a normalised velocity nose peak that was too smal1, therefore, only the tapering 

nose! width is modelled. In order to reproduce the shape of the nonnalised velocity profile of 

the boundary layer along the main body of the model-scale passenger train the parameters n 

and C1 take the values 11.5 and 10.75 respectively. 

3.6.3.2 Turbulence. 

I able 3. I 0 gives the AR coefficients used to generate the turbulence within the normalised 

slipstream of the 1/25th model-scale passenger train. The Ys values given are the full-scale 

equivalents of the distances from the model-scale train side. The variation in the values of ¢ 1 

and ¢ 2 are due to the varying turbulence levels in the different slipstream regions of the train. 

fhc largest value of ¢ 3 occurs along the main body of the train indicating that this region has 

the greatest small scale turbulence magnitudes, which is also the case for the full-scale 

passenger train and freightliner. The transition region has the next highest value of ¢ 3 , and 

then the wake. Finally, the region in front of and around the train's nose has such a low level 

of turbulence that ¢ 3 = 0. 
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-
Region oftrain ¢ AR coefficient values 

Upstream and around <1>1 
0.5 

nose <l>z 0.2 

<1>3 0 

Main body ¢1 0.35 

' <l>z 0.55 

-
¢3 0.03 ify5 S 0.375m, 0.0225 if0.375m < Ys S 0.75m, 

0.0113 otherwise 

Transition <1>1 0.5 

¢z 0.2 

¢3 0.0141 if Ys S 0.375m, 0.0094 if 0.375m < Ys S 0.75m, 

0.007 otheiWise 

.• - ---
Wake ¢1 0.65 

- .. 
<l>z 0.1 

r-·· 
<1>3 0.0039 ify5 S 0.375m, 0.0026 if0.375m < Ys ~ 0.0.75m, 0.002 

otherwise 

- · . 
Table 3.1 0. AR coefficients used to simulate the turbulence within the slipstream of the 

model-scale passenger train. 

3.6.3.3 Simulated velocity time histories. 

Figure 3.20 illustrates the simulated and measured normalised ensemble averaged slipstrean1 

velocity profiles of a model-scale passenger train travelling at 32m/s. The normalised velocity 

upstream of the train was zero) reflecting the still air environment around the moving model 
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rig. therefore, the simulated and measured normalised velocity profiles can be compared 

directly without having to allow for an ambient wind velocity. Table 3.11 gives the maximwn 

\'alues of the normalised velocity peak at the train's nose, as well as the percentage difference 

between the peak values. The model generates normalised velocity peaks that are of smaller 

magnitudes than those of the measured slipstreams, and the percentage difference between the 

simulated and measured peaks becomes smaller with decreasing values of Ys· Hence, at small 

values of y5 , where the large slipstream nose peak velocities occur, the model simulates the 

peak velocity with greater accuracy. The general shape of the measured normalised velocity 

profj]e is reproduced in the simulation. The model simulates normalised velocity magnitudes 

along the main body of the train, in the transition region and in the wake that are similar to 

those of the measured slipstreams. The delay in the growth of the measured boundary layer 

velocities of the model-scale passenger train is also reproduced by the simulation, as is the 

fact that the delay increases with increasing Ys. A visual inspection shows that the turbulence 

levels are reasonably well reproduced by the model, although the turbulence levels are not as 

accurately simulated at Ys = 1 Omrn (0.25m full-scale equivalent) compared to the larger 

values of Ys. A quantitative comparison of the simulated and measured nonnalised slipstream 

velocities, including turbulence, is gjven in Section 3.6.3.5. 
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Figure 3.20a. Simulated normalised slipstream at Ys = lOmm. Figure 3 .20b. Measured normalised slipstream at Ys = 1 Omm. 

0.6 0.6 

0.5 0.5 

~ 
0.4 ·c:; 

0 
"i 

0.3 > 
"C 
Gl 
.!i 

0.2 'ii 
e 
0 

OJL z 

~ ~ 

~ 
(.) 0.4 
0 
"i 
> 
"C 0.3 
Gl 

:! 
aJ e 0.2 
0 z 

-0.5 0 0.5 1 1.5 2 -0.5 0 0.5 1 1.5 2 
Normalised time Normalised time 

Figure 3 .20c. Simulated normalised slipstream at Ys = 20mm. Figure 3.20d. Measured normalised slipstream at Ys = 20mm. 
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Figure 3.20e. Simulated normalised slipstream at Ys = 40mm. Figure 3.20f. Measured normalised slipstream at Ys = 40rnm. 

Figure 3.20. Simulated and measured normalised slipstreams of a l/25th model-scale passenger train travelling at 32m/s. 

Ys Measured slipstream Simulated slipstream Percentage difference 

1 Omm (0.25m full-scale) 0.21 1 0.195 -7.6% 

20mm (0.5m full-scale) 0.169 0.149 -11.8% 

40rnm ( lm full-scale) 0.126 0.096 -23.8% 

Table 3.11. Normalised velocity nose peak magnitudes of a model-scale passenger train with a speed of 32m/s. 
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3.6.3.4 Wavelet spectra plot. 

Figure 3.21 shows the wavelet spectra plots of the measured and simulated slipstreams at Ys = 

1 Omm (0.25m full-scale) when T = 1. There is a reasonable match between the wavelet 

spectra plots within the mid-range of the normalised frequencies. However, as with the full-

scale passenger train, the simulation is not as accurate at the lowest frequency or at the highest 

frequencies. Figure 3.21 gives an example of how accurately the model simulates a slipstream 

in the frequency domain, and Section 3.6.3.5 investigates this accuracy further by giving the 

values of d at all values ofT and Ys 
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Figure 3.21. Wavelet spectra plots of the measured and simulated slipstreams at T = 1 and Ys 

= lOmm (0.25m full-scale) for a model-scale passenger train travelling at 32m/s along an 

open track. 
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3.6.3.5 Model validation. 

Table 3.12 gives the values of d relating to the normalised velocity time history of the model

scale passenger train which lie between 0.841 and 0.888. Therefore, the model reproduces the 

nonnalised velocity profiles with reasonable accuracy. The values of d increase with 

decreasing y5 , as with the fuJI-scale passenger train. Therefore, the normalised velocity 

profiles are more accurately reproduced where the highest velocities occur and a person is 

most at risk of losing their balance. The accuracy of tJ1e model to reproduce the power spectra 

of the slipstreams is quantified in Figure 3.22, which shows that the values of d lie between 

0.87 and 0.97. Therefore, the model simulates both the normalised velocity time history and 

the turbulence levels within the slipstream with reasonable accuracy. 

Ys d 

1 Omm (0.25m full-scale) 0.888 

20mm (0.5m full-scale) 0.845 

40mm (lm full -scale) 0.841 

Table 3.12. Index of Agreement (d) relating to the normalised velocity time history of a 

model-scale passenger train. 
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Figure 3.22. Index of Agreement (d) relating to the dimensionless power of the model-scale 

passenger train. 

3. 7 Discussion. 

Previous experiments undertaken on a ful l-scale passenger train (Johnson eta/. , 2004), a fuJI-

scale freightliner (Temple and Dalley, 2001), and a model-scale passenger train (Baker et al., 

2001) had identified a number of flow regions of a train sl ipstream, as described in Section 

2.2.1 . The theory associated with each of these regions is used as the basis of a mathematical 

model to simulate the mean velocity profile of a slipstream. The regions that are common to 

all of the train types are the upstream/nose, boundary layer and wake regions. The theories of 

potential flow, boundary layer growth on a flat plate, and wake decay are used for the 

upstream/nose region, the main body of the train, and in the wake when T 2: 1.5, respectively. 
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In order to correctly reproduce the magnitude of the velocity peak at the nose of the train 

certain adaptations are required depending upon the type of the train. Initially, the tapering 

width of the full-scale and model-scale passenger train nose was not incorporated into the 

model, therefore, the passenger train had a bluff nose. This resulted in simulated velocity 

peaks at the nose that were too large. However, modelling the tapered width reduces the 

magnitude of the simulated velocity peak to that of the measured slipstream. Altering the nose 

shape in this manner shows that a bluff-nosed vehicle generates a larger nose velocity peak, as 

described in Section 2.2.2. The rear carriage of the full-scale and model-scale passenger trains 

also tapers in width, but this is not modelled as a simulated vortex at the rear of the full-scale 

train generates the correct slipstream velocity magnitudes in this region, and the velocity 

magnitudes at the rear of the model-scale train are correct without modelling the tapering. In 

order to generate the correct velocity magnitude of the nose peak of th.e bluff-nosed 

freightliner, adaptations are made to the width along the locomotive. Modelling an effective Y 

value that is 15% greater and 18% lower than the actual Y value for the freightliner passing by 

a station platform and along an open track, respectively, results in the correct nose peak 

velocity being reproduced. That such an alteration is necessary to simulate the correct 

velocities suggests that the potential flow theory as adapted by Sanz-Andres et al. (2004a), 

and used in the model, is not as appropriate for bluff-nose vehjcles as it is for streamlined 

vehicles. This agrees with the conclusion of Sanz-Andres el al. (2004a) that the adapted 

potential flow theory gives a quantitative representation of the velocities only for streamlined 

vehicles (as mentioned in Section 2.4). 

In the literature reviewed for the current research, no theory has been found that reproduces 

the velocity peak at the rear of the train, and the first attempt to model this region involved 
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extending the length of the train and, therefore, the botmdary layer region, into the wake and 

widening the width of the train along this extended lcnt:,Ti:h. Although this method produced a 

velocity peak at the rear of the train it was unsatisfactory because it did not model the 

phenomenon that is actuaJly occurring at the rear of the train, namely boundary layer 

separation. Modelling a vortex at the rear of the train is a more appropriate method, and so a 

vertical cylindrical vortex with exponential decay is incorporated into the slipstream model. 

The vortex results in very low velocities until just before the peak then the velocity rapidly 

increases, reaches a maximum magnitude, rapidly decreases, then becomes very small. As the 

velocity is very small before the rapid increase and after the rapid decrease, the vortex 's 'zone 

of influence' is modelled to start at T = I, where the vortex velocities are added on to the final 

boundary layer velocity, and the •zone of influence' acts only for the length of the vortex's 

diameter. In the measured slipstream, however, the velocity starts to increase before the end 

of the train. The maximum velocity of the simulated peak occurs shortly after T = 1 , which 

accurately reproduces the measured slipstreams at the smaller values of Ys· For example, at Ys 

= 0.57m, the mea~ured and simulated maximum velocity of the rear peak occurs at T = 1.001 

and T = 1.002, respectively, for a 363.8m long train travelling at 51m/s past a station 

platform. As the value of Ys increases, the measured velocity peak occurs at larger values of 

T, hence, the accuracy of the occurrence of the simulated peak reduces. However, the 

magnitude of the velocity peak decreases with increasing y5 , therefore, the rear peak is 

modelled vvith reasonable accuracy for the slipstreams which impose a greater risk to a 

person. The vortex model reproduces the mean characteristics of the velocity at the rear of a 

full-scale passenger train in that the velocity peaks shortly after T = 1 and then dies off after 

the rear of the train has past. A Rankine vortex with linear velocity decay outside the 

circumference was also tested, but was r~jected as no combination of the decay constants was 

3.65 



fotmd that generated the correct maximum velocity for all distances from the train side. 

Vortices other than that of a vertical cylinder were considered for the model, such as a 

horizontal cylindrical vortex, however, these have velocities which are dependent upon 

height. As there is insufficient data available to determine how velocity varies with height, it 

is assumed that height does not affect slipstream velocity. Therefore, only a vertical 

cylindricaJ vortex can be modelled as its velocity only varies with longitudinal and lateral 

distance. A transitional region in the model links the wake region to the velocities at the rear 

of the train. Icitially, a linear relationship existed between the nonnalised time and the 

nom1aJised slipstream velocity in this region, but a quadratic relationship reproduces the 

shape of the normalised velocity profile more accurately, and is therefore included in the 

model. 

A modified AR model of the order two is incorporated into the s jjpstream model in order to 

simulate the turbulence-induced fluctuations of the velocity time series. Before the AR model 

given in equation (3.9) was adopted, the AR model used to reproduce the turbulence 

originally had the equation: 

(3.26) 

where: 

- 1 ~T-10 
u T1 = 10 "" i=T-1 ui 

if = ~ ~?'-20 [j. 
T2 10 .£..z=T-11 t U- _ 1 ~T-20 

T2 - 10 L..i=T-11 Ui 
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Therefore, the AR model was originally based on the average of ten previous fluctuating 

normalised velocities minus the average of ten previous mean normalised velocities. Also, the 

white noise te1m was multiplied by the normalised mean velocity. However, the actual AR 

model adopted for the slipstream model improves the accuracy of the generated turbulence in 

both the time and frequency domains. 

In general, the shape of the velocity profile, the magnitude of the velocities and the turbulence 

levels of the measured slipstreams are reasonably reproduced by the simulated slipstreams. 

The values of d of the velocity time history of the freightliner and the model-scale passenger 

train arc high indicating that the slipstreams of these trains are simulated with reasonable 

accuracy. The values of d of the velocity time history a full-scale passenger tTain generally 

increase with decreasing y5 , so that d is large close to the train side indicating that the model 

simulates the slipstream at small values of y., with reasonable accuracy. Although the values 

of d at distances further away from the train side indicate that the model does not accurately 

simulate the slipstream at these 1:,'Teater distances, the smaller slipstream velocities at large Ys 

values do not impose such a risk to a person exposed to the slipstream. Therefore, it is more 

important to accurately simulate the velocities close to the train side than further away, and 

this is achieved by the model. The exception to this is at a distance of 1.07m from the side of 

a full-scale passenger train passing a station platform, the d value of which is low as the 

model does not reproduce the 'f1at' shape of the velocity time history along the main body of 

the train. However, no combination of the values of the boundary layer constants n and C1 

result in such a •flat' velocity profile, and the values of the constants used in the model give 

the best possible simulation of this region. 
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As tw·bulence affects the stability of a person it is important that the turbulence-induced 

velocity fluctuations are accurately simulated, and this is ascertained by investigating the 

frequency domain using the mathematical technique of wavelet analysis. The wavelet spectra 

plots produced from this analysis show that, for the full-scale and model-scale passenger 

trains, the worst match of the dimensionless power between the simulated and measured 

slipstreams occurs at the lowest frequency, i.e. the largest scale, for a11 values of Ys and T. 

However, the wavelet spectra plots of the freightliner slipstreams show that there is a good 

match of the dimensionless power between the simulated and measured slipstreams at the 

lowest frequency for all values ofT. This indicates that the largest scale of a freightliner's 

turbulence is simpler to reproduce than that of a passenger train which is likely to be due to 

the simpler large scale shape of a freightliner's slipstream. The match of the dimensionless 

power between the simulated and measured slipstreams of all train types is good at the mid

range of frequencies for all values of Ys and T, but then decreases with increasing frequency 

especially with the freightliner. This shows that it is increasingly difficult to simulate the 

turbulence as the scale becomes smaller. In general, the values of d associated with the 

lurbulence of the full-scale and model-scale passenger trains are high indicating that the 

energy distribution of the turbulence is reproduced with reasonable accuracy. The exception 

to this is at a distance of 0.4lm from the side of a full-scale pac;;senger train travelling along an 

open track. Decreasing the values of ¢ 2 and ¢ 3 reduces the values of d of this particular 

slipstream, therefore, increasing ¢ 1 and ¢ 2 would theoretically result in an improved 

simulation. However, increasing either ¢ 1 or ¢ 2 results in an extremely unrealistic velocity 

time history along the main body of the train that bears no resemblance to an actual velocity 

profile. Hence, the most accurate simulated turbulence occurs with the ¢ values used in the 

model. The energy distribution of the turbulence within the slipstream of a freightJjner is also 
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not accurately simulated, and this is likely to be due to the complexity of the turbulence 

generated by the aerodynamically rough freightliner. 

3.8 Conclusions. 

The fluid dynamics theory associated with each slipstream region is used as the basis of a 

mathematical model to simulate a slipstream. Potential flow theory is used in the essentially 

inviscid flow region upstream and around the train nose where a velocity peak occurs at T = 

0, the potential flow theory is also used throughout the length of the slipstream. The 

increasing velocities along the main body of the train are simulated using the theory of 

boundary layer development on a flat plate. The velocity peak due to boundary layer 

separation measured during the full-scale passenger train tests is simulated by a vertical 

cylindrical vortex placed immediately after the rear of this train. The velocity of the vortex 

decays exponentially beyond the vortex's circumference. The wake is delayed until T = 1.5 

and its gradually decreasing velocity magnjtudes are simulated using wake decay theory. A 

transitional region links the wake to the slipstream velocities at the rear of the train. 

The above process results in a mean normalised velocity profile of a slipstream, and the 

turbulence-induced velocity fluctuations are simulated by incorporating a modified AR model 

of the order two into the model. The AR coefficient associated with the white noise term, ¢ 3 , 

varies with train type, train location, slipstream region, and Ys· Larger values of ¢ 3 are used 

with a freightliner, a train travelling along an open track, along the main body of a train, and 

close to the train side reflecting where the greatest levels of turbulence occur. The energy 

distribution of the turbulence within a slipstream is investigated using the technique of 
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wavelet analysis in order to determine if the model simulates the turbulence-induced velocity 

fluctuations accurately. The main method of model validation uses the Index ofDetennination 

which shows that, in general, the velocity time histories and turbulence levels of the measured 

slipstreams are reproduced by the model with reasonable accuracy. 
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CHAPTER4. 

EXPERIMENTS INVESTIGATING THE RESPONSE OF A PERSON TO A SUDDEN 

GUST. 

4.1 Introduction. 

As the velocity of a train slipstream increases rapidly around the train's nose (described in 

Section 2.2) a set of full-scale experiments was undertaken to investigate the effects of a 

sudden change in wind velocity on a person. The aim of the experiments was to dctenninc 

what wind velocities cause a person to be displaced and to what extent. The results were used 

when modelling a person' s response to a train slipstream, as described in Section 5.3.4. The 

experiments described in this chapter are presented in a paper entitled Evaluating and 

modelling the response of an individual to a sudden change in wind speed. This has been 

accepted by the journal Building and Environment and is given in Appendix 2. 

4.2 Equipment and volunteers. 

The experiments were undertaken in the environmental working section of the dynamic 

circuit of the Jules Verne Climatic Wind Tunnel at CSTB in Nantes, France. This section is 

25m long, ranges from 10m to 15m wide, and has an average cross-sectional area of 100m2
. 

Six variable-pitch propeller fans with 3200kW propulsion generate the airflow within the 

tunnel, and can be controlled to vary the oncoming flow. However, the rotation of the fans 

immediately after being at rest is not fast enough to be able to reproduce the rapid change in 

wind velocity as would be experienced by an individual exposed to a train slipstream. 
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Therefore, in order to generate a wind velocity time history which approximates that required 

a novel gust generating device was created by attaching two 2m high wooden boards to the 

side of a forkl ift truck. Figure 4.1 shows the modified forklift truck in the wind tunnel. The 

truck was positioned in the wind tunnel perpendicular to the oncoming flow so creating a 

sheltered region immediately behind the screen where up to three volunteers could stand at 

any one time. When the required upstream wind velocity was established, the forklift truck 

was driven across the wind tunnel, thereby exposing the volunteers to the oncoming flow, i.e. 

they experienced a sudden gust. 

Figure 4.1. Forklift truck with wooden boards attached. 

The responses of twenty nine individuals involved in the experiments are presented in this 

chapter, twelve of the individuals were female and seventeen male. For purposes of 

classification the volunteers were divided into the age ranges of 18-24, 25-30, 31-40 and 41-

50, with 69%, 14%, 7% and 10% of the volunteers being in the age ranges respectively. No 
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volunteers were over the age of fifty years, and therefore were all young or middle-aged. The 

average mass was 53.4kg and 72.2kg for the females and males, respectively. Details of the 

volunteers' mass, height, and age are given in Appendix 3. 

4.3 lnitial tests. 

Initial tests were undertaken without the presence of the volunteers in order to determine the 

velocity time history produced immediately downwind of the modified forklift truck when the 

forklift truck was driven across the wind tunnel. A Gill Solent ultrasonic anemometer 

recorded the wind velocities at a height of l.Sm above the ground immediately behind the 

wooden boards attached to the forklift truck when the oncoming longitudinal wind velocity in 

the wind tunnel was set at 7, 1 0, 12, 15 and 20m/s. Figure 4.2 shows the resultant velocity 

time history of the longitudinal and lateral components of the wind for each of the sudden 

gusts. The resultant is presented because the simulated train slipstreams generated by the 

model in the current research are based upon the resultant of the longitudinal and lateral 

components of the train slipstreams measured during previous experiments (described in 

Section 2.2). The average velocities recorded by the anemometer prior to the forklift truck 

being driven away are not zero due to the circulation of air within the sheltered region. A 

rapid change in velocity is illustrated clearly, and occurs in less than 0.5s for each of the 

oncoming flows. The turbulence intensity during the initial 5s after the rapid velocity change 

is 0.22, 0.22, 0.22, 0.15 and 0.07 with the oncoming flow of 7, 10, 12, 15 and 20m/s 

respectively. The turbulence intensity was only calculated for the initial Ss as the volunteers 

had attained their maximum displacement by this time, therefore, a person's response 
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occurred during this t ime interval. However, the turbulence levels would have played a minor 

role in a volunteer's destabilisation compared to the step change in velocity. 
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Figure 4.2a. Oncoming flow of 7m/s. 
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Figure 4.2c. Oncoming flow of 12m/s. 
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Figure 4.2. Velocity time histories of the gusts generated in the wind tunnel. 

4.4 Experimental procedure. 

For each experiment undertaken the volunteers stood in the sheltered region behind the screen 

in groups of two or three, either facing the screen (front orientation), with their backs to the 

screen (back orientation) or side-on (side orientation). A number of different wind velocities 

were used~ with all individuals tested with oncoming flows of 7, 10, 12 and 15m/s, and the 

males tested with an additional velocity of 20m/s. The females were not tested with this 

higher velocity as a safety precaution because some of them were displaced significantly at 

15m/s. Each standing position experienced all the different oncoming wind velocities, and 

Table 4.1 shows the sequence of tests carried out on the female and male volunteers, with the 

column he-aded 'Gust velocity' representing the predetermined oncoming wind velocity. The 

volunteers were first subjected to 1 Om/s with the front orientation, and were then subjected to 
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12rnls with the side orientation, etc. This sequence was developed in order to introduce a 

degree of uncertainty into the experiments and in so doing reduce the ability of the volunteers 

to prepare for changes in the wind velocity. 

Gust velocity (m/s) Standing orientation Stancling orientation 

Female Male 

10 Front Front 

12 Side Side 

7 Back Back 

15 Front Front 

20 Side 

10 Side Back 

12 Back Front 

7 Front Side 

15 Side Back 

20 Front 

10 Back Side 

12 Front Back 

7 Side Front 

15 Back Side 

20 Back 

Table 4.1. Sequence of gust velocities and standing positions. 
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The responses of the volunteers to the rapid change in wind velocity were recorded using a 

djgital video camera. An individual was judged to have been displaced if they stepped in any 

direction with either one or both feet when exposed to the oncoming wind. However, if an 

individual pivoted on their toes or heels then they were not judged to have been displaced. 

4.5 Experimental stability analysis. 

4.5.1 Qualitative analysis. 

Figure 4.3 is a series of photographs from an experiment involving a group of females facing 

an oncoming wind velocity of 1. Smls. Figure 4.3a shows the individuals sheltered behind the 

screen, and figure 4.3b illustrates that after one second the screen had been completely 

removed and the individuals were subjected to the oncoming flow. Figure 4.3b also shows 

that there is a slight time delay in the response of the individuaJs, with the person farthest 

from the camera being displaced last of all. Figure 4.3c illustrates the displacement of the 

participants two seconds after the screen had been removed and shows the maximum 

displacement of each of the participants. The squares on the wind tunnel floor meao;;ure 2m by 

2m; therefore, the volunteer closest to the camera has one foot displaced by nearly 2m in 

Figure 4.3c. This figure shows the two largest displacement distances recorded during the 

whole series of experiments, although during some tests certain people were not displaced at 

alL Details of the experimental results are given in Appendix 3. 
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Figure 4.3a. A group of individuals sheltered behind the screen. 

Figure 4.3b. A group of individuals mid experiment. 

4.9 



Figure 4.3c. The maximum displacement position of the individuals. 

Figure 4.3. A group of individuals subjected to a gust velocity of 15m/s. 

4.5.2 Percentage of people displaced. 

Figure 4.4 illustrates the percentage of people displaced for the different gust velocities and 

standing orientations. The percentage of displaced people with the front orientation is given in 

Figure 4.4~ and this shows that the percentage of people displaced increases with increasing 

gust velocity and that all individuals are displaced at 15m/s. A higher percentage of females 

than males are displaced at all other wind velocities tested, especially at lOm/s, when 67% 

and 18% of females and males are displaced respectively. 

Figure 4.4b concerns the percentage of people displaced by the gust velocities with the back 

orientation. The figure shows that the percentage of people displaced increases with 

increasing gust velocity and that all females and males are displaced at gust velocities of 
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15m/sand 20m/s respectively. There is a higher percentage of females displaced than males at 

all gust velocities and, as with Figure 4.4a, the difference is most noticeable at 1 Om/s. 

Comparing Figures 4.4a and 4.4b shows that the percentages displaced are similar for the 

front and back orientations except with 1 Om/s, when 18% and 0% of males are displaced with 

the front and back orientations respectively, and when 67% and 42% of females are displaced 

with the front and back orientations respectively. 

Figure 4.4c concerns the percentage of individuals displaced with the side orientation, and 

again shows that the percentage increases with increasing gust velocity. It also shows an 

almost linear relationship between the percentage displaced and gust velocity for both 

genders. No one is displaced unti112m/s, and only 50% of the females, and 71% of males are 

displaced by gust velocities of 15m/s and 20m/s, respectively. This leads to the conclusion 

that the side orientation is significantly more stable than the other orientations tested. As with 

Figures 4.4a and 4.4b there are lower percentages associated with the males than females. 

In Figures 4.4a-4.4c there are greater percentages of females displaced than males. However, 

using a t-test and testing at the 5% confidence level to investigate if males are more stable 

than females shows that the percentages of males displaced are only significantly lower for a 

gust velocity of 1 Om/s for the front and back orientations. For all other gust 

velocity/orientation combinations there is no statistical difference between males and females. 

Details of the results of all the t-tests undertaken for Chapter 4 are given in Appendix 4. 

As the males are not significantly more stable than females, except with a gust velocity of 

1 Om/s for the front and back orientations, the data for both genders are combined in Figure 
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4.4d. Figure 4.4d does not include the gust velocity of 20m/s as only males were tested with 

this oncoming flow. This figure shows that there is almost a linear relationship between the 

percentage displaced and gust velocity with the front and side orientations. The percentages 

displaced at 7, 12 and 15m/s are very similar for the front and back orientations; however, at 

I Orn/s the percentage displaced for the back orientation is less than half of that for the front 

orientation, with 17% and 38% of individuals displaced with the back and front orientations 

respectively. Using a t-test and testing at the 5% confidence level confirms that the front 

orientation is more stable than the back orientation only for a gust velocity of 1 Om/s. Figure 

4.4d shows that the side orientation is more stable than either the front or back orientations, 

and using at-test and testing at the 5% confidence level confirms that both the front and back 

orientations are less stable than the side orientation for the gust velocities of lOm/s and above. 

100 

90 

"0 
80 

Cll 
70 C) 

ns 
c. 60 rn 
:c --Female 
Q) 50 
Cl s 40 c 

-e-Male 
Q) 

~ 30 
Cll 

Q. 
20 

10 

0 
5 10 15 20 

Gust Velocity (mls) 

Figure 4.4a Front orientation. 
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Figure 4.4b. Back orientation. 
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Figure 4.4c. Side orientation. 
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Figure 4.4d. All individuals and all orientations. 

Figure 4.4. Percentage of people displaced by the gust velocities. 

4.5.3 Investigating how weight affects displacement distance. 

As well as determining if a person was displaced by a gust velocity, analysis of the video 

footage allowed the actual distance the person was displaced to be ascertained. This was 

possible as there were 2m by 2m squares marked on the floor of the wind tunnel, as 

mentioned in Section 4.5.1; however, as the distances were taken from video footage the 

displacements could only be determined to the nearest 50mm. Figure 4.5 shows the 

displacement distance of an individual against weight for the various gust velocities, and for 

the front and back orientations. Figure 4.5 shows a large degree of scatter, which indicates the 

variety in responses within the group of individuals, and the straight solid lines are the 

average displacement distances of the volunteers for each of the gust velocities. 
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Figure 4.5a illustrates the displacement distances of the males with the front orientation. No 

males are displaced at a gust velocity of 7m/s, and the average displacement distances for the 

gust velocities of lOrnls and 12m/s are small. However, the average displacement distances 

increase with increasing gust velocity, and reach 0.43m and 0.76m for 15rn!s and 20m/s, 

respectively. 

The displacement distances for males with the back orientation are shown in Figure 4.5b. No 

males are displaced at a gust velocity of 7m/s, and the displacements at 1 Om/s are very small, 

i.e. only one male was displaced by O.lm and two males by 0.2m. A t-tcst shows that, for gust 

velocities of 12rnls and above, males weighing 72kg or more had significantly lower 

displacement distances than males weighing 70kg or less when testing at the 5% confidence 

level (there were no males with weights between these two values). Hence, Figure 4.5b is 

separated into two regions and indicates the average displacement distances for each weight 

group. The average displacements at 20m/s are 0.66m and 0.47m for the lighter and heavier 

m.ales, respectively. The average displacement distance of the lighter males at 15m/s is similar 

to that of the heavier males at 20m/s, and the average displacement distance of the lighter 

males at 12m/s is simi lar to that of the heavier males at 15m/s, which highlights how weight 

affects stability. 

Figure 4.5c shows the displacement distances of females with the front orientation, which arc 

very low with a gust velocity of 7m/s, i.e. only two females are displaced and these by 0.05m 

and 0.1 m. Undertaking a t-test on this data and testing at the 5% confidence level indicates 

that there are two separate regions in the graph, one relating to weights 56kg or less, and one 

corresponding to weights 62kg or more, for gust velocities of 1 Om/s and above (there were no 
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temales with weights between these two values). At 15m/s, the average displacement distance 

of the lighter females is 1.13m which is the largest average displacement distance of all the 

participants, and is three and a half times greater than the average displacement distance of 

0.25m of the heavier females. The average displacement distance of the heavier females at 

15m/s is lower than the average displacement distance of 0.29m of the lighter females at 

1 Om/s, indicating the effect weight has on stability. 

Figure 4.5d shows the displacement distances for females with the back orientation and, as 

with Figures 4.5a-4.5c, illustrates that increased gust velocity is associated with increased 

displacement distance. Using a t-test and testing at the 5% confidence level shows that the 

females weighing 44kg-47.5kg, i.e. the lightest females, are less stable than the other females 

at the gust velocity of 15m/s. The average displacement distance of the lightest females and 

all other females at 15m/s is 0.92m and 0.36m respectively, therefore, the average 

displacement distance of the lightest females is more than two and a half times greater than 

that of the others. 

Comparing Figure 4.5a with Figure 4.5b, and Figure 4.5c with Figure 4.5d shows that the 

average displacement for an individual with their back to the wind is generally less than when 

facing the wind. For example, males facing into a gust velocity of 20m/s have an average 

displacement distance of 0.76m, whereas the average displacement distance of males with the 

back orientation is 0.66m and 0.46m for the lighter and heavier weight group respectively for 

the same gust velocity. The side orientation is not included in the analysis as the 

displacements are very small and reasonable conclusions cannot be drawn further than that the 

side orientation is the most stable. 
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-+.5 .4 Wind-induced force and how it affects stability. 

As the displacement distance of a person is dependent upon the gust velocity, this section 

investigates the relat1onship between the displacement distance and the wind induced force, 

which is a function of gust velocity. The drag force acting upon a person is given by: 

(4.1) 

where F is the wind induced force, p is the density of air and takes the value of 1.22kg/m
3
, C0 

is the drag coefficient, A is the projected area, and u is the gust velocity. 

Gender Gust velocity CDA (mL) 

(m/s) Front Side 

• '• 

Female 7 0.546 0.373 

Female 10 0.530 0.335 

Female 12 0.503 0.319 

Female 15 0.459 0.297 

Male 7 0.649 0.438 

-
Male 10 0.627 0.395 

-:--
Male 12 0.611 0.368 

Male 15 0.589 0.341 

Male 20 0.557 0.308 

Table 4.2. Values of drag area for stat10nary people m uniform flow as determined using 

Murakami and Deguchi (1981 ). 
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Yfurakami and Deguehi (1981) give values of the drag area (C0 A ) for stationary average 

females and males in uniform flow for front and side orientations at various wind velocities. 

Interpolation of this data obtains values of the drag area for the gust velocities used in the 

current study, and the!:>e arc given in Table 4.2. Using equation ( 4.1) and Table 4.2, the wind 

force acting on a person with the front or side orientation can be calculated, and this is given 

in Table 4.3. 

--
Gender Gust velocity Force 

(m/s) (N) 

--
Front orientation Side orientation 

---- !- - - - -··- -
female 7 16.5 11.2 

-
Female 10 32.6 20.6 

-
female 12 44.5 28.3 

-
Female 15 63.5 41.1 

f--. .. 
Male 7 19.6 13.2 

--- .. 
Male 10 38.6 24.3 

---- 1--· --Male 12 54.1 32.6 

r-- . 
Male 15 81.5 47.2 

Male 20 137.0 75.8 

'--- --· - ---
Table 4.3. Forces on the volunteers as calculated using Murakami and Deguchi (1981). 
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figure 4.6 shows the normalised force against normalised displacement djstancc, where the 

force acting on each individual is nonnalised by their weight, and the displacement distance is 

nonnalised by their height. This figure shows that there is a large degree of scatter which is 

reflected in the values of the correlation coefficients for a least squares linear regression of 

normalised force on normalised displacement distance. The correlation coefficients are 0.579 

and 0.636 for females and males, respectively. However, the wind induced force was obtained 

using data from Murakami and Deguchi (1981) which relates to an average female or male. 

Hence, to remain consistent with Murakami and Deguchi (1981) it is perhaps more 

appropriate to normalise the force by the average weight of the female or male participants. 

Figure 4.7 shows that this improves the correlation coefficients of a. least squares linear 

regression of normalised force on normalised displacement distance, which are now 0.812 and 

0.894 for females and males respectively. This indicates that there is a clear linear relationship 

between the two parameters when averaging is used. The normalised force required to first 

displace an individual is similar for both genders and is of the order of 0.04. However, the 

gradient of the line relating to the male data is steeper than that for the females, which 

indicates that for a given normalised force the males have a smaller normalised displacement 

distance. Although the normalised displacement distances differ between the genders for a 

given normalised force, both genders remain balanced until the value of the normalised force 

exceeds 0.04. 

4.6 Discussion. 

A set of full-scale experiments were undertaken to investigate the effect of a sudden change in 

wind velocity as would be experienced by an individual exposed to a train slipstream. A novel 
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gust generating device was created by attaching wooden boards to the side of a forklift truck 

wbich was positioned in a wind twmel perpendicular to the oncoming flow, thus creating a 

she I tcrcd region immediately behind the screen where volunteers could stand. When the 

required wind velocity was established within the wind tunnel, the forklift truck was driven 

across the wind tunnel so exposing the volunteers to a sudden gust. Initial tests showed that a 

rapid change in velocity occurred in less than O.Ss for each of the oncoming wind flows, 

which is a step change in velocity. This rapid change in velocity occurs within a slipstream at 

the nose of both a freightliner and a passenger train (see Section 2.2.1). However, a passenger 

train's slipstream velocity then decreases before increasing again along the train's main body, 

whereas a freightliner's slipstream velocity remains at a similar magnitude until after the rear 

of the train has past. Therefore, the experiments generated a gust velocity that reproduced the 

sudden velocity increase at a train' s nose, and also the continued high velocity of a 

frci ghtliner' s slipstream. 

For each experiment undertaken, the participants stood in the sheltered region behind the 

screen, either facing the screen (front orientation), with their backs to the screen (back 

orientation) or side-on (side orientation). All individuals were tested with velocities of 7, 10, 

12 and 15rnfs, and the males were tested with an additional velocity of 20m/s. Although it 

would have been useful to have had all the individuals tested with the same gust velocities, 

the large displacements of some females with a gust velocity of 15m/s precluded this on 

safety grounds. An individual was judged to have been displaced during an experiment if they 

stepped in any direction with either one or both feet when exposed to the oncoming wind. An 

individual was judged not to have been displaced if they only pivoted on their toes or heels, as 

it would have been impossible to tell from the video footage if a participant in heavy winter 
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shoes had pivoted only slightly. Also, the model is concerned with the number of people who 

arc destabilised, and a person who only pivots without stepping has not been destabilised as 

their centre of gravity has not moved outside of their base. Although the responses of twenty 

nine individuals arc presented in this chapter there were thirty one participants involved in the 

experiments, however, two were excluded from the results as the video footage showed that 

they were bracing themselves excessively whilst in the sheltered region in preparation for the 

oncoming wind. This deliberate bracing was reflected in their response to the gust velocity, 

making them much more stable than any other participant. 

Analysis of the results shows that both the percentage of people displaced and their actual 

displacement distances increase with increasing gust velocity, as would be expected due to the 

increased applied force. A person's stabi lity is also affected by their standing orientation, with 

the side orientation resulting in a significantly lower percentage of displaced people and lower 

displacement distances than either the front or back orientations. Also, the greatest 

displacement distances occur with the front orientation. Therefore, the participants of the 

experiments were the least stable when facing the oncoming flow and the most stable when 

side~on to the now, and this agrees with the experimental results in De Graaf and Van 

Weperen (1997). De Graafand Van Wcperen (1997) conclude that although a person standing 

side~on can withstand the least amount of acceleration their projected area and hence the 

applied force is smaller which results in the side orientation being the most stable, whereas 

the front orientation is the least stable. lne difference in stability between the front and back 

orientations can at least in part be explained by the position of a person's centre of gravity 

over their feet between their heels and toes. Winter (1995) gives the position of one particular 

person's centre of gravity as being in the order of 5-6cm from their ankle joint when standing 
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quietly. Assuming that this person is an adult, the centre of gravity would be positioned less 

than half the foot length from the heel for even a small footed adult. When a person's centre 

of gravity moves outside their base of support, i.e. their feet, they become unstable (Hof et al., 

2005). As there is a greater horizontal distance for the centre of gravity to move to go beyond 

a person's toes than it is to go beyond their heels, a person is more stable when pushed from 

the back than from the front, i.e. the back orientation is more stable than the front orientation. 

A statistical analysis undertaken in order to investigate the effect a person's mass has upon 

their displacement distance shows that the results can be separated into different regions 

depending on weight for the front orientation of females and the back orientation of both 

females and males. Lighter individuals have greater displacement distances for a given gust 

velocity than the heavier individuals. As most females involved in the experiments had lower 

masses than the males the smallest and largest displacement distances were associated with 

the heaviest males and the lightest females respectively. Although the average displacement 

distances for each weight group cannot be taken to be accurate for all the population within 

the weight groups, the difference between the groups indicates that weight affects a person's 

response to a slipstream. As a person's weight provides a counter moment to the moment due 

to the applied force, increasing a person's mass increases the counter moment and thereby 

increases a person's stability. The effect of the height of a participant was also investigated. 

As all the participants had similar builds, with only two people being of significantly heavier 

build than the others, height increased proportionally with weight, hence, when the 

displacement distance data was arranged with increasing height the results were very similar 

to those when the displacement distance data was arranged in increasing weight. As the effect 
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of height could not be separated from the effect of weight, only the effect of weight on the 

displacement distance is presented. 

As the gust velocity affects a person's displacement distance, the relationship between the 

drag force and the displacement distance is also investigated. Values of the drag area of an 

average female or male are determined by using the data in Murakami and Deguchi (1981 ), 

from which the drag force acting on a person is calculated. There is a clear linear relationship 

between the normalised force and the normalised displacement distance of females or males 

when the force is normalised by the average weight of the female or male subjects. Although 

the normalised displacement distances differ between the genders for a given normalised 

force, with the males having lower normalised displacement distances, the normalised force 

required to first displace an individual is similar for both genders and is of the order of 0.04. 

Therefore, both genders remain balanced until subjected to the same normalised force, after 

which the females have greater normalised displacement distances. The drag force was also 

calculated using drag coefficient values given by Penwarden et al. (1978), and projected area 

values calculated using the work of Dubois and Dubois (1916) (cited in Penwarden et al., 

1978). This method gives similar results to those when using the values of Murakami and 

Deguchi (1981), therefore, only the latter are presented here. 

4. 7 Conclusions. 

The results of experiments undertaken to investigate the response of an individual to a step 

change in velocity time history show that: 
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• lncreasing gust velocities result in a decreased stability. 

• Increasing weight results in increased stability. 

• Stability is a function of standing orientation, with the front orjentation being the least 

stable and the side orientation being the most stable. 

• Generally, gender does not affect the percentage of people displaced. 

• A normalised force of 0.04 is required to destabilise both females and males. 

• Males have lower normalised rusplacement distances for a given norma)jsed forc.e than 

females. 
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CHAPTER 5. 

THEORETICAL MODELLING OF A PERSON'S RESPONSE TO A TRAIN 

SLIPSTREAM. 

5 .1 Introduction. 

A person's response to a slipstream is modelled in two parts, initially as a simple solid object 

and then as a mass-spring-damper system. The model calculates the displacement of a person 

throughout their response and compares this with a critical displacement. If the critical 

displacement is reached, then the model identifies the person as having become destabilised. 

Sections 5.2 and 5.3 describe the simple solid object and the mass-spring-damper system 

respectively. The method of calculating the critical displacement is given in Section 5.4, and 

Section 5.5 describes how the model generates random people. 

5.2 Simple solid object. 

When a person is subjected to an applied force their muscles are not able to react 

instantaneously, therefore, a person' s body is effe-ctively a non-responsive object until the 

inception of the muscular response occurs after the short time delay. Johnson and Prevezer 

(2005) present a model to evaluate the response of a person during this initial time period 

which, following the work of Fukuchi (1961) (cited in Johnson and Prevezer, 2005), is 

assumed to occur for 0.375s after the application of the force. The model of Johnson and 

Prevezer (2005) consists of a rectangular cuboid representing the body of a person where the 

height of the cuboid is equal to the person's height, and the position of the centre of gravity 
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(COG) occurs at half the cuboid's height and at half the width and breath of the cuboid. This 

model is adapted for the current study so that the COG is at a height that is 55% of the 

cuboid's height (Miller, 1998). In the model developed in this thesis the width of the two 

opposite faces of the cuboid representing a person's front and back is taken to be equal to the 

person's shoulder width, and a person's side is taken to be two thirds of the shoulder width, 

which is a reasonable length when clothing is allowed for. The values of a person's shoulder 

width are given in Section 5.4. Figure 5.1 illustrates the cuboid that is used to model the initial 

response of a person. A further adaptation of the model allows for the 27% slower reaction 

time of an elderly person compared to that of a younger person as determined from the 

balance recovery experiments of Mackey and Rabinovich (2006). Therefore, the adapted 

model has a young and middle-aged person responding as a simple solid object for the first 

0.375s after being exposed to a slipstream, and an elderly person responding as a simple solid 

object for a 27% longer time than that of a younger person, i.e. for the first 0.476s. 

A 

F 

D 

mg 

Figure 5 .I a. Pivoting cuboid. 
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Figure 5.lb. Showing how equations of the cuboid are determined. 

Figure 5.1. The cuboid representing a person before the inception of the muscular 

response. 

5.2.1 Wind loading and displacements. 

The instantaneous wind velocity of a train slipstream subjects a person to an instantaneous 

wind force, F, which is given by: 

(5.1) 

'-Vhere p is the air density and takes the value of 1.22kg/m3
, C0 is the drag coefficient, A is the 

projected area of the person and u is the slipstream velocity. The values of C0 are taken from 

Penwarden et a/. ( 1978) and are 1. 17 and 1.01 for a person standing facing the wind and side-

on to the wind respectively. Although no test on a person standing with their back to the 
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oncoming flow was included in Penwarden et a/. (1978) the model assumes that for this 

standing position the value of C v is the same as when a person faces the wind. A is 

detenuined using the Dubois area (Avu) (Dubois and Dubois, 1916) (cited in Pcnwarden eta/. 

\ 978) which relates the total surface area of the body to the person' s weight (w) in Newtons 

and height (h) in metres, thus: 

(5.2) 

Penwardcn et al. (1978) give a relationship between Avu and A, so that~ is 0.32 and 0.22 
Aou 

for a person facing and standing side-on to a slipstream respectively. As with C0 , the value of 

_A_ for a person standing with their back to the slipstream is taken to be the same as when 
Aou 

facing the flow. The values of C0 and~ stated above are for people wearing trousers with a 
ADu 

shirt, sweater or a buttoned jacket, as determined by Penwarden et al. (1978). Using Avu and 

~in place of A, equation (5.1) becomes: 
Avu 

. 1 A 2 F == -
2

PCv-AvuU 
Aou 

(5.3) 

Figure 5.1 illustrates the cuboid being subjected to the force (F) and rotating about its pivotal 

edge (C), with the cuboid's weight (mg) acting vertically down from its COG (G). The force 

moment, M F• acting about C is: 

Mp == F(rSin(e +a)+ aSine) (5.4) 
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Equation (5.4) is applicable before and after the COG has moved beyond C. The weight 

moment, Mw, acting about C, before the COG has moved beyond Cis: 

Mw == mgrCos(() +a) (5.5) 

AfLer the COG has moved beyond C the angle (()+a) is greater than 90°, therefore, Mw is 

negative and acts to destabilise the cuboid. In equations (5.3), (5.4) and (5.5), r is the distance 

of GC in Figure 5.1, a is half the distance of AB, (J is the angle of rotation between the base 

of the cuboid (CD) and the ground, and a is the angle DCG. When the force moment becomes 

greater than the mass moment the cuboid starts to rotate about the pivotal edge. When the 

horizontal distance of the COG is beyond that of C, i.e. the COG has moved beyond the 

pivotal axis, both the mass moment and force moment act to destabilise the cuboid and at this 

point the cuboid will topple over. Although a person will become destabi lised when the centre 

of gravity is beyond the pivotal axis they may be able to alter their standing position, e.g. by 

stepping, and thereby regain their balance. The horizontal displacement of the COG that 

results in the destabUisation of a person is discussed in Section 5.4. In the simple solid object 

model the distributed slipstream force is represented by a single equivalent force acting 

through the cuboid's centre of gravity before the cuboid has started to rotate. When the cuboid 

rotates the force acts at the same point on the face o f the cuboid as when the cuboid is upright, 

i.e. not at the same height as the COG. The horizontal displacement of the cuboid's COG (x) 

lS: 

x =a - (rcos(() +a)) (5.6) 
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The tenn (rCos(B +a)) is positive before the COG has moved beyond C, and negative when 

it has moved beyond C. The model calculates the displacement distance of the cuboid 

throughout its response and uses the final value of x as the initial displacement for the mass

spring-damper system described in Section 5.3. 

5.3 Mass-spring-damper model. 

P1 (t) m1 x1 

kv c1 

P2(t) -~ m2 Xz 

k2 , Cz 

P3(t) m3 x3 

k3,c3 

~ 

Figure 5.2. The mass-spring-damper model representing a person after the inception of 

the muscular response. 

A mass-spring-damper model, illustrated in Figure 5.2, simulates the response of a person to a 

train slipstream after the inception of a person' s muscular response, and comes into effect 

after the simple solid object model, i.e. after 0.375s from the onset of the slipstream for a 

young and middle-aged person, or 0.476s for an elderly person. The three masses, m1- m 2 and 

m 3 represent the person's head, upper body and lower body respectively, and are connected 
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by springs with stiffuess k, and dampers with damping c. The masses m1 and mz are 

connected by k 1 and c1 , whereas m 2 and m3 are connected by k 2 and c2 , and m3 is connected 

to the base by k3 and c3 • The proportions of the values of ml> m 2 and m3 to the total body 

mass are taken from National Highway Traffic Safety Administratjon (2002) and are 6%, 

64% and 30% respectively. The springs and dampers represent the elastic components of the 

muscles (Wexler et al., 1997) and the viscous resistance of the muscles (Martin et al., 1994) 

respectively. During the vibration of the system the masses ml> m 2 and m3 have a horizontal 

displacement with distances of x1 , x2 and x 3 respectively. The externally applied wind force 

due to the slipstream is represented by p(t). 

5.3.1 Equations of motion. 

The equations of motion of the mass-spring-damper system can be expressed as: 

m1j\ + c1x1 - c 1x2 + k1x1 - k1 x 2 = p1(t) 

m2i 2 - c1x1 + (c1 + c2)x2 - c2 x3 - k1x1 + (k1 + k2)x2 - k 2x3 = p2 (t) 

m3i3- CzXz + (cz + c3)x3- kzXz + (kz + k3)x3 = P3(t) 

(5.7) 

(5.8) 

(5.9) 

(Warburton, 1964). Equations (5. 7), (5.8) and (5.9), can also be expressed symbolically as: 

mx +ex+ kx = p(t) (5.1 0) 
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where x, x and :X are the displacement vector, the velocity vector and the acceleration vector 

respectively, p (t) is the applied load vector, and m , c, and k are the mass matrix, the 

damping matrix and the stiffness matrix respectively, so that: 

[m' 
0 

1J 
(5.11) 

m = ~ m2 
0 

[ c, 
-c1 

0 l (5.12) 

c= -~1 c1 + c2 -c2 
-Cz c2 + c3 

[ k, 
-k1 

0 j (5.13) 

k = -~1 kl + k2 -kz 
-kz kz + k3 

5.3.2 Detennining the eigenvalues and the eigenvectors. 

In order to model the vibration of the mass-spring-damper system and thereby detennine the 

displacements of the system, the eigenvalues and eigenvectors are determined for the system 

which is taken to be freely vibrating after the termination of an initial perturbation. The 

eigenvalues are the square of the undamped natural angular frequencies (uJ~) at which the 

system vibrates, and the eigenvectors represent the mode shapes which give the relative 

position of the three masses when vibrating and thereby indicate the shape of the system. 

Assuming that the system is undamped and vibrating freely, i.e. after an initial disturbance the 

system is allowed to vibrate fieely with no external force applied, equations (5.7), (5.8) and 

(5.9) become: 

(5.14) 
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m2x2 - k1x1 + (k1 + k2)Xz- kzx3 = 0 

m3x3 - k2x2 + (k2 + k3)x3 = 0 

Equations (5.14), (5.15) and (5.16) can be expressed symbolically as: 

mx+kx=O 

Assuming a simple harmonic response, the displacement of the three masses is: 

x1 = x1Sin(wnt +e) 

Xz = XzSin(wnt +e) 

x3 = x3Sin(wnt +e) 

or. symbolically: 

(5.1 5) 

(5.16) 

(5.] 7) 

(5.18) 

(5.1 9) 

(5.20) 

(5.21) 

where .X is the shape of the system which does not change with time, Wn is the free vibration 

undamped angular natural frequency, the subscript n refers to the mode (n = 1, 2 or 3 in the 

case of the three mass model), tis the time since the termination of the initial disturbance, and 

e is the phase angle. 

Differentiating equations (5.18), (5.19) and (5.20) twice with respect to time gives: 
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i\ = -w~x1Sin(wnt + fJ) 

x2 = -w~x2Sin(wnt + fJ) 

x3 = -w~x2Sin(wnt + fJ) 

or, symbolically: 

(5.22) 

(5.23) 

(5.24) 

(5.25) 

Substituting equations (5.18), (5. 19) and (5.22) into (5.14), equations (5.18), (5.19), (5.20) 

and (5.23) into (5. 15), and equations (5. 19), (5.20) and (5.24) into (5.16), and omitting the 

term Sin(wnt + fJ) gives: 

(k1 - w~m1)£1 - k1x2 = 0 

-k1x1 + (k1 + k2 - w~m2)£2 - k2x3 = 0 

-kzXz + (k2 + k3 - w~m3)x3 = 0 

Equations (5.26), (5.27) and (5.28) can be expressed symbolically as: 

[k - w~m]x = o 

For a non~trivial solution x * 0 , therefore: 

lk - w~ml = 0 

(5.26) 

(5.27) 

(5.28) 

(5.29) 

(5.30) 

5.10 



where the I I brackets represent the determinant of the matrix. Equation (5.30) can be solved 

by rearranging equation (5.26) to give £2 in terms of xl: 

(5.31) 

and substituting equation (5.31) into equation (5.28) and rearranging to give x3 in terms of £1: 

(5.32) 

Substituting equations (5.31) and (5.32) into equation (5.27) and simplifying, gives: 

(5.33) 

Solving this gives three values of w~, i.e. three eigenvalues, one for each of th~ three modes 

of the system used in the model. 

For a single degree of freedom system w is defined as: 

. r; 
()) =: 2n:f =: ~~ 

(5.34) 
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where f is the cyclic natural frequency of the system, k is the spring stiffness and m is the 

single mass. As the person model involves a multi-degrees-of-freedom system, the values of 

w71 of the person model relate to the mass and the stiffuess of a single-degree-of-freedom 

system equivalent of a multi-degrees-of-freedom system (the reason for which is described in 

Section 5.3.4). The single-degree-of-freedom system equivalent of a multi-degrees-of-

freedom system is given in Figure 5.3. 

mcot x 

keq 1 C 

Figure 5.3. Single-degree-of-freedom equivalent of a multi-degrees-of-freedom system. 

The parameters mtot and keq are a person's total mass and the equivalent stiffness 

respectively. The value of keq is calculated using the springs .in series equation and, for a 

system with three degrees of freedom such as that used in the person model, keq is: 

(5.35) 

In the model the three eigenvalues determined fwm equation (5.33) are proportional to keq 

and inversely proportional to mtot thus: 
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(5.36) 

where e
1 

keq , e
2 

keq and e3 keq are the eigenvalues of the first, second and third modes of 
mtot ffltoL mtot 

. . . 1 d kcq keq keq v1brat10n respective y, an e1 -- < e2 - < e3 -. 
nttot mtot ffltot 

The three eigenvalues are then substituted into each of equations (5.31) and (5.32), and the 

values of .X2 and x3 in tcnns of x1 are called the eigenvectors and denoted by ¢ , so that: 

(5.37) 

which in matrix form is: 

.x11/" xll 
212/ .x12 x3 3!~ (5.38) 

X13 

" Xzz;" X23/~ = [¢~, 
1 ¢~,] <P = X21/,.. ¢zz Xu Xu X13 

.x311 Xn/~ .x33f~ 
¢31 ¢32 ¢ 33 

Xu Xtz X13 

with the notation being Xrn , where the subscripts r and n identify the mass and mode 

respectively, e.g. ¢ 23 relates to m2 in the third mode. <I> gives the mode shapes of the system, 

as illustrated in Figure 5.4, which indicates how the masses vibrate with respect to each other. 
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xll~--~ 

' j 
j 

mode 1 

Xzz• 
j 

mode2 mode 3 

Figure 5.4. Mode shapes of a mass-spring-damper system with three degrees of freedom. 

5.3.3 Determining the damped angular natural frequency and the damping ratio. 

The damped angular natural frequencies, wDn• and the damping ratio,£, are also required to 

determine the displacements of the mass-spring-damper system, and this section describes 

how these parameters are calculated. The three values of Wn are determined from an 

undamped system freely vibrating after an initial disturbance, but in order to obtain wDn the 

damping of the system is considered. Clough and Penzien (1993) express equation (5.1 0) as: 

(5.39) 

where Mm Cn, Kn and Pn(t) are called the nonnal-coordinate generalised mass, generalised 

damping, generalised ~tiffness, and generalised load for mode n respectively These are 

defined as: 
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Mn = q,~mt/>n (5.40) 

Cn :: <P~ccf>n (5.41) 

Kn := l/>~kl/>n (5.42) 

Pn(t) = l/>~p(t) (5.43) 

The damping ratio, En, is defined as the ratio of a system's actual damping to the critical 

damping, thus: 

(5.44) 

where 2wnMn is the critical damping. When En < 1, En == 1 and En > 1, the system is 

undcrcritically damped, critically damped and overcritically damped respectively. As Clough 

and Penzien (1993, p.32) state that ' .. .it is very unusual under normal conditions to have 

overcritically damped structural systems ... ', the damped system representing the response of a 

person is assumed to be undercritically damped, i.e. 0 <En < 1. When En < 1, the system 

will oscillate about its original position with oscillations of decreasing amplitude. The 

damped angular natural frequency, w0n, is related to En and dcfmcd as: 

(5.45) 
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5.3.4 Determining values of the natural frequency and the total damping. 

The cyclic natural frequency, f, of a person is required in order to determine keq• and the total 

damping of the system, Ctot• is required to determine the damping ratio; hence, both f and 

Ctot are involved in calculating the displacements of the mass-spring-damper system. Morasso 

and Scicppati (1999) present a single-degree-of-freedom system to model a person's sway 

occurring during upright standing and use a value off that is below 1Hz. As this value off is 

associated with a single-degree-of-freedom system, a single-degree-of-freedom system 

equivalent of the multi-dcgrecs-offreedom system used in the current research is used with f 

< 1Hz. The equivalent system is illustrated in Figure 5.3 and, using equation (5.34), f is 

defined as: 

l~eq !=- --
2rr mtot 

(5.46) 

The values of f and Ctot are determined by utilising the data from previous full-scale 

experiments which were undertaken in a wind tunnel to test a person's response to a sudden 

gust for the purposes of the current research (Chapter 4). In order to reproduce the results of 

the experiments the twenty nine participants were simulated by the model by using the 

information of their heights, weights, gender and standing orientation. All of the participants 

were young or middle-aged, and the relationship between k1 , k2 and k 3 was taken to be 

k1 = k 2 = k3 (see Section 5.3.5). Additionally, the relationship between cl> c2 and c
3 

was 

taken to be c1 = Cz = c3 (see Section 5.3.6). The people generated by the model were 

exposed to the wind velocity profiles that were recorded during the full-scale tests, as shown 
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in Figure 4.2, with each person simulated to be either standing facing the oncoming flow, or 

with their back, left side or right side to the flow. Values off between 0 and 1Hz were tested 

in the model with varying values of Ctot using a trial-and-improvement method until the 

percentage of people displaced in the full-scale experiments was reasonably reproduced by 

the model. In determining the values off and Ctot the value of E has to be considered so that E 

< 1 as the system is undercritically damped. As E is inversely proportional to mtot (which is 

indicated in equation ( 5. 44) ), the smallest value of mtot has to be large enough so that E < 1. 

Wind velocities Percentage of people displaced Absolute error Percentage error 

(rnls) Full-scale wind Simulated by the 
of percentage of of percentage of 

people displaced people displaced 
tunnel tests (a) model (b) 

(b-a) (1 OOx(b-a)/a) 

7 8.6% 7.8% -0.8% -9.3% 

10 13.8% 17.2% 3.4% +24.6% 

12 38.3% 42.2% -3.9% +10.2% 

15 65.5% 50% 15.5% +23.7% 

Table 5.1. Percentages of people displaced during the full-scale wind tunnel tests and 

generated by the model (f = 0.9Hz, Ctot = 215Ns/m). 

Table 5.1 gives the percentages of people displaced by the various wind velocities during the 

full-scale tests and simulated by the model using values of 0.9Hz and 215Ns/m for f and Ctot 

respectively. The percentages relate to a person being displaced when either standing facing 

the oncoming flow, with their back, their left side or their right side to the flow, i.e. the results 

of each of these standing positions are combined. Although it would be more accurate to 

reproduce the percentages displaced for each standing orientation, the results of the full 
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working model do not differentiate between standing orientations so it was deemed 

appropriate to not differentiate between standing orientations when determining f and Ctot· 

Table 5.1 also shows the absolute error and percentage error of the simulated results 

compared with the measured results. The largest percentage error is associated with the wind 

velocity of 1 Om/s and is 24.6%, however, the absolute error associated with this wind velocity 

is only 3.4%. The absolute and percentage errors associated with the wind velocities of 7m/s 

and 12rn/s are quite small, therefore, the model generates the percentages of people displaced 

at these wind velocities with reasonable accuracy. The least accurately reproduced results are 

associated with the wind velocity of 15m/s. Altering the values off and Crot in order to more 

accurately reproduce the results at the wind velocity of 15m/s significantly reduces the 

accuracy of the results at 7, 10 and l2m/s. The best overall reproduction of the results occurs 

when f ""'0.9Hz and ctot = 215Ns/m. 

5.3.5 Values of the eigenvalues and the eigenvectors for modelled individuals. 

In order to determine W-~ and c:l> the relationship between the three mass values and mtot is 

utilised, as is the relationship between the three stiffness values and keq· As described in 

Section 5.3, the three masses of the system relate to a person's total mass by: 

m1 = 0.06mtot 

m2 = 0.64mtot 

m3 = 0.30mtot 

Therefore, the mass matrix is: 

(5.47) 

(5.48) 

(5.49) 
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[

0.06 0 
m = 0 0.64 

0 0 
~ ] mtot 

0.30 

(5.50) 

Taking the values of k 2 and k3 in tenns of k1 , so that k 2 : 9k1 and k3 = hk1, where 9 and h 

are constants, the equivalent stiffuess is: 

1 ghk1 
k eq = 1 1 1 = gh + g + h 

-+-+-kl gkl hk1 

(5.51) 

Thus: 

gh + 9 + h 
k1 == gh keq 

(5.52) 

gh+ 9 + h 
k z = h keq 

(5.53) 

gh+ g + h 
k3 = keq 

B 

(5.54) 

The scarcity and contradictory nature of the data relating to the appropriate value~ of stiffness 

of a model representing the response of a standing person to a horizontal force (as discussed 

in Section 2.8) has led to the assumption that k1 = k2 = k 3 for young and middle-aged 

people, so the vaiues of both 9 and h are equal to one. Therefore, for a young and middle-

aged person, equations (5.52), (5.53) and (5.54) give: 

(5.55) 
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It is conjectw·ed that elderly people standing on a station platform have a different response to 

younger people when exposed to the slipstream of a passing train. This difference is 

incorporated into the model by delaying the reaction time, as described jn Section 5.2, and 

also by altering the retationship between k1 , k2 and k3 . Liu et al. (2006) exam1nes the effects 

of age on active leg stiffness adjustment and concludes that the leg stiffness of elderly 

subjects is 70% that of younger subjects when performing a counter movement jump, 

therefore, the model takes this reduced stiffness to be a feature of an elderly person's leg. The 

reduced leg stiffness is reflected in the model by assuming that the value of k3 of an elderly 

person is 70% of the k3 value of a younger person, i.e. k3E = 0.7k3y, for a given total body 

mass. The subscripts E and Y refer to an elderly and a younger (young and middle-aged) 

person respectively, and are used for clariftcation when deemed necessary. It is also assumed 

that, as with a younger person, k1E = k 2 E. Therefore, g = 1 in equation (5.51), which leads 

to the relationship between keqE and klE: 

k == hklE 
eqE 2h + 1 

(5.56) 

which, with hk1E = k3 E = 0.7k3 y, leads to: 

k - 0.7k3Y 
eqE- 2h + 1 

(5.57) 

Van det Burg et al. (2007) indicate that the stiffness of an elderly person's trunk is greater 

than that of a younger person, although it does not quantifY the increase, therefore, the values 

of k1 and kz of an elderly person are taken to be greater than those of a younger person. Tills 
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can be achieved by assuming that keqY = keqE' as k1 y = kzy, k1E = k2E and k3y > k3E thus 

resulting in k1E and k25 being larger than k1 y and k2 y respectively. Equation (5.55) .leads to: 

(5.58) 

Substituting equation (5.57) into equation (5.58), with keqY = keqE• leads to the solution 

h = ~:- As k3 = hk1 , the relationship between k1 , k2 and k3 of an elderly person is k1 = 

k 2 = ~ k 3 . Using this relationship and equation (5.56), the relationshlp between each of the 
11 

stiffnesses and keq of an elderly person are determined to be: 

(5.59) 

Equations (5.55) and (5.59) show that k 1 , k2 and k3 are dependent upon keq which in tum is 

dependent upon mtot as f is constant (equation (5.46)), therefore, the values of stiffness vary 

with mtot· 

Substituting equations (5.47), (5.48), (5.49) and (5.55) into equation (5.33) leads to the 

eigenvalues associated with a young and middle-aged person: 

{
1.910} k 

w~ = 22.205 -....::L 
55.260 mtot 

(5.60) 
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Similarly, substituting equations (5.47), (5.48), (5.49) and (5.59), into equation (5.33) leads to 

the eigenvalues associated with an elderly person: 

! 1.618} k 
w~ = 23.366 ~ 

70.308 mtot 

(5.61) 

With f == 0.9Hz the value of keq for a person irrespective of age can be calculated using 
mtot 

equation (5.46), thus: 

(5.62) 

The units are s·2. The eigenvalues, w~, can then be calculated for a young and middle-aged 

person from equation (5.60) giving: 

{ 
61.0781 

w~ = 710.071 
1767.104 

and for an elderly person from equation (5.61), thus: 

! 51.740 } 
w~ = 747.198 

2248.309 

(5.63) 

(5.64) 

With units of rad2.s-2. In order to determine the eigenvector matrix (<j)) for a young and 

middle-aged person, equations (5.4 7), (5.55) and (5.60) are substituted into equation (5.3 1) to 
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give x
2 

in tenns of x1 . Also, equations (5.47), (5.49), (5.55) and (5.60) are substituted into 

equation (5.32) to give X3 in tem1s Of X1. Therefore: 

<1> = [o.i6z o.i56 -o~lo5] 
0.532 -2.521 0.030 

(5.65) 

for a young and middle-aged person. Similarly, 4> for an elderly person is detemlined by 

substituting equations (5.47), (5.59) and (5.61) into equation (5.31), and substitu6ng 

equations (5.47), (5.49), (5.59) and (5.61) into equation (5.32). Thus: 

ct> = [o.i75 o.:33 -o;o5] 
0.685 -2.213 0.026 

for an elderly person. 

(5.66) 

5.3.6 Values ofthc damped angular natural frequency and damping ratio of individuals. 

In order to determine &n and WEn the relationship between each damping value and Ctot is 

utilised. As the data relating to the appropriate values of damping of a mass-spring-damper 

system representing the response of a standing person to a horizontal force is scarce and 

contradictory (as discussed in Section 2.8) it is assumed that c1 = c2 = c3 for all people 

irrespective of age. In the model Ccot = c1 + c2 + c3 , therefore, c1 == c2 = c3 = ~ Cc0 t , and the 
3 

damping matrix, c, from equation (5.12), is given by: 
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[ 

0.333 -0.333 0 l 
C = -0.

0
333 0.667 -0.333 Ctot 

-0.333 0.667 

(5.67) 

In order to obtain the damping ratio, En, of a young and middle-aged person the matrices Mn 

and C11 are determined from equations (5.40) and (5.41) respectively, thus: 

[ 0.737 -3.352 x 10-s 1.416 x to-•] (5.68) 
Mn = -3.352 x 10-5 2.164 -5.220 x lo-s mtot 

1.416 X 10- 4 - 5.220 x lo-s 0.067 

[ 0.156 -3.967 X 10-4 -3.333 x lo-s] (5.69) 
Cn = -3.967 X 10- 4 5.340 -1.350 X 10- 4 Ctot 

-3.333 x lo- s -1.350 X 10-4 0.413 

Substituting equations (5.63), (5.68) and (5.69) into equation (5.44), the damping ratio for a 

young and middle-aged person is: 

!0.077] c 
En = 0.261 tot 

0.413 .Jmtotkeq 

(5.70) 

The matrices Mn and C71 for an elderly person are a\so determined from equations (5.40) and 

(5.41 ), thus: 

[ 0.809 2.205 X 10-4 -1.770 X 10- 4
] (5.71) 

Mn = 2.205 X 10-4 1.786 2.010 x 10-4 mcot 
-1.770 X 10- 4 2.010 x 10-4 0.067 

[ 0.185 -0.227 2.482 X 10-3
] (5.72) 

Cn = -0.227 4.377 -8.276 X 10- 3 Ctot 
2.482 X 10- 3 -8.276 X 10-3 0.413 
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Substituting equations (5.64), (5.71) and (5.72) into equation (5.44), the damping ratio for an 

elderly person is: 

En = 0.136 tot 

l

0.079l c 

0.366 )mtotkeq 

Using Ctot = 215Ns/m and equation (5.62), En becomes: 

1 l2.928l 
En=-- 9.923 

mwt 15.702 

for a young and middle-aged person, and, 

1 l3.004l 
en=-- 5.171 

mtot 13.915 

for an elderly person. 

(5.73) 

(5.74) 

(5.75) 

The values of Won are determined by substituting equation (5.74) into equation (5.45) for a 

young and middle-aged person, thereby giving: 

(5.76) 

!7.815 l 1 l8.573l 
Won== 26.647 1- - 2- 98.466 

42.037 mtot 246.553 

Substituting equation (5.75) into equation (5.45) gives Won for an elderly person: 
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!

7.193] 1 !9.024] 
Won = 27.335 1- - 2- 26.739 

47.416 mtot 193.627 

(5.77) 

With units ofrad.s·'. 

5.3.7 Wind loading and displacements. 

p(t) 

p(r) 

~------~~-------------t 

l< 
T >I I~ dT 

Figure 5.5. Time history of an arbitrary general loading p(t). 

If a system is subjected to an impulse loading which acts in isolation it freely vibrates after the 

termination of such an impulse, and the displacement of each of the system's masses can be 

determined. In the model developed in the current research, the entire wind loading of a 

slipstream acting on a person is considered to consist of a succession of very short~duration 

impulse loads, with a person's displacement being the sum of the displacements due to each 

of the impulses. Summing all the individual free vibration responses gives the total response 
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of the system to the entire wind loading. Figure 5.5 illustrates the time hjstory of an arbitrary 

general loading p(t), with an intensity of loading p(r) acting at t = r. The loading acting 

during the time interval of dr is an impulse loading, p( r )dr (Clough and Penzien, 1993). 

The displacement of an under-critically damped single-degree of freedom system after the 

termination of an isolated impulse load is given by: 

p(r)dr 
x = e-Erd(t--r) Sinw (t- r) 

mwD D 

t ~ T (5.78) 

Equation (5.78) gives the response of a system to an isolated impulse but the loading due to a 

slipstream is considered to consist of a succession of impulses, therefore, the displacement 

given by equation (5.78) is actually dx(t) , thus: 

p(r)dr 
dx(t) = e-Ew(t--r) Sinw (t- r) 

m<uv D 

t ~ T (5.79) 

where dx(t) is the displacement time history due to one impulse load for t > r, not the 

change in displacement during dt. The displacement of a single-degree-of-freedom system 

subjected to the slipstream loading, is determined by summing the displacements due to all of 

the individual impulse toads over the entire time t ~ 0, thus: 

t 

x == -
1-J p(r) Sinlu0 (t- r)e-<-w(t--r)dT 

mw0 
0 

t > 0 (5.80) 
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Equation (5.80) is known as the Duhamel integral equation, and this can be adapted for a 

multi-degrees-of-freedom system subjected to a wind loading thus: 

t 

}': -
1 J P, (r)Sinw0 (t- r)e-EnWn(t--c)dr 

n-M W n n 
n Dn 

t '2: 0 (5.81) 

0 

where Yn is the modal amplitude, and Pn(r) is the load function for the nth mode which takes 

into consideration the relative forces acting upon each mass, so that: 

Pn(r) = 1fzPCvAu2 L ¢rn1Jr 
(5.82) 

T 

where p, C0 , A and u are defined as for equation (5.1), <l>rn are the eigenvectors, and 7Jr is the 

relative amplitude of the force acting upon the three masses. As there is insufficient slipstream 

data to determine conclusively how the slipstream velocity varies with height (as described in 

Section 3.3) the model assumes that the force acting on each of the three masses is the same, 

therefore, T1 = 1 for each mass. To help solve equation (5.81) the following expression is used: 

(5.83) 

Therefore, equation (5.81) becomes: 
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(5.84) 

The displacement vector, Xn, for each mass is obtained from the product of the mode shape 

vector, lf>n, and the modal amplitude, Yn, (Clough and Penzien, 1993) so that: 

(5.85) 

Summing the modal vectors gives the total displacement vector, x, for each mass: 

(5.86) 

Therefore, the actual horizontal displacements for each mass, Xn are determined by summing 

the product of ¢nand Yn for each mode: 

(5.87) 

(5.88) 

(5.89) 
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5.3.7.1 Displacement of an entire person. 

The displacement of the person as a whole (xp) is taken to be the displacement occurring at 

the COG of the whole body. Tills height (hp) occurs at 55% of the person's full height, as 

mentioned in Section 5.2. As equations (5.87) to (5.89) give the displacements of the three 

masses the value of xv is calculated using these displacements, and this is achieved by .first 

determining the heights at which the three masses are pos itioned. 

The displacement distances of the three masses of the system representing a person occur at 

the COG of each mass. The centres of gravity of ml> m 2 and m 3 of a person standing up 

straight are taken to be at the person's full height (h1), at the navel (h2 ), and a little above the 

knees at half the height to the navel (h3 ), respectively. The person is proportioned so that 

h1 : h2 approximates the Golden Ratio. i.e. is 1.618:1 (Parveen, n.d.) Therefore, h2 = 0.618h1 

and h3 = 0.309h1 , as illustrated in Figure 5.6, and hp = 0.55h1 . As the masses exhibit only 

horizontal displacements the height of each COG remains the same throughout the duration of 

the vibration. 
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A 
m2 :---+ 

hl 

h2 ::: 0.618hl 

i 
m3 f----+ 

h3 = 0.309hl ,. 
~ W-4 ~h 

Figure 5.6. Relative heights of the centre of gmvity of each mass. 
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f igure 5. 7a. Heights and displacements of the fjgure 5. 7b. Section of the displaced system 

centre of gravity of each mass. 

Figure 5.7. Details required in order to detennine the displacement of the wbole person. 

5.31 



Figure 5. 7a shows arbitrary displacements of the three masses and illustrates that Xp is equal 

to x3 plus an additional length. This additional length is shown in Figure 5.7b as Xp- X3, 

with Figure 5.7b illustrating the section of the displaced system between m2 and m3. The 

length Xp - x3 can be determined from similar triangles, thus: 

(5.90) 

Adding this to x3 gives the displacement of the person: 

(5.91) 

With h2 = 0.618h1 , hp == 0.55h1 and h3 = 0.309hl> equation (5.91) becomes: 

Xp = 0. 780x2 + 0.220x3 (5.92) 

When the person's displacem.ent moves beyond the critical displacement the person has 

become destabilised. The calculation ofthc critical displacement is detailed in Section 5.4. 

5.4 Critical displacement. 

When the COG of the person, either represented as a simple solid object or as a mass-spring-

damper system, is displaced beyond a certain criticaJ distance the person has become unstable 

and will have to alter their standing position, for example by moving their feet, so as not to 
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lose their balance. A person will be blown in different directions depending on how they are 

standing in relation to the oncoming flow of the slipstream, therefore, their critical 

displacement is dependent upon their standing orientation. A person wilJ be blown to their 

side, backwards over their heels or forwards over their toes if they are standing side-on to the 

oncoming flow, facing the flow or with their back to the flow respectively. A person becomes 

unstable when their COG moves outside their base (Hof et a/. , 2005), therefore, instability 

occurs when the COG is either beyond the side of the foot, the heels or the toes when a person 

is standing side-on to the oncoming flow, facing the flow or with their back to the flow 

rcspcctivcl y. 

Assuming that a person stands with both feet facing directly forward and shoulder width 

apart, and taking the person's COG to be positioned on the midline of the body through the 

sagi ttal plane, i.e. hal f way between the right and left sides, a person will become unstable 

when their COG has been displaced by a distance equal to half the shoulder width when 

standing side-on to the oncoming flow. The shoulder width of a person is calculated using the 

data given in the German DIN33402-2 as quoted by Schlick (2003). This data give values of 

the 501
h percentile shoulder width and the 50th percentile height for women and men, and is 

reproduced in Table 5.2. A person's shoulder width is assumed to be proportionaJ to their 

height, therefore, dividing a person's shoulder width by their height gives the shoulder width 

in terms of a person's height (h1) , the values of which are given in Table 5.2. The shoulder 

width to height ratio of a man is greater than that of a woman, i.e. 0.23h1 > 0.22hv reflecting 

the broader shoulders that occur in men. The critical displacement is half the shoulder width, 

and is therefore 0.11 Oh1 and 0.115h1 for a woman and a man respectively. The shoulder 

w-idth of a child is assumed to be 0.22h1 , i.e. the same as for an adult female, as a child's 
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shoulders will not be as broad in relation to their height as an adult male's, therefore, a child's 

critical displacement is 0.11 Oh1 . 

l Person soln percentile body soth percentile Shoulder width in 

I height (h1 ) (m) shoulder width (m) terms of h1 

I 
! Adult female 1.619 0.355 0.22ht 

1 Adult male 1.733 0.398 0.23h1 

Tabie 5.2. A person' s height, shoulder width, and shoulder w1dth m terms of h1 . 

I 
Standing orientation Critical displacement 

J Facing the flow 0.050h1 
! 

Back to the flow 0.100h1 

Side on to the flow Adult female 0.110h1 

Adult male 0.115hl 

Child 0.11 Oh1 

Table 5.3. Critical displacement related to height. 

For a person either facing or with their back to the flow the critical displacement is 

determined from the length of a person's foot, which is 15% of a person' s height (Van 

Bogaert, 1999). As the torso is positioned towards the rear of the foot, the model assumes that 

a person's COG is above a position one third of their foot length from the back of the heel 

when standing upright. Therefore, the critical displacement is taken to be a third and two 

thirds of the foot length when being pushed over the heels and over the toes respectively. The 

critical displacement, in terms of a person's height, is therefore 0.05h1 (0.333x0.15h
1

) and 
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0.1 Oh
1 

(0.666x0.15h
1

) when a person is facing the oncoming flow and has their back to the 

flow respectively. The critical displacement values relating to the various standing 

orientations arc given in Table 5.3. 

The model calculates the critical displacement of each generated person and identifies ifthdr 

displacement reaches the critical value when they are represented as either a simple solid 

object or a mass-spring-damper system. If the critical displacement is reached at any time 

during the person's response that person is identified as having become destabilised. 

However, a person identified by the model as being destabilised will not necessarily fall over 

in reality, but will have to alter their stance in order to regain their stability. 

5.5 Generating random people. 

A wide section of the British population travel by train, therefore, within certain limits, the 

model generates people standing on a station platform that have random weights, heights, 

ages, gender and standing positions. 1t is assumed that young children are likely to either be in 
• 

a pushchair or otherwise securely positioned when waiting for a train, therefore, the model 

generates people that are aged seven years or o1der on a station platform. A statistical bulletin 

of travel by Scottish residents (The Scottish Government, 2005) gives the number of trips per 

person per year by the main mode of transport and shows details relating to age and gender. 

Under the transport category that includes rail, the number of trips per person is 17, 87 and 20 

for children aged under 16, adults between 16 and 59 inclusive, and adult.:; aged 60 and over. 

If it is assumed that there is a unifonn distribution of children's ages, then the number of 

children aged between 7 and 15 inclusive is 17 x 9/16, i.e. 9.6. Therefore, the ratio of children 
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w adults (excluding the elderly) to elderly adults is 9.6 : 87 : 20, which is approximately 1 : 9 

: 2. The model generates children between the ages of 7 and 16 inclusive, adults (excluding 

the elderly) between 17 and 59 inclusive, and elderly adults between 60 and 84 inclusive, and 

generates the people within these age categories using the above ratio. The model assumes 

that people's ages are uniformly distributed within each age category. Although the statistical 

data define children as being aged under 16, the model defines 16 year olds as children 

because height and weight only stop increasing rapidly at the age of 17 according to the 

graphs presented by Halls (2004). The same statistical bulletin also gives the number of trips 

for a woman and a man as 34 and 33 respectively, so the number of females and males 

standing on a station platform is taken to be equal. The model reproduces the age and gender 

ratios when generating people standing on a station platform. A report by Network Rail 

(2006) states that 96% of its maintenance workers are male, and as allowing for the small 

proportion of female trackside workers will not effect the results the model only generates 

men standing alongside an open track. The ages of the trackside workers are generated to be 

uniformly distributed between 17 and 59 inclusive to reflect the probable age range of these 

workers. 

The model generates the heights and weights of all the people by using a normal distribution, 

the means and standard deviations of which are calculated using the data given in Halls 

(2004) on the 5th, 50th and 95th percentile values of height and weight. The data in Halls 

(2004) is taken from the National Health and Nutrition Examination Survey (NHANES III) 

that was undertaken in the US during the years 1988 - 1994. The data show that both height 

and weight change with age, with the changes occurring more rapidly in children, as would be 

expected, therefore, the heights and weights of children are calculated for each particular age 
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( 7, 8, 9 years, etc.). As an adult's weight and height do not change as much as those of a child, 

these parameters are calculated using the nearest decade to the adult's age (20, 30, 40 years, 

etc.); for example, a forty-seven year old will have the weight and height associated with a 

fifty year old. The data show that the distribution of height is only slightly skewed, therefore, 

the mean height of the normal distribution is taken to be the 50th percentile value 

conesponding to the age of the person. The probability of a person being below the 5th 

percentile height is 0.05, and this is used to dete1111ine the standard deviation of the height 

using a normal distribution table. The distribution of the weight, however, is positively 

skewed, i.e. there's a greater range of weights between the 95111 and 50th percentiles than 

between the 5th and 50th percentile; for example, the 51
h, 50th and 95th percentile weights of a 

girl aged 16 arc 46kg, 57kg and 90kg respectively. The 501
h percentile weight value is taken to 

be the mean, as with the height data, but an effective 5th percentile value is used to determine 

the standard deviation of the normal distributions. The effective s•h percentile is the value of 

the so•h percentile minus half the difference between the 5111 and 951h percentiles of weight, 

thereby approximating a non-skewed distribution. Table 5.4 gives the mean and standard 

deviations used to generate the random heights and weights of children and adults. 
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Person Age Female Male 
(years) 

Height (m) Weight (kg) Height (m) Weight(kg) 

Mean Standard Mean Standard Mean Standard Mean Standard 

deviation deviation deviation deviation 

Child 7 1.210 0.055 23.0 5. 167 1.220 0.061 23.5 4.559 

8 1.270 0.063 25.5 6.383 1.280 0.064 26.5 5.623 
' 

9 1.340 0.066 29.0 7.751 1.340 0.067 30.0 6.991 
' 
I 

10 1.410 0.070 33 .5 9.119 1.405 0.070 35.0 8.359 
; 

I 11 1.470 0.070 38.5 l 0.182 1.475 0.075 40.0 9.726 
' 

12 1.520 0.073 45.5 11.246 1.540 0.078 45.0 10.942 

13 1.575 0.070 51.0 12.310 J .600 0.078 50.5 12.614 

14 1.615 0.066 55.0 12.918 1.650 0.078 56.0 13.830 

15 1.630 0.061 56.0 13.374 1.705 0.073 6!.0 14.894 

.. -
16 1.635 0.060 57.0 13.374 1.750 0.075 66.0 I 5.198 

Adult 20 1.640 0.061 59.0 15.198 1.770 0.067 72.0 14.590 

' 

I 30 1.640 0.061 63.0 16.413 1.770 0.067 79.0 l 5.198 

I 40 1.640 0.061 67.0 17.021 1.775 0.067 82.0 I 6.109 

I 50 1.630 0.061 69.0 
' 

16.413 1.770 0.067 83.0 16.109 

I 
' 60 1.615 0.061 70.0 1.5.805 1.760 0.061 83.0 14.894 

! 
' 70 1.590 0.061 68.0 15.198 1.735 0.061 81.0 13.374 
l 
i 80 1.565 0.061 63.0 14.286 1.710 0.061 76.5 12.462 
l 

Table 5.4. Mean and standard dev1at10n values of he1ght and wetght. 

The train side is assumed to be alongside the platform edge when the train passes through a 

station so that a person standing lm from the platform edge is also lm from the train side. 

The model allows the generated people to be standing between two distances from the side of 
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a passenger train. However, the maximum distance that a person can stand is 3.5m and 2.5m 

from the side of a passenger train passing a station ptatform and travelling along an open track 

respectively, as slipstreams can only be simulated to these distances due to the limitations of 

the data from the train slipstream tests (described in Section 2.2). A person can only be 

positioned at 1.5m and 0. 705m from the side of a freightliner passing a station platfonn and 

travelling along an open track respectively, as the slipstream measurements were only taken at 

these distances during the tests. The standing orientation of a person on a station platform is 

randomly generated using a uniform distribution so that there is an equal chance of a person 

standing with their right side, left side, front or back towards the oncoming flow of the 

slipstream. A man standing alongside an open track is modelled with his side towards the 

flow, as it is probable that when he moves back from an approaching train he stands with his 

back to the tracks (Bates, 2004 ). 

5.5.1 Checking the suitability of the generated people. 

Certain limits are set and adjustments made to the weights and heights of the simulated people 

to ensure that realistic values are generated for the person's age and gender, e.g. there are no 

2.4m (8') tall people or 1.8m (6') tall people weighing 32 kg (5 stone). A limit of2cm below 

the 51
h percentile and above the 95th percentile is allowed for the heights of both children and 

adults. A limit of 1.5kg below the 51
h and above the 951

h percentile js allowed for an adult's 

weight, and a 1.5kg limit above the 951
h percentile is also set for a child ' s weight. However, 

due to a child's weight being more positively skewed than an adult's, a limit of only O.Skg is 

allowed below the 51
h percentile weight, and if a child's weight is generated to be more than 

1 kg below the 5th percentile their weight is increased to be the mean value. The values of 
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these limits are used as it is reasonable to assume that only a small percentage of people, if 

any. will have heights or weights beyond them. Therefore, excluding anyone who does have a 

height or weight beyond the limits will not affect the model's results. Table 5.5 gives the 

ranges of height and we1ght values of children and adults. 

I Person Age (years) Female Male 

I Height range (m) Weight range (kg) Height range (m) Weight range (kg) 

. I Child 7 1.110 - 1.330 17.5-36.5 1.090- 1.330 17.5-34.5 

' 8 1.160- 1.400 19.5-42.5 1.150- 1.400 19.5-39.5 

I 
I 

9 1.220 - 1.480 21.5 - 49.5 1.21 0- 1.470 22.5-47.5 

I 10 1.280 - 1.550 

l 
24.5-56.5 1.270 - 1.540 25.5 - 55.5 

I I I 1.340 - 1.620 27.5-63.5 1.330 - 1.620 29.5-62.5 

l 
I 

!2 1.390 - l .670 31.5 - 70.5 1.390- 1.680 33.5-71.5 

I 13 1.440- 1.710 36.5-79.5 1.460- 1.750 37.5-80.5 

I 14 1.480- 1. 740 40.5-85.5 1.520- 1.800 42.5-89.5 

I 15 1.510-1.750 43.5-89.5 1.570- 1.850 46.5 - 97.5 

I 16 1.520 -·· 1.760 45.5-91.5 1.600- 1.890 50.0 - 102.5 

Adult 20 1.530- 1.770 45.0-97.5 1.655- 1.910 55.0- 106.5 

30 1.520- 1.770 46.5- 104.0 1.660 - 1.920 60.5 - 103.5 

40 1.520 - 1.760 48.5- 107.0 1.650- 1.910 61.5- 117.5 

I 
50 1.515-1.755 49.5 - 106.5 1.650- 1.900 62.0- 117.5 

I 60 1.500- 1. 740 49.5- 104.5 1.640- 1.880 61.5 - 113.5 

! 70 1.480 - 1. 720 48.5- 101.5 1.620 - 1.860 60.5- 107.5 

I 80 1.445- I .685 46.5 -9·6.0 1.590 - 1.830 58.0- 101.5 
: 

Table 5.5. Ranges ofhe1ght and weight. 
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Another consideration regarding weight is that En is inversely proportional to mtot and En< 1, 

as described in Section 5.3.3. From equations (5.74) and (5.76), the mirnmum mass of a 

young and middle-aged person must be greater than 15.702kg and greater than 13.915kg for 

an elderly person to ensure that En < 1. Table 5.5 shows that no elderly person is simulated 

with such an unnaturally low weight of 13.915kg. Although a child does have a low weight its 

minimum weight is 17.5kg, which is associated with a 7 year old child, and this is larger than 

the required 15.702kg. Therefore, the value of En is less than unity for all generated people. 

l- BMI value Weight status 

Is 18.5 Underweight 

··-
) 18.5-24.9 Normal weight 

-
( 25.0- 29.9 Overweight 

1 ?:: 3o Obese 

--
Table 5.6. BMI values and weight status of adults. 

Body mass index (BMI) is also utilised to ensure that reasonable weights and heights are 

generated, and to check that the model produces the correct proportion of underweight, 

normal weight, overweight and obese people that are within the current general population. 

The BMI of a person is their weight (kg) divided by the square of their height ( m2
) , and Table 

5.6, which is taken from Halls (2004), gives the weight status of adults as determined by their 

BMI. A health survey of England in 2003 (Sproston and Primatesta, 2004) shows that over 

half of the adult population is either overweight or obese, with one in five being obese, and 

the model generates similar percentages of overweight and obese adults. A similar approach is 

taken for children. However, the BMI relating to each weight status of a child increases with 
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increasing age, e.g. a girl aged 7 and 10 is categorised as obese when her BMI reaches 19.7 

and 23 respectively. The BMI weight status also differs between girls and boys. Therefore, the 

BMI values associated with underweight, normal weight and obese children are determined 

for each age and each gender. A report of the Royal College of Physicians of London, the 

Royal College of Paediatrics and Child Health, and the Faculty of Public Health (2004) shows 

that 16% of UK children were obese in 2001, and the model generates children with a similar 

incidence of obesity. For example, one set of randomly generated people produces 35%, 22% 

and I 8% of overweight adults, obese adults and obese children respectively. 

5.6 Discussion. 

The response of a person subjected to a train slipstream is modelled in two parts, they are 

initially considered to respond as a simple solid object until the inception of the muscular 

response after which they are modeJied as a mass-spring-damper system with both stiffness 

and damping. The initial response of a young and middle-aged person lasts tor 0.375s, 

whereas an elderly person has a slower reaction time and is modelled as a simple solid object 

for 0.4 76s. This results in a person responding as a simple solid object during most, if not aJl, 

of the slipstream velocity peak at the train nose, except at low train speeds. 

Various mass-spring-damper models of a standing person available in the literature (e.g. Nigg 

and Liu, 1999) give values for stiffness and damping. However, these values are appropriate 

for a response to a vertical force only, and could not even be used as a basis for determining 

appropriate stiffness and damping values in the current research as the values in the literature 

vary greatly between models. Therefore, the model assumes that c1 = c2 = c3 for everyone, 
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and k
1 

:= k 2 := k 3 for young and middle-aged people, and uses the results from the wind 

tunnel tests investigating the effect of a sudden gust on a person to determine the values off 

and Ccot· The values off and Ctot that result in the closest match between the simulated and 

measured proportion of displaced people are 0.9Hz and 215Ns/m, respectively, although it 

can be conjectured that the values of f and Ctot change from person to person. The 

experimental data presented by Wei and Griffin (1998), and used in their model of a seated 

person subjected to vertical vibration, show that damping varies between people, e.g. the total 

damping of an average child is lower than that of an average adult. As all the factors that 

affect the values off and Ctot are not known, and the amount by which these parameters vary 

is also unknown, the variation is not modelled. However, the values off and Ctot used by the 

model will be the average of the range of values associated with the people involved in the 

sudden gust experiments. The sudden gust experiments exposed the participants to a very 

rapid change in wind velocity from an initial velocity close to zero, i.e. there was a step 

change in velocity, and the increased velocity continued for a few seconds. Although there is 

a rapid increase in slipstream velocity at a train's nose, only the slipstream velocity profile of 

a freightliner has continuing high velocities as the slipstream velocity of a passenger train 

decreases after the nose until the high boundary layer velocities are generated. Therefore, the 

values off and Ctot that were calculated from the sudden gust tests may have been different if 

the velocity profile of a passenger train' s slipstream had been used in the tests. 

An elderly person is likely to have a different response to a train slipstream than a younger 

person, and although no elderly people participated in the wind tunnel tests, the model 

assumes that the values of f and ctot are applicable for people of all ages. However, the 

model uses the results of Liu et al. (2006) from experiments exan1ining the effects of age 
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upon leg stiffness, and so takes the value of k 3 of an elderly person to be 70% that of a 

younger person. The experiments described in Liu et al. (2006) involved participants 

perfom1ing a counter movement jump in which they rapidly squatted down from an upright 

position then jumped into the air with maximum effort. Although this is not the response of a 

person of any age to a slipstream, the reduced stiffness determined from the experiments is 

taken to be a feature of an elderly person's leg. 

The value off of a person corresponds to a slipstream frequency that is simulated with 

reasonable accuracy by the model. For example, a person exposed to the slipstream of a full

scale 363.8m passenger train passing a station platform at Slm/s has a dimensionless f value 

of 6.4, where f is normalised by~· A wavelet spectra plot for this train, given in Figure 3.11, 

shows that the dimensionless power of the measured and simulated slipstreams is similar at 

the dimensionless frequency of 6.4. The dimensionless f value does not correspond to either 

the lowest or higher slipstream frequencies that are not as accurately reproduced. This is true 

for the entire length of the slipstream of this train and also for a full-scale passenger train 

passing an open track (see Figure 3.12), a full-scale freight train (Figures 3.17 and 3.18) and a 

model-scale passenger train (Figure 3.21). As an applied force with a frequency that coincides 

with the natural frequency of a person will result in large oscillations, the slipstream 

frequency that would create the largest displacements of a person is modelled with reasonable 

accuracy. Although the higher frequencies of a passenger and :freight train's slipstream and 

the lower frequencies of a passenger train are not as accurately simulated they will not affect a 

person~s response to the same extent as the middle range frequencies that inc1ude the f value 

of a person. 
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The force acting on a person is calculated using parameters CD and ~ which are appropriate 
ADU 

for people wearing trousers with a shirt, sweater or a buttoned jacket. People wearing skirts 

are not considered by the model as it is not possible to determine the proportion of skirt 

wearers in the commuting population, however, it is likely that the majority of people 

standing on a station platform wear trousers. As all trackside workers also wear trousers, the 

model assumes that all people wear trousers. It is also not possible to determine the proportion 

of people wearing coats that are flapping in the slipstream, especially as it depends upon the 

season. However, it can be assumed that only a few people on a station platform are wearing 

coats as opposed to jackets, and only a small proportion of these will allow their coats to flap 

in the slipstream on a station platform. Furthermore, it is assumed that no trackside workers 

wear flapping coats. The value of C0 • AA , hence the drag force, relating to people wearing 
DU 

skirts is lower than for those wearing trousers, and is highest for people with a flapping coat. 

Therefore, for a given height and weight, a person wearing a skirt is more stable than when 

they wear trousers, and a person with a flapping coat is less stable. Although the greater 

instability of a person wearing a flapping coat is not modelled, neither is the greater stability 

of a person wearing a skirt; therefore, by only modelling people wearing trousers without a 

flapping coat, an approximate average response is generated for all clothing types. The values 

of Cv and AA are smaller for a person standing side-on to a slipstream than when either 
DU 

facing the oncoming flow or have their back to the flow, and this will result in a lower force 

acting upon a person who is standing side-on. 

The model calculates the horizontal displacements of a person, and when the displacement of 

a person's COG moves outside the person's base, i.e. beyond a critical displacement, the 
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person is said to have become destabilised. The base of a person encompasses their feet and 

the space in-between, and the person's COG is modelled to be at an equal distance from the 

outer edge of the side of their feet. It is also modelled to be one third of the foot length from 

the outer edge of their heels; although this is not based on any literature, it is a reasonable 

assumption as it results in a person being more unstable when facing the slipstream than when 

they have their back to the flow, as shown by the results of the wind tunnel tests. The critical 

displacement of a person standing side on to the flow is greater than with either of the other 

orientations, and this will contribute to the greater stability of a side-on person exhibited by 

the participant., of the wind tmmel tests. The model assumes that a person stands with their 

teet shoulder width apart, however, this will not be true of all people as some will stand with 

their feet together and some with their feet very wide apart, e.g. at either side of a suitcase. 

With the possibility of such extremes of foot placement the a-;sumption that a person's feet are 

shoulder width apart is an approximate average of the standing position and is, therefore, not 

an unreasonable assumption to make. Another assumption of the model is that the feet are 

facing directly ahead whereas in reality the feet will be at an angle, but this will have a 

negligible effect on the size of a person's base and, therefore, on their stability. The ratio of a 

person's shoulder width to their height is developed from the data in the German DIN33402-

2, where Deutsches Institute fur Nonnung (DIN) is Germany's ISO member body. The model 

assumes that the ratio is the same for lJK citizens, and as the shoulder width measurement is 

the biacromial width, i.e. the distance between the highest point of the scapula bone of each 

shoulder, it is unaffected by body fat and therefore applicable to most of the population 

regardless of body mass. As both the foot length and shoulder width are proportional to a 

person's height, the critical displacement can be determined for all standing orientations for a 

given height. 
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On a station platform there are people from the age of seven up to eighty-five years. The 

youngest person generated on a station platfom1 is aged seven, as children below the age of 

seven are assumed to be either in a pushchair or otherwise securely positioned, and so not at 

risk of losing their balance from a slipstream whilst standing. Although in reality some young 

children will be allowed to wander about the platform unattended, their number is likely to be 

Yery small and will, therefore, have a negligible effect on the results of the model. The 

maximum age of a person generated on a station platform is eighty-five as the data pertaining 

to weight and height are only available up to the age of eighty and seventy, respectively, from 

the source used. The data allow reasonable extrapolation up to the age of eighty-five, but any 

extrapolation beyond this would be increasingly inaccurate. It is likely, however, that there 

will be very few people above the age of eighty-five on a station platform and those present 

are likely to be seated. Therefore, their exclusion from the model will have a negligible effect 

on the results. The proportion of children, young and middle-aged adults, and elderly adults 

simulated on a station platform reflects that found in the actual commuting population, with 

the population consisting mainly of young and middle-aged adults. Trespassers on the tracks 

are not included in the model as the numbers of these are assumed to be very small in 

comparison to the numbers oftrackside workers and consequently will not affect the results. 

Although the data used to detennine the weight and height of a person is based on the US 

population it can be assumed to apply to the current UK population. The weight and height 

data is from the NHANES ITI survey which was undertaken during 1988 - 1994. This survey, 

as described by the National Center for Health Statistics (2007), reports that 56.0% of US 

citizens aged twenty and over were overweight or obese, while 22.9% were obese. A health 

survey undertaken in England in 2003 (Sproston and Primatesta, 2004), shows that over half 

the adult population are overweight or obese, with one in five being obese. The surveys show 
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that the proportions of overweight and obese US citizens in 1988- 1994 are similar to those 

of UK citizens in 2003; therefore, the US data is applicable for the current UK population. 

The BMI values of the simulated people also show that the correct proportions of overweight 

and obese people in the UK population arc generated by the use of the NHANTES Ill survey 

data. 

5.7 Conclusions. 

A person's response to a slipstream is modelled as a simple solid o~ject for a fraction of a 

second after first being exposed to a train slipstream and before the inception of their 

muscular response. If the force due to the slipstream is large enough the simple solid object 

will rotate about its pivotal axis. An elderly person is modelled as a simple solid object for a 

27% greater time period than a younger person in order to allow for their slower response. 

The final horizontal displacement distance of the simple solid object's COG is taken to be the 

initial displacement of a mass-spring-damper system. This system models a person's response 

after the muscular response is initiated, and consists of three masses, springs representing the 

elastic components of the muscles, and dampers representing the viscous resistance of the 

muscles. The stiffness of an elderly person's lower body is taken to be less than that of a 

younger person in order to further simulate the age-dependent response of a person. The force 

acting upon the system is taken to be a succession of individual short-duration impulses, and a 

person's response is the sum of the responses to each impulse. The displacements of each of 

the three masses are determined, and from these the displacement of the COG of the body <.ts a 

whole is calculated. When the person's displacement reaches a critical distance the person is 

recorded as having become destabilised. The critical displacement is dependent upon a 
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person•s standing position, their height and, when standing side on to the oncoming flow, 

their gender. Random people are generated using realistic values of height and weight, and 

appropriate gender, age and standing orientation proportions are generated depending upon 

\\·hether the person is standing on a station platform or by the side of an open track. 
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CHAPTER6. 

A PERSON'S RESPONSE TO A SLIPSTREAM. 

6.1 Introduction. 

The model generates a thousand individual slipstream velocity time histories based on chosen 

train parameters arid distances from the train side/platform edge. It also generates an equal 

number of randomised people, each of which is exposed to one velocity time history. The 

maximum displacement of each person is calculated and if this is greater than the critical 

displacement the person is recorded as having been destabilised. The model goes on to 

calculate the percentage of the thousand people that are destabilised by the train slipstream. A 

thousand slipstreams and people are generated as this number results in statistically stable 

results for all of the train types. 

6.2 A person's displacement during the passing of a train. 

In order to visualise the response of a person generated by the model the normalised 

displacements of a woman weighing 65kg and 1.64m tall (the 50th percentile values for a 

thirty-year-old female), standing 0.25m from a station platform edge and facing into a 

slipstream generated by a passenger train travelling at 85m/s are illustrated in Figure 6.1. The 

displacement is normalised by the height to the woman's centre of gravity, where a positive 

and a negative normalised displacement corresponds to this person being pushed backwards 

and tipping forwards respectively. Figure 6.1 shows that this person first starts to move after 

the nose of the train has past. She then oscillates backwards and forwards, and reaches the 
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normalised critical displacement of 0.09 at the normalised time (T) of 0.18, therefore, this 

person becomes destabilised when the main body of the train passes. Although the figure 

shows the person continuing to oscillate after the critical displacement is reached the 

continuing oscillations are superfluous, as at T = 0.18 the person has either altered their 

standing position in order to remain upright or has fallen over. 
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Figure 6.1. Nom1alised displacement distance of a woman standing 0.25m from a 

station platform edge and facing into a slipstream generated by a passenger train 

travelling at 85rn/s. 

Table 6.1 gives the normalised displacement distances of each mass in each mode of vibration 

when the critical displacement distance is reached during the response illustrated in Figure 

6.1. The largest normalised displacements are associated with the first mode for all of the 

three masses showing that the displacements in the second and third modes contribute 

relatively little to the displacement of each mass. 
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Mass Mode 

1st 2nd 3rd 

mt O.ll2m 0.002m 0.013m 

mz 0.108m O.OOlm -0.001 m 

m3 0.060m -0.004m Om 

. 
Table 6.1. Normahsed maxtmum displacement dtstances of the three masses m the three 

modes. 

6.3 Investigating when a person is destabilised. 

Figure 6.1 shows that a thirty year old woman weighting 65kg and 1.64m tall is destabilised 

when the main body of the train is passing and she is subjected to the velocities generated in 

the boundary layer region of the slipstream. In order to determine if a particular region is 

associated with the destabilisation of people more than any other region, the value of T was 

recorded when a person's displacement became greater than their critical displacement. This 

was undertaken for people standing at 0.25m from a station platform edge with a passenger 

train travelling at 85m/s. Of the thousand people modelled, 697 are destabilised; with 657. 4 

and 36 destabilised when the boundary layer region, the vortex and the transition region 

passes respectively. No one is destabilised when the velocity peak at the nose of the train 

passes. The small number of people destabilised when the transition region passes lose their 

stability before T = 1.09, i.e. immediately after the velocity peak at the rear of the train, 

suggesting that it is the velocity peak that causes their destabilisation. There are 39.1% of 

people destabilised when modelled to be standing at 1.5m from the side of a freightliner 

travelling past a station platform at 40m/s, and all of the people who lose their balance in this 
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instance do so when the main body of the train passes. Therefore, the critical region with 

regards to a person's stability is the boundary layer region along the main body of the train. 

6.4 The effect of train speed, train type and distance from the train side on a person's 

stability. 

In order to determine how train speed, train type and distance from the train side effect a 

person's stability the model randomly generated people standing on a station platform and 

subjected them to increasing speeds of both a full-scale passenger train and a freightliner, and 

positioned them at increasing distances from the side of the full-scale passenger train. Both 

train types were 363.8m in length in order to facilitate comparison between the results. Table 

6.2 gives the percentages of people destabilised by the slipstream of a passenger train 

travelling by a station platform at various speeds, with the commuters standing between the 

platform edge (Om) and 1.5m, between 0.25m and 1.5m, and between 0.5m and 1.5m. Figure 

6.2 gives a graphical representation of this data. The results show that the percentage of 

people destabilised increases with increasing train speed, as would be expected. For example, 

when people are standing between the platform edge and 1.5m the percentage destabilised 

goes up from 3.5% to 24.6% when the train speed is increased from 45m/s to 85m/s. As 

people are positioned further from the platform edge the percentages reduce. For example, 

18.3% of people are destabilised when standing between Om and 1.5m from the side of the 

train travelling at 75m/s, whereas approximately half this proportion are destabilised when 

standing between 0.25m and 1.5m, i.e. 9.2%. Also, people are first destabilised by a train 

speed of less than 45m/s when standing between Om and 1.5m, however, when they .are 

standing between 0.25m and 1.5m they are not destabilised until the train reaches a speed of 
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between 55m/s and 65m/s. This reflects that the slipstream velocities decrease with increasing 

distance from the train side, as described in Section 2.2.1. 

Train speed (m/s) Distance from platfonn edge 

Om-1.5m 0.25m-1.5m O.Sm - 1.5m 

45 3.5% 0% 0% 

55 6.7% 0% 0% 

65 13.7% 4.6% 1.4% 

75 18.3% 9.2% 6.3% 

85 24.6% 17.6% 8.5% 

Table 6.2. Effect of train speed and distance from the statiOn platform edge on the percentage 

of people destabilised by a passenger train. 
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Figure 6.2. Percentage of people destabilised when standing at various distances from the 

station platform edge by the slipstream of a passenger train travelling at various speeds. 
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Table 6.3 gives the percentage of people destabilised who are standing 1.5m from the edge of 

a station platform when a freightliner passes by, and Figure 6.3 gives these results in 

graphical form. The percentage of destabilised people increases with increasing freightliner 

speed as with the passenger train results. For example, 0.7% and 39.1% of people are 

destabilised by a freightliner travelling at 20m/sand 40m/s, respectively. However, a greater 

proportion of people are destabilised at lower freightliner speeds than passenger train speeds 

even though the distance from the side of the freightliner is greater than the distances from the 

side of the passenger train. For example, 30.1% of people are destabilised when standing at 

1.5m from the side of a freightliner travelling at 35m/s, but only 24.6%, 17.6% and 8.5% are 

destabilised at Om- 1.5m, 0.25m- 1.5m, and 0.5m- 1.5m from the side of a passenger train 

travelling at 85m/s, respectively. Section 2.2.1 shows that hlgher slipstream velocities are 

associated with a freightliner than with a passenger train at comparable train speeds and 

distances from the train side, and this is reflected in the results presented in Tables 6.2 and 

6.3, where a freightliner affects a person's stability more than a passenger train. 

Train speed (m/s) Percentage of people destabilised 

20 0.7% 

25 15.7% 

30 21.9% 

35 30.1% 

40 39.1% 

Table 6.3. Effect of tram speed on the percentage of people destabilised by a freightliner when 

standing at 1.5m from the station platform edge. 
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Figure 6.3. Percentage of people destabilised at 1.5m from the platform edge by the 

slipstream of a freightliner travelling at various speeds. 

6.5 Parametric analysis. 

The various parameters of the equations involved in generating a slipstream and a person are 

analysed to identify which have the most influence on a person's stability, and the results of 

th1s parametric analysis are given in Tables 6.4 to 6.11. A passenger train passing by a station 

platform at 85m/s when everyone is standlng 0.25m from the platform edge results in 69.7% 

of the people being destabilised by the slipstream, and this result is used as the reference run 

for the parametric analysis. (This reference run is also used to investigate when a person is 

destabilised in Section 6.3.) The original value of each parameter is given in brackets in 

Tables 6.4, 6.5 and 6.6. 

Table 6.4 shows how varying the slipstream parameters that are associated with generating 

the mean velocity time history affects the percentage of destabilised people. When the train 
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length is increased to be the same length as the eighteen carriage Eurostar trains, i.e. 400m 

( J owit, 2007), there is only a 1. 7% increase in the percentage of people destabilised; however, 

when the train length is decreased to 200m there is a decrease of 24.7% in the people 

destabilised. Therefore, a person's stability is affected by train length. Modelling the train's 

height as 4.5m to be the same as that of the E4 Series Shinkansen (Fossett, 2007) results in a 

1.1% decrease in destabilised people; whereas a 2.73m tall train, such as a British Class. 390 

' Pendolino' train (Wikipedia~ 2007b), results in 1.3% more people destabilised. Varying the 

width of the main body of the train to be 2.90m (British Class 390 'Pendolino') or 3.4m (E4 

Series Shinkansen) results in a +3.4% and a -2.0% change in the number of destabilised 

people respectively. Altering the dimensions of the train's nose to those of a British Class 390 

'Pendolino' so that the nose length and width are 2.9m and 2.lm respectively (as calculated 

from Virgin Trains (2007) in the same manner as described in Section 3 .6.1.1) results in a 

change of only -1.9% and +0.4% of people destabilised respectively. As these percentage 

changes are very low they may be due to the normal variability in the results of the model. 

With a nose width of 3.07m the nose is modelled to be the same width as the train's main 

body, therefore, the train is effectively modelled to have a nose that does not taper in width. A 

nose length of Om also models a nose that does not taper. The results from both these altered 

train dimensions are also very low, with changes of+ 1.4% and+ 1.6% for a nose length of Om 

and a nose width of 3.07m respectively. Therefore, altering the nose dimensions does not 

affect the stability of people. 

In the model the parameters of n and C1 are dependent upon the distance from the side of the 

train, however, in the parametric analysis they take the values of 10 and 11.5 respectively, 

which are applicable to flow in pipes with a Reynolds Number (Re) of 1.6 x 106. The values 
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correspond to the maximum Re tested in the experiments of Nikuradse (1932) (cited in 

Duncan et al., 1970). The values of n and C1 corresponding to the maximum Re are used as 

Re = 21.2 x 108 in the reference run, i.e. it is greater than the maximum value of the 

experiments. Altering n and C1 results in a +5.6% and a -9.5% change in the number of 

people destabilised respectively. There are increases in the percentage of people destabilised 

when Umax is increased to the value used with a passenger train travelling along an open 

track, i.e. 50% of the train speed (0.5V), and the radius (R) of the vortex is increased to equal 

half the train width, i.e. 1.535m. The resulting changes to stability due to these alterations in 

the two parameters are + 14.6% and +5.6% respectively. When the constant B is varied by 

+25% and by -25% the resulting changes are +9.0% and -12.1% respectively. Baker (2001) 

gives values of a and p for train wakes that fit the theory of Eskridge and Hunt (1979), and 

both these values are of the order of 20 for the distance of 0.25m from the train side. When 

the values of a and {3 are taken to be 20 there is a -3.2% and a -3.0% change in the numbers 

of people destabilised. 

Figure 3.13 gives the values of the Index of Agreement (d) validating the slipstream model in 

the frequency domain for a passenger train passing a station platform at various distances 

from the train side (y5 ). The values of d are over 0.8 along the full length of the slipstream for 

all Ys values. Assuming that d is also greater than 0.8 at Ys = 0.25m, although the smallest 

value ofy5 in Figure 3.13 is 0.57m, there is less than a 20% error in modelling the slipstream 

of this train in the frequency domain. Therefore, the values of the AR coefficients (¢1 , ¢ 2 and 

¢3 ) are altered by ±20% in the parametric analysis, and the results of this analysis are given in 

Table 6.5. The most sensitive AR coefficient is ¢ 1 in the wake. Reducing this parameter by 
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20% from 0.65 to 0.52 results in a decrease in stability by 8.0%, whereas increasing the 

parameter by 20% to 0.78 results in an increase in stability by 10.9%. 

Slipstream Parameter Percentage of Percentage change 

reg10n people destabilised 

General Train length 400m 70.9% +1.7% 

(364m) 200m 52.5% -24.7% 

Height 2.73m 70.5% +1.3% 

(3.84m) 4.50m 68.9% -1.1% 

Width 2.90m 72.1% +3.4% 

(3.07m) 3.40m 68.3% -2.0% 

Upstream and Nose length Om 70.7% +1.4% 

around nose (1.59m) 2.90m 68.4% -1.9% 

Nose width 2.10m 70.0% 0.4% 

(2.30m) 3.07m 70.8% +] .6% 

Main body n (16.28) 10 73.6% +5.6% 

cl (8.16) 11.5 63.1% -9.5% 

Vortex Umax (0.35V) 0.5V 79.9% + 14.6% 

R (0.768m) 1.535m 73.6% +5.6% 

B (284) 213 76.0% +9.0% 

355 61.3% -12.1% 

Wake a (2.5) 20 67.5% -3.2% 

p (I) 20 67.6% -3 .0% 

Table 6.4. Effect of varymg the slipstream parameters associated With generating the mean 

velocity. 
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Slipstream Parameter Percentage of people Percentage change 

regwn destabilised 

Upstream and ¢1 (0.5) 0.4 67.9% -2.6% 

around nose 0.6 72.2% +3.6% 

¢ 2 (0.2) 0.16 70.7% + 1.4% 

0.24 70.0% +0.4% 

cp3 (0.003) 0.0024 68.6% -1.6% 

0.0036 68.7% -1.4% 

Main body ¢1 (0.35) 0.28 66.4% -4.7% 

0.42 72.4% +3.9% 

¢ 2 (0.55) 0.44 70.1% +0.6% 

0.66 68.8% -1.3% 

cp3 (0.03) 0.024 67.6% -3 .0% 

0.036 74.5% +6.9% 

Vortex and cp1 (0.5) 0.4 69.8% +0.1% 

transition 0.6 71.6% +2.7% 

cp2 (0.2) 0.16 76.2% +9.3% 

0.24 65.1% -6.6% 

cp3 (0.0141) 0.0113 69.7% 0% 

0.0169 69.8% +0.1% 

Wake cpl (0.65) 0.52 75.3% +8.0% 

0.78 62.1% -10.9% 

cpz (0.1) 0.08 68.8% -1.3% 

0.12 69.3% -1.0% 

cp3 (0.0039) 0.0031 68.7% -1.4% 

0.0047 69.2% -0.7% 

Table 6.5. Effect of varymg the slipstream parameters assoctated with generating the 

turbulence. 
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Tables 6.6 to 6.11 are concerned with an analysis undertaken on the parameters associated 

with modelling a person. Table 6.6 shows that when a person is not modelled to have any 

damping, i.e. Ctot === 0, the number of people destabilised increases by 11.4%. The model of a 

person developed by Morasso et al. (1999) has a natural frequency (j) of 0.5Hz, therefore, f 

in the parametric analysis is reduced to 0.5Hz which results in 39.3% more people 

destabilised than when f = 0.9Hz. The analysis of the parameters of a person is continued by 

investigating how clothing affects a person's stability. The model assumes that everyone 

wears trousers with a shirt, sweater or buttoned jacket in the choice of CD and~ values. In 
Aou 

order to investigate how clothing affects stability the model generated the commuting 

population to all be wearing skirts, or to all be wearing trousers with a flapping coat. Table 

6.7 gives the values of CD and~ associated with the various clothing types, which are taken 
Aou 

from Penwarden et al. (1978), and Table 6.8 shows the effect that clothing has on stability. 

With all the commuting population wearing skirts there is a 12.3% reduction in destabilised 

people compared to when they aU wear trousers, which indicates that wearing a skirt increases 

a person's stability. Conversely, wearing a flapping coat decreases a person's stability, with 

26.0% more people being destabilised than when a shirt, sweater or buttoned jacket is worn. 

Parameter Value Percentage of people Percentage change 

destabilised 

Ccot (215Ns/m) ONs/m 78.0% +11.4% 

f (0.9Hz) 0.5Hz 97.5% +39.3% 
. 

Table 6.6. Effect ofvarymg the mass-spnng-damper parameters . 
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Clothing Facing or with back to Side-on to slipstream 

slipstream 

CD A -- Co A - -
ADu Ao,u 

Trousers with shirt, sweater 1.17 0.32 1.01 0.22 

or buttoned jacket 

Skirt with shirt, sweater or 1.08 0.30 0.95 0.21 

buttoned jacket 

Trousers with flapping coat 1.33 0.35 1.12 0.26 

Table 6.7. CD and~ values for various clothing. 
Aou 

Clothing Percentage of people Percentage change 

destabilised 

Skirt with shirt, sweater or buttoned jacket 61.1% -12.3% 

Trousers with flapping coat 87.8% +26.0% 

Table 6.8. Effect of clothing on stability. 

The effect that weight and height have upon a person's stability is investigated by changing 

these parameters of a thirty year old woman standing at 0.25m from a station platform edge 

and subjected to the slipstream of a passenger train travelling at 85rnls. The reference weight 

and height are 63kg and 1.64m respectively, which are the 50th percentile values for a thirty 

year old woman. When the model subjects one particular generated person to a thousand 

slipstreams the percentage presented by the model can be taken to be equivalent to the 

probability that the particular individual will be destabilised. Therefore, the probability of the 

generated thirty year old woman becoming destabilised is 0.721, and this is used as the 

reference result. Table 6.9 shows how this probability varies with varying weight and height. 

When the weight is increased to the 75th percentile value, but the height remains at the 50th 
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percentile value, the probability of destabilisation decreases by 8.7%, and with the 95th 

percentile weight the probability decreases further so that it is 20.8% lower than with the 

reference run. The probability of destabilisation increases by only 1.1% and 2.6% when the 

height is increased to the 75th and the 95th percentile values, with the weight at the 50th 

percentile value. However, increasing the weight and height from the 50th percentile to the 

75th and 90th percentiles does not alter the parameter values by the same proportion. For 

example, weight increases by 20.6% from the 50th percentile value of 63kg to the 75th 

percentile value of 76kg, whereas the height only increases by 2.7% from the 50th percentile 

value of 1.64m to the 75th percentile value of 1.685m. Table 6.9 also shows the effect that 

increasing the weight and height by the same proportion has on stability. An increase of 5% 

of the weight or height results in a change of only -2.2% or +2.1% respectively. The effect on 

stability of a larger change to these parameters cannot be investigated as height can only 

change by a small proportion to remain realistic. 

Initially, the model assumed that the lower body stiffness (k3 ) of all people irrespective of age 

was the same for a given total body mass. However, in the fmal model the value of k3 for an 

elderly person is 70% that of a younger person for a given total body mass. The effect that age 

has upon a person's stability is investigated by showing how the percentage of people 

destabilised varies when k 3 is independent of and dependent upon age, and the results of this 

investigation are given in Table 6.1 0. People are subjected to the simulated slipstream of a 

passenger train passing a station platform at 85m/s while they are stood at 0.25m from the 

platform edge. Table 6.10 shows that 68.1% of people aged between seven and sixty years are 

destabilised by the slipstream. Similarly, 68.1% of elderly people are destabilised when k3 is 

independent of age, i.e. k3 is the same for everyone for a given total body mass. However, 
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when k3 is dependent upon age, i.e. the k3 value of an elderly person is 70% that of a younger 

person for a given total body mass, the percentage of destabilised elderly people is 79.5%, 

which is 16.7% greater than that of the younger people. Therefore, a decrease in the lower 

body stiffness of an elderly person results in a reduced stability compared to a younger 

person. As no one was displaced whilst their response was modelled as a simple solid object, 

the delayed reaction of an elderly person did not interfere with the above results. The model 

incorporated the age-dependence of k3 in order to simulate an elderly person's reduced 

stability, and this result has shown that the desired effect has been achieved. 

Weight Height Probability of the Percentage change 

person being from results for 

destabilised 50th percentile 

values 

63kg (50th percentile) 1.64m ( 50lll percentile) 0.721 -

76kg (75th percentile) 1.64m (50tn percentile) 0.658 -8.7% 

1 02.5kg (95tn percentile) 1.64m (50th percentile) 0.571 -20.8% 

63kg (50th percentile) 1.685m (75tll percentile) 0.729 +1.1% 

63kg (50th percentile) 1.75m (95m percentile) 0.740 +2.6% 

66.15kg (an increase of 1.64m (50th percentile) 0.705 -2.2% 

5% on the 50th 

percentile) 

63kg (50tn percentile) 1.722m (an increase of 0.736 +2. 1% 

5% on the 50th 

percentile) 
. . 

Table 6.9. Effect ofwe1ght and he1ght on the stablltty of a thrrty-year-old woman . 
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Age Percentage of people 

destabilised 

7-60 years 68.1% 

60+ k3 is same as that of a younger person for a given total 68.1% 

body mass 

k3 is 70% that of a younger person for a given total 79.5% 

body mass 
. .. 

Table 6.1 0. Effect of lower body stiffness (k3 ) on stabthty . 

Standing orientation Percentage of people destabilised 

Front 95.8% 

Back 30.0% 

Side 1.7% 
.. 

Table 6.11. Effect of standmg onentatton on stabtltty. 

The results of the full-scale wind tunnel tests undertaken in the current research to investigate 

the effect of a sudden gust on a person indicate that standing orientation affects stability. Of 

the three standing orientations, facing the oncoming flow is the least stable, followed by 

standing with the back to the flow, and being side-on to the flow is the most stable 

odentation. The effect that standing orientation has on a person generated by the model is 

shown in Table 6.11 which gives the percentages of people destabilised whilst standing at 

0.25m from the station platform edge when a passenger train passes by at 60m/s. In Table 

6.11 the orientations front and back refer to a person facing the flow and with their back to the 

flow respectively. The model reproduces the results of the wind tunnel tests in that the 

simulated people are least stable when facing the flow and most stable when standing side-on 

to the flow. For this particular simulation nearly everyone is destabilised by the slipstream 
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when facing the flow whereas only a very small percentage are destabilised when standing 

side-on to flow. 

6.6 Discussion. 

A person's response is initially modelled by a simple solid object, and after a short time 

period modelled by a mass-spring-damper system. If the wind load is large enough the simple 

solid object will rotate and the mass-spring-damper system will oscillate. When a person faces 

or has their back to the flow they will oscillate backwards and forwards, and will oscillate 

side-to-side when standing side-on to the flow. The oscillations eventually decrease to zero 

after the train has past, and this is indicative of an undercritically damped system as described 

in Section 5.3.3. All of the people destabilised by a freightliner passing a station platform and 

most of the people destabilised by a passenger train passing a station platform became 

unstable when the main body of the train past, therefore, the boundary layer region is the 

critical region for most people. However, a small proportion of people on a station platform 

were destabilised when the velocity peak at the rear of a passenger train past or had just past. 

Both the boundary layer region and the region immediately after the rear of the train are 

associated with high velocities and turbulence levels which increase a person's risk of losing 

their balance. The percentage of destabilised people increases with increasing train speed and 

decreasing distance from the train side due to the larger slipstream velocities and turbulence 

levels involved in these circumstances, as described in Section 2.2.1. Also, more people are 

destabilised by the slipstream of a freightliner than by that of a passenger train with 

comparable train lengths, speeds and distances from the train side. That a freightliner' s 

slipstream has a greater effect on a person' s stability is due to the aerodynamically rough 
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shape of a freightliner compared to the streamlined shape of a passenger train> therefore a 

freightliner produces higher slipstream velocities and turbulence levels (Section 2.2.1 ). 

A parametric analysis indicates how varymg the values of the parameters involved in 

simulating a slipstream and a person affects the stability of a person. Of the parameters 

associated with generating a slipstream, the greatest change in the proportion of people 

destabilised occurs when the length of the train is reduced to 200m. Therefore, train length is 

a sensitive parameter, with a longer train associated with decreased stability. A longer train 

will have a more developed boundary layer region resulting in higher velocities along the 

length of its main body, thereby exposing a person to greater slipstream forces. The velocity 

peak at the nose of the train is not a critical region for the stability of a person, and altering the 

parameters of the train's nose does not alter the velocity peak enough to affect the number of 

people destabilised. The boundary layer parameters of n and C1 are considered as 'curve fit' 

parameters in the current work, and are modelled to be a function of Ys with a passenger train 

travelling past a station platform or along an open track in order to reproduce the magnitude 

and shape of the velocity profile. In the parametric analysis, however, they take the values 

that are appropriate for the boundary layer theory of flow in pipes, i.e. n :::;; 10 and cl = 11.5, 

which were originally used in the model. Altering these boundary layer parameters, however, 

has only a small affect on a person's stability. The parameter to have the greatest affect after 

the train length is Umax' which is associated with the generation of the vortex at the rear of the 

train. Increasing Umax results in the generation of a larger velocity peak at the rear of the 

train, hence, a larger number of people are destabilised. When the vortex parameters R and B 

are increased and decreased respectively, the maximum rear peak velocity increases (see 

equation 3.4), hence, the percentage of destabilised people increases. The wake is not a 
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critical region and increasing the parameters a and {3 by 700% and 1900% respectively, does 

not alter the wake's velocity profile enough to affect the proportion of destabilised people. 

Varying the AR coefficients by ±20% generally has only a small affect on the number of 

people destabilised, therefore, the values of the AR coefficients used in the model are 

reasonable. 

Some of the parameters associated with the person simulation affect stability more than the 

slipstream parameters. A large change in the number of people destabilised, i.e. +39.3%, 

occurs when f is decreased to 0.5Hz from 0.9Hz. Decreasing f results in a decrease in keq for 

a given mtot value, as shown in equation (5.46), which leads to the greater instability of a 

person. The damping of a person serves to reduce the oscillations of the mass-spring-damper 

system, therefore, larger numbers of people are destabilised when they are modelled to have 

no damping. The values off and Ctot used in the model were determined by reproducing the 

results of the full-scale sudden gust experiments and, although the results were not reproduced 

with complete accuracy, the values off and Ctot used give the best reproduction. The values 

of f and Ctot may change from person to person, however, the values used in the model 

represent the average values of these parameters of the people involved in the experiments. As 

f and Ctot are sensitive parameters the model would be improved if accurate values of these 

parameters were ascertained, for example, by undertaking experiments of people exposed to 

train slipstreams. A person's clothing also affects their stability, and using the values of C0 

and AA appropriate for various clothing shows that people wearing skirts are more stable than 
DU 

those wearing trousers, and people wearing flapping coats are less stable. The wearing of 

skirts and flapping coats results in 12.3% fewer and 26.0% more destabilised people, 

respectively, than the reference run of people wearing trousers with a shirt, jumper or fastened 
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jacket. The model does not generate anyone wearing a skirt or a flapping coat and, as 

mentioned in Section 5.5, a person wearing trousers with a shirt, jumper or fastened jacket is 

assumed to represent the average person on a station platform. The percentage reduction 

resulting from the wearing of a skirt is not equal to the percentage increase resulting from the 

wearing of a flapping coat, therefore, if there were equal numbers of people wearing these 

clothes on a station platform the average response could not be represented by people wearing 

trousers with a shirt, jumper or fastened jacket. It is, however, likely that there are more 

people on a station platform wearing skirts than wearing coats that are allowed to flap in the 

wind, especially during summer, consequently the average response can be represented by 

people wearing trousers with a shirt, jumper or fastened jacket The increased stability 

associated with wearing a skirt is due to both CD and~ being smaller for this clothing type 
Aou 

for all standing orientations, thereby reducing the force acting upon the person. The 

parameters are, however, greater with a flapping coat resulting in a larger force and hence a 

decrease in stability. 

Increasing a person's weight and height from the 50th percentile value to the 75th and 95th 

percentile values shows that weight affects a person' s stability whereas height does not, with 

an increase in weight resulting in an increase in stability. However, increasing the weight and 

height of the woman used in the analysis to the 75th and 95th percentiles is an increase in the 

actual weight of 20.6% and 62.7% respectively, whereas the height only increases by 2.7% 

and 6.7% respectively. Therefore, the distribution of weight has a larger spread than that of 

the height, and this will affect the results of the model. When the weight is increased by a 

proportion similar to that suitable for height, i.e. 5%, the change in the percentage of people 

destabilised is very small, therefore, small percentage changes in weight or height do not alter 
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stability. Larger increases in weight affect a person's stability, and this could be conjectured 

to also be true of a large increase in height. However, large changes in height do not occur in 

reality; for example, if the height increased by 20.6% (as weight does between the 50th and 

75Lh percentiles), the height of the woman used in the analysis would be 1.978m, which is 

unusually tall for anyone. Therefore, as the distribution of weight has a large spread it can 

affect the percentage of destabilised people. A greater mass of a person increases their 

stability as it produces a larger mass moment which counteracts the moment due to the force 

of the slipstream acting on the simple solid object. Also, a larger mass results in a larger value 

of keq due to f being constant, as shown by equation (5.46), and this leads to greater stability. 

The results of the wind tunnel tests undertaken to investigate the response of a person to a 

sudden gust show that a person' s standing orientation also affects their stability and the 

parametric analysis shows that a person is correctly modelled as being the least stable when 

facing the oncoming flow and the most stable when they are side-on to the flow. The side-on 

orientation is modelled to be the most stable as the values of Cv and~ associated with this 
Aou 

orientation are smaller than with the other orientations, therefore, there is a smaller force 

acting on a side-on person. Also, the critical displacement distance of a side-on person is 

larger than with the other orientations thus further contributing to the stability of a person 

standing side-on to the flow. A person facing the flow is modelled to have the smallest critical 

displacement distance, hence, they are the least stable. 

6.7 Conclusions. 

The main conclusions that can be drawn regarding a person's response to a train sHpstream 

can be summarised as: 
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• When the slipstream force is large enough a modelled person will oscillate in the 

direction of the flow and against the flow. The oscillations decrease to zero after the 

train has past. 

• The boundary layer region is the critical region for a person's stability with both a 

passenger train and a freightliner. However, a small percentage of people are also 

destabilised inunediately after the rear of a passenger train due to the velocity peak 

present in that region. 

• The percentage of destabilised people increases with increasing train speed, decreasing 

distance from the train side, and is greatest when a freightliner slipstream is involved. 

• The parameters that are the most sensitive are the train length, a person's natural 

frequency (f), their clothing, weight, standing orientation, and age. 
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CHAPTER 7. 

EXPERIMENTS INVESTIGATING THE RESPONSE OF A PUSHCHAIR TO A TRAIN 

SLIPSTREAM. 

7.1 Introduction. 

A train slipstream will impinge upon objects positioned along the side of a track as well as 

people. Temple and Johnson (2003) state that most reported slipstream incidents occurring on 

UK station platforms involve pushchairs, therefore, it is important that the model develops 

and incorporates the response of a pushchair to a train slipstream. A pushchair responds by 

either toppling over or by moving along the ground on its wheels. The former response is 

modelled using an adapted version of the simple solid object as used for the initial response of 

a person and described in Section 5.2. The force required to move a pushchair along the 

ground on its wheels is calculated using the coefficient of static friction, which has been 

determined from the results of a series of experiments. The experiments were also used to 

verify the adapted simple solid object model. 

7.2 Coefficient of static friction. 

In order for an applied force to cause sliding between two horizontal objects it needs to be 

greater than the maximum attainable value of an opposing static friction force. Until the 

applied force is greater than this maximum, the static friction force will be of equal magnitude 

to the applied force; therefore, sliding will not occur between the two objects. Sliding will 
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occur when the maximwn frictional force is reached The coefficient of static friction defmes 

the threshold of movement and is given by: 

Fmax = J.l.N (7.1) 

where Fmax is the maximum frictional force that occurs before the onset of movement 

between the two objects, fJ. is the coefficient of static friction, and N is the normal force 

between the objects. In the case of the pushchair experiments, N is the total weight of the 

pushchair and its contents. 

7.3 Push chair experiments. 

7.3.1 Experimental equipment. 

Experiments were undertaken on two single pushchairs and one double pushchair. The single 

pushchairs were a Maclaren Quest Stroller and a Mamas and Papas (M&P) Freestyler 

Advance Travel System weighing 5.321 kg and 9.200kg respectively, and the double 

pushchair was a 13.571kg Maclaren Twin Techno Stroller. These were used in order to test 

the response of different styles and weights of pushchairs, and thereby draw conclusions 

applicable to the full range of available pushchairs. Figures 7.1 , 7.2 and 7.3 show the 

Maclaren Quest Stroller, the M&P Freestyler Advance Travel System and the Maclaren Twin 

Techno Stroller, respectively. The Maclaren Quest StroJler had its hood removed and the 

other pushchairs had their hoods down during the experiments. The wheels of the push chairs 

consisted of pairs of castors, with the single and double pushchairs having four and six pairs 
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of castors respectively. The front wheels of all the pushchairs could rotate by 360°, whereas 

the back wheels were fixed so that they were always in line with the longitudinal axis of the 

push chair. Brakes could be applied to the back wheels of each push chair. Figures 7.4 and 7.5 

show a photograph taken during the experiments and a schematic diagram of the experimental 

equipment, respectively. As Figures 7.4 and 7.5 show, an overturned table was utilised to set 

up a pulley system with one end of a length of cord attached horizontally to a pushchair and 

the other end tied to a container into which weights and lead shot could be added in order to 

apply a horizontal force to the pushchair. 

Figure 7 .1. Maclaren Quest Stroller. Figure 7 .2. M&P Freestyler Advance Travel 

System. 
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Figure 7.3. Maclaren Twin Techno Stroller. 

Figure 7.4. Experimental equipment. 
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Figure 7.5. Schematic diagram of the experimental equipment. 

7.3 .2 Experimental method. 

The experiments were undertaken with the length of cord either attached to the back or to the 

side of the pushchair so that the applied force acted along the pushchair' s longitudinal or 

lateral axis respectively. The back wheels were either unbraked or br~ed, and the front 

wheels were either facing forwards and in line with the pushchair or perpendicular to the 

pushchair. Additional tests were undertaken on the three pushchairs to investigate the effects 

on the coefficient of static friction (J.L) of rotating the front wheels so that they were facing 

backwards but still in line with the pushchair. One test was undertaken on the empty Maclaren 

Quest Stroller with the length of cord attached to the back of the braked pushchair in order to 

verify the adapted simple solid object model. In this instance the pushchair toppled over 

backwards, and this toppling was independent of the position of the front wheels. All other 

tests were undertaken to determine the value of J.L and resulted in the pushchair moving along 

the ground on its wheels when the applied force was large enough. Table 7.1 lists the tests 

undertaken on the pushchairs. 
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Pushchair tested Pushchair axis the force Brakes Front wheels Masses added to Manner of 

acts along pushchair (kg) destabilisation 

Maclaren Quest Stroller, Longitudinal Unbraked In line with pushchair 0, 1, 2, 3 and 4 Moving along the 

M&P Freestyler (facing forwards) ground on wheels 

Advance Travel System, In line with pushchair 

Maclaren Twin Techno (facing backwards) 

Stroller Perpendicular to pushchair 

Lateral Unbraked In line with pushchair 

(facing forwards) 

Perpendicular to pushchair 

Braked In line with pushchair 

(facing forwards) 

Perpendicular to pushchair 

Maclaren Quest Stroller Longitudinal Braked Toppling 

- -----

Table 7.1. Tests undertaken on the pushchairs. 
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In the toppling experiment, the length of cord was attached to the upright pushchair at the 

height of the push chair's centre of gravity in order to replicate the loading on the simple solid 

object. The height to the centre of gravity was determined by placing the pushchair on a 

wooden beam between two tables with the beam underneath the back of the pushchair so that 

it was across the pushchair' s width. The beam was across the pushchair' s centre of gravity 

when the pushchair was balanced on the beam. The length of cord was attached at an equal 

distance between the pushchair' s back wheels to allow an equal moment to act on each of the 

wheels due to the applied force, and thereby prevent the pushchair rotating to the side. The 

applied load which caused the pushchair to topple over was recorded. During the tests to 

detennine J..l., the pushchair was either empty, or had weights of lkg, 2kg, 3kg or 4kg added to 

the seat. The length of cord was attached to the pushchair at an equal distance between the 

two back wheels when the pushchair was pulled from the bac~ and at an equal distance 

between the front and back wheels when the pushchair was pulled from the side. As with the 

toppling experiment, this was to allow an equal moment to act on each of the wheels. The 

pushchair always moved along the ground on its wheels during these tests and did not topple 

over even when the length of cord was attached to the highest point of the pushchair, 

therefore, the length of cord could be attached at any convenient height. The load was 

recorded which first caused the wheels to move along the ground with each incremental 

weight, and the increasing total pushchair weight required an increasing applied force in order 

to start the pushchair moving. 
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7.3.3 Results. 

7.3.3.1 Toppling experiment. 

In the toppling experiment, the force that caused toppling of the Maclaren Quest Stroller was 

61.8N. Figure 7.6 is a simplified diagram of the Maclaren Quest Stroller showing that its 

height, height to the centre of gravity, and distance between the front and back wheels are 

1.04m, 0.38m and 0.52m respectively. The pushchair rotates about its back wheels, and the 

horizontal distance between this rotational axis and the centre of gravity is termed the critical 

distance. The critical distance was determined in a similar manner as the height to the centre 

of gravity, as described in Section 7.3 .2, but with the pushchair balanced on its side with its 

handles and back wheels to one side of the beam and its front wheels to the other. The critical 

distance of the Maclaren Quest Stroller is also shown on Figure 7.6 and is 0.25m. 

F 

E co 
m 
ci 

mg 

0..52m 

e Centre of gravity 

+ Rotational axis 

0.2.5m 

.. , 

Figure 7.6. Dimensions of the Maclaren Quest Stroller. 
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The force (F) expected to be required to topple the pushchair is calculated by considering the 

moment due to F and the mass moment, thus: 

0.38F = 0.25mg (7.2) 

where m is the pushchair' s mass, i.e. 9 .2kg, and g is the acceleration due to gravity. Equation 

(7.2) leads to the expected toppling force of 59.4N, which is similar to the actual force that 

caused toppling of 61.8N. The actual force required to cause toppling is 4.0% greater than the 

expected force. The small discrepancy between the expected and actual force will largely be 

due to the experimental error inherent in the method of ascertaining the position of the 

pushchair's centre of gravity. This involved placing the pushchair on a wooden beam between 

two tables and determining the position of the centre of gravity by eye when the pushchair 

was balanced in a particular plane. Taking into consideration this probable cause of error, the 

results of the experiment appear to confirm the applicability of the adapted simple solid object 

for modelling a pushchair susceptible to toppling. 

7.3.3.2 Experiments to determine the coefficient of static friction. 

Initial tests were undertaken to investigate the effects on the force required to move a 

pushchair along the ground on its wheels, and hence the value of f1, of rotating the front 

wheels by 180°. The front wheels remained in line with the longitudinal axis of the pushchair, 

i.e. were facing forwards or backwards. The tests were undertaken on all three pushchairs 

when unbraked and with the applied force acting along the longitudinal axis of the pushchair. 

The results of these initial tests with the Maclaren Quest Stroller, M&P Freestyler Advance 
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Travel System, and Maclaren Twin Techno Stroller are given in Tables 7.2, 7.3 and 7.4 

respectively. A statistical analysis of these results using a t-test and testing at the 5% 

confidence level shows that there is no significant difference in the force required to move the 

pushchairs when the front wheels are facing forwards or backwards. This is true of all three 

pushchairs, and from this it is assumed that a pushchair has the same value of J1 when its front 

wheels are rotated by 180°. All other results relate to the experiments undertaken to determine 

J1 of a pushchair with the front wheels either in line with or perpendicular to the longitudinal 

axis of the pushchair. 

Total weight of Force required to move pushchair (N) Result oft-test 

pushchair (N) Front wheels facing Front wheels facing (5%) 

forwards backwards 

5.321 2.357 3.416 Not significant 

6.321 2.628 3.710 

7.321 3.537 3.952 

8.321 3.913 4.207 

9.321 4.769 5.067 

Table 7.2. Results of the tests investigating the rotation of the front wheels by 180° (in line 

with the pushchair) of the Maclaren Quest Stroller. 
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Total weight of Force required to move pushchair (N) Result oft-test 

pushchair (N) Front wheels facing Front wheels facing (5%) 

forwards backwards 

9.200 1.961 2.462 Not significant 

10.200 3.030 2.834 

11.200 4.462 3.599 

12.200 5.472 4.266 

13.200 5.992 4.658 

Table 7.3. Results of the tests investigating the rotation of the front wheels by 180° (in line 

with the pushchair) of the M&P Freestyler Advance Travel System. 

Total weight of Force required to move pushchair (N) Result oft-test 

pushchair (N) Front wheels facing Front wheels facing (5%) 

forwards backwards 

13.571 5.031 5.595 Not significant 

14.571 7.483 6.355 

15.571 8.797 6.620 

16.571 7.855 7.924 

17.571 11.661 8.493 

Table 7 .4. Results of the tests mvestlgating the rotation of the front wheels by 180° (in line 

with the pushchair) of the Maclaren Twin Techno Stroller. 
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Figure 7.7. Load to cause movement of the Maclaren Quest Stroller. 
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Figure 7.8. Load to cause movement of the M&P Freestyler Advance Travel System. 
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Figure 7.9. Load to cause movement of the Maclaren Twin Techno Stroller. 

Figures 7.7, 7.8 and 7.9 show the force required to start each of the three pushchairs moving 

along the ground on their wheels with increasing total pushchair weight. The terms ' long' and 

'lat' on the key of each of the figures refers to the applied force acting along the longitudinal 

or lateral axis of the pushchair respectively. The terms 'ulb' and 'b' refer to unbraked and 

braked back wheels respectively; and 'in line' and 'perp' refer to front wheels that are in line 

with and perpendicular to the pushchair respectively. The straight trendlines on the figures 

show the results of a least squares linear regression of applied load on total pushchair weight 

and indicate that there is a linear relationship between the force required to move a pushchair 

and total pushchair weight. Each of the trendlines passes through the origin and has a gradient 

equal to Jl.. Table 7.5 gives the values of J1 and the correlation coefficient for the least squares 

linear regression (R2
) of the data shown in Figures 7.7, 7.8 and 7.9. It can be seen from Table 

7.5 that for a pushchair with a force applied along its longitudinal axis, the values of J1 are 

lower when the front wheels are in line with the pushchair than perpendicular to the 

pushchair. Conversely, for a pushchair with a force applied along its lateral axis, J1 is lower 
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when the front wheels are perpendicular to the pushchair than in line with the pushchair. This 

implies that a pushchair is more vulnerable to destabilisation when the front wheels are in line 

with the direction of the force. This is because a wheel in line with the force will turn when 

the force is large enough, whereas a wheel perpendicular to the force will first be dragged 

across the ground until the wheel positions itself so as to be able to turn. As a turning wheel 

has less friction to overcome than a wheel dragging along the ground it is easier for a wheel to 

move by turning, hence the lower J1 of a wheel in line with a force. Table 7.6 gives the 

percentage increase in J1 when the front wheels are in line with the direction of the applied 

force compared to when they are perpendicular to the force. For example, when a force is 

applied along the longitudinal axis of an unbraked Maclaren Quest Stroller, J1 is 0.048 and 

0.076 when the front wheels are in line with and perpendicular to the direction of the force, 

respectively. Thus, the increase in J1 is 58.3%. The lowest and highest values of R2 are 0.504 

and 0.996 respectively. The lowest value of R2 is associated with the Maclaren Twin Techno 

Stroller which was the heaviest pushchair tested and moved along the groWld slowly so that it 

was difficult to determine when it had actually started to move. 1bis difficulty in determining 

pushchair motion was a source of error in the experiments leading to measurements that did 

not completely conform to a linear relationship between the force required to cause movement 

and the pushchair weight. 
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Pushchair Brakes Front wheels Maclaren M&P Maclaren 

axis the force in relation to Quest Stroller Freestyle Twin Techno 

acts along pushchair Travel System Stroller 

J.l R.l J.l Rl J.l Rl 

Longitudinal Unbraked In line 0.048 0.924 0.039 0.578 0.054 0.504 

Longitudinal Unbraked Perpendicular 0.076 0.881 0.064 0.521 0.107 0.947 

Lateral Unbraked In line 0.209 0.860 0.228 0.855 0.199 0.708 

Lateral Unbraked Perpendicular 0.119 0.883 0.078 0.771 0.101 0.814 

Lateral Braked In line 0.243 0.996 0.246 0.885 0.338 0.888 

Lateral Braked Perpendicular 0.159 0.678 0.109 0.655 0.110 0.607 

.1. Table 7.5. Values of 1J. and R for the vanous expenmental setups. 

Pushchair axis the Brakes Maclaren Quest M&P Freestyle Maclaren Twin 

force acts along Stroller Travel System Techno Stroller 

Longitudinal Unbraked 58.3% 64.1% 98.1% 

Lateral Unbraked 75.6% 192.3% 97.0% 

Lateral Braked 52.8% 125.7% 207.3% 

. 
Table 7 .6. Percentage mcrease in J.l when the front wheels are in line with the direction of the 

applied force compared to when they are perpendicular to the force. 

The three pushchair types mostly have similar values of J.l for a given experimental setup. For 

example, a braked pushchair with the force applied along its longitudinal axis and with its 

front wheels in line with the pushchair has a J.l value of 0.048, 0.039 and 0.054 for the 

Maclaren Quest Stroller, the M&P Freestyle Travel System, and the Maclaren Twin Techno 
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Stroller, respectively. Statistical analysis using at-test and testing at the 5% confidence level 

shows that there is no significant difference between the pushchair types for a given 

experimental setup. The exception is between the unbraked M&P Freestyle Travel System 

and Maclaren Twin Techno Stroller pushchairs when the force is applied along the 

longitudinal axis with the front wheels perpendicular to the pushchair. However, this may be 

due to the R2 value of the M&P Freestyle Travel System for this experimental setup being 

0.521, which is the second lowest value. Therefore, 11 of this experimental setup and 

pushchair is not as accurate as others. As with the Maclaren Twin Techno Stroller, the low R2 

value will be due to the difficulty in determining when the pushchair had actually started to 

move. Table 7.7 summarises the results of the above statistical analysis. 
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Pushchair axis the Brakes Front wheels in Maclaren Quest Stroller Maclaren Quest Stroller M&P Freestyle Travel 

force acts along relation to versus M&P Freestyle versus Maclaren Twin System versus Maclaren 
! 

pushchair Travel System Techno Stroller Twin Techno Stroller 

Longitudinal Unbraked In line Not significant Not significant Not significant 

Longitudinal Unbraked Perpendicular Not significant Not significant Significant 

Lateral Unbraked In line Not significant Not significant Not significant 

Lateral Unbraked Perpendicular Not significant Not significant Not significant 

Lateral Braked In line Not significant Not significant Not significant 

Lateral Braked Perpendicular Not significant Not significant Not significant 

Table 7.7. Summary of the statistical analysis undertaken to investigate the difference between 11 of the various pushchair types. 
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Parameters compared Fixed parameters Maclaren Quest M&P Freestyle Maclaren Twin 

Stroller Travel System Techno Stroller 

Pushchair axis the force Unbraked, front wheels in line with Significant Significant Significant 

acts along: longitudinal push chair 

versus lateral Unbraked, front wheels perpendicular to Significant Not significant Not significant 

pushchair 

Brakes: braked versus Force along lateral axis, front wheels in Not significant Not significant Significant 

unbraked line with pushchair 

Force along lateral axis, front wheels Significant Significant Significant 

perpendicular to pushchair 

Front wheels: in line with Force along longitudinal axis, unbraked Significant Significant Significant I 

pushchair versus Force along lateral axis, unbraked Significant Significant Significant 

perpendicular to Force along lateral axis, braked Significant Significant Significant 

push chair 

--·--

Table 7.8. Summary of the statistical analysis undertaken to investigate the difference between 11. of the various parameters. 
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A statistical analysis was also undertaken to investigate if experimental setup affects Jl. , i.e. if 

there is a difference in the value of Jl between a pushchair with a force acting along the 

longitudinal axis and one with the force applied along the lateral axis, between a braked and 

an unbraked pushchair, or between a pushchair with its front wheels in line with or 

perpendicular to the pushchair. Table 7.8 summarises the results oft-tests undertaken at the 

5% confidence level, and shows that generally there is a significant difference between Jl for 

each of the experimental setups of a particular pushchair. However, there is no significant 

difference in Jl between a braked and an unbraked Maclaren Quest Stroller with a force 

applied along the lateral axis with the front wheels in line with the pusbchair. Neither is there 

a significant difference between an unbraked Maclaren Twin Stroller with the front wheels 

perpendicular to the pushchair when the force is applied along the longitudinal axis or along 

the lateral axis. There is also no significant difference between an unbraked M&P Freestyle 

Travel System with the force applied along the longitudinal axis or along the lateral axis when 

its front wheels are perpendicular to the pushchair, and between this pushchair braked or 

unbraked when the force acts along the lateral axis with its front wheels in line with the 

pushchair. Apart from these four exceptions, the remaining seventeen comparisons give 

significant differences between the experimental setups, from which it can be concluded that 

experimental setup affects the value of Jl. 

In summary, statistical analysis shows that there is generally no significant difference in J1. 

between the pushchair types for a given experimental setup, however, there is generally a 

significant difference between the experimental setups for a given pushchair. Given the level 

of complexity of the model and the other assumptions that have been made, it is not 

unreasonable to take an average value for J1 for all the pushchairs with a given experimental 
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setup. However, each experimental setup has a different value of fl., and Table 7.9 gives the 

average values of J.L for the various experimental setups. The model of a push chair's response 

to a train slipstream, which will be described in Chapter 8, uses the values of J.L given in Table 

7.9. As larger values of fl. result in greater stability of a pushchair, Table 7.9 shows that a 

pushchair is less stable when a force acts along its longitudinal axis rather than along its 

lateral axis. For example, the value of fl. of an unbraked pushchair with its front wheels in line 

with the force is 0.047 and 0.099 when the force is applied along the longitudinal axis and the 

lateral axis, respectively. An unbraked pushchair is less stable than a braked pushchair. For 

example, when a force acts along the lateral axis of a pushchair which has its front wheels 

perpendicular to the force, the value of fl. is 0.212 and 0.276 when the pushcbair is unbraked 

and braked respectively. Also, a pushchair is less stable when its front wheels are in line with 

the force. For example, when a force acts along the longitudinal axis of an unbraked pushchair 

the value of J.L is 0.047 and 0.082 when the front wheels are in line with and perpendicular to 

the force respectively. 

Pushchair axis the Brakes Front wheels in Average fl. 

force acts along relation to pushchair 

Longitudinal Unbraked In line 0.047 

Longitudinal Unbraked Perpendicular 0.082 

Lateral Unbraked In line 0.212 

Lateral Unbraked Perpendicular 0.099 

Lateral Braked In line 0.276 

Lateral Braked Perpendicular 0.129 

Table 7.9. Average fl. values for the various experimental setups. 
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7.4 Discussion. 

A pushchair is destabilised by a slipstream by either toppling over or by moving along the 

ground on its wheels. The value of /J. is required in order to determine the force that would 

move a pushchair along the ground on its wheels, therefore, a series of experiments was 

undertaken in order to determine IJ, as well as to verify the suitability of an adapted simple 

solid object model to predict the force required to cause toppling. During the experiments the 

results were checked for repeatability, with several experimental setups being tested three 

times. The applied load required to cause movement was very similar for each of the three 

tests in all of the experimental setups, therefore, the results were repeatable. 

Only a braked pushchair with a force applied along its longitudinal axis was destabilised by 

toppling, with the angle of the front wheels having no effect. The expected and actual force to 

cause toppling of the Maclaren Quest Stroller was 59.4N and 61.8N respectively, and the 

small discrepancy between the expected and actual force will largely be due to the method of 

ascertaining the position of the centre of gravity. This involved placing the pushchair on a 

0.025m wide wooden beam between two tables, and determining by eye the position of the 

beam when the pushchair was balanced in a particular plane. The errors inherent in this 

procedure are due to the pushchair balancing on a beam with a width of0.025m and not on an 

extremely thin edge, the complex unsymmetrical design of a pushchair, and taking the 

measurements by eye. If the height to the centre of gravity was measured correctly as 0.38m a 

critical distance of 0.26m would give the expected toppling force, which differs from the 

measured distance of 0.25m by O.Olm. If, however, the critical distance was measured 

correctly then a height to the centre of gravity of 0.365m would give the expected toppling 
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force, which differs by 0.015m from the measured height. The friction between the length of 

cord and the three pulleys would also affect the results. Taking into consideration the possible 

causes of error, the similarity of the two values shows that it is not unreasonable to use the 

adapted simple solid object for modelling a pushchair susceptible to toppling. 

1ne experiments undertaken to determine J1 involved three different pushchairs with a force 

applied either along the longitudinal axis or the lateral axis of the pushchair, with or without 

the brakes applied, and with the front wheels either in line with or perpendicular to the 

pushchair. A horizontal force was applied to the pushchair until it started to move along the 

ground on its wheels. The pushchair was tested in this manner when it was empty and when 

additional masses of lkg, 2kg> 3kg and 4kg were placed on its seat. Greater masses were 

initially used but they caused the pushchair to move along the ground extremely slowly so 

that it was difficult to determine when the pushchair had actually started to move, especially 

the Maclaren Twin Techno Stroller which was the heaviest pushchair tested. Therefore, the 

additional masses were kept at 4kg and less. A strain gauge was temporarily attached to a 

wheel in order to facilitate the observation of movement when masses greater than 4kg were 

used. However, because of the very slow movement of the pushchair, it was just as difficult to 

recognise when the pushchair had started to move when using the strain gauge as by loolcing 

at the actual wheels. Increasing forces were required in order to move a pushchair with 

increasing total weight, and the results show that there is a linear relationship between these 

two parameters. The gradient of the trendline showing the linear relationship between the 

applied load and the pushchair' s total weight gives the value of 11. Even with small additional 

weights it was not easy to determine pushchair motion and this was a source of error in the 

experiments leading to measurements that did not completely conform to a linear relationship. 
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A statistical analysis of the experimental results shows that the Jl values of the three pushchair 

types are generally not significantly different from each other for a given experimental setup. 

Although the pushcbairs were of differing styles, all the wheels were made of a hard rubber 

material. As the Jl value is dependent upon the surfaces that sliding occurs between, the 

similar Jl values reflect that the wheels were made of a similar material. This fact makes the 

modelling of a pushchair's response to a slipstream simpler. 

The stability of a pushchair decreases when a force acts along the push chair's longitudinal 

axis rather than the lateral axis. This is due to the pushchair' s back wheels being fixed so as to 

always be in line with longitudinal axis of the pushchair, therefore, when a force acts along 

the pushchair' s longitudinal axis the back wheels are in line with the force. The back wheels 

are able to turn when they are in line with the force, whereas they would initially be dragged 

across the ground if perpendicular to the force as would be the case when the force acts along 

the lateral axis of the pushchair. As a turning wheel has less friction to overcome than a wheel 

dragging along the ground, a lower force is required to move a wheel by turning. Similarly, a 

pushchair with its front wheels perpendicular to the force is more stable than when the front 

wheels are in line with the force, and a braked pushchair is more stable than an unbraked 

pushchair. 

The lowest and highest average values of Jl are 0.047 and 0.276 respectively. The extent of 

how this difference affects a pushchair' s stability can be determined from the following 

example using the Maclaren Twin Techno Stroller with its hood down. The empty pushchair 

weighs 133.09N and, using equation (7.1), would require a force of 6.26N to move it along 

the ground on its wheels when it is most vulnerable to destabilisation, i.e. when Jl = 0.047. 
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The magnitude of the slipstream velocity that will cause destabilisation of this pushchair can 

be calculated from the drag force equation given by equation ( 5.1 ). The value of a pushchair' s 

drag coefficient (Cv) is not described in literature nor was it possible to conduct experiments 

in the current research to ascertain its value. The value of C0 of an average modern car, a 

bicycle with cyclist, and a standing person is in the order of 0.3, 0.9 and I .0, respectively. The 

C0 value of a person is taken from Penwarden et al. (I 978) whereas the other values are taken 

from Wikipedia (2006b ). A pushchair is an aerodynamically rough and unstreamlined object, 

therefore, using the above information, a push chair's C v is assumed to take a value of one. 

The projected area of the pushchair was measured during the experiments to be 0.44m2 when 

the force acts along the pushchair's longitudinal axis. Therefore, taking 6.26N to be the drag 

force acting upon the pushchair, the destabilising slipstream velocity for this particular setup 

of the pushchair is 4.8m/s. With the pushchair in its most stable placement, i.e. 11 = 0.276, the 

force required to cause destabilisation is 36.73N. The projected area of the pushchair was 

measured to be 0.14m2 when the force acts along the pushchair's lateral axis. Assuming C0 = 

1, the slipstream velocity would need to be 20.7m/s to destabilise the pushchair. As 20.7m/s is 

more than four times greater than 4.8rnls, the most stable setup of a pushchair requires a much 

larger slipstream velocity to cause destabilisation than the most vulnerable setup. A full 

analysis of the parameters involved in modelling a moving pushchair is given in Section 8.4. 

The floor of the location that the experiments were undertaken in was made of concrete which 

had been laid to provide a smooth indoor surface. The floor had been mopped before the 

experiments commenced in order to remove dust and any other particles present. The value of 

/l is dependent upon the two surfaces that the sliding occurs between, therefore, the values of 

/l determined by the experiments reflect the fact that the pushchairs were on a concrete 
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surface. A surface of tarmac, for example, would have resulted in different results. As the 

surface of a station platform is usually made of concrete the experiments were undertaken on 

a surface similar to that found at stations, thereby reducing the potential for error in 

detennining Jl... A concrete station platform floor may have a different finish to the floor on 

which the experiments were conducted on, however, it was beyond the scope of the 

experiments to determine the effects such differences have on 11· 

7.5 Conclusions. 

Experiments were undertaken to determine the force required to cause a pushchair to topple, 

and so verify the adapted simple solid object model. The expected and actual applied forces to 

cause toppling were similar, therefore, it is not unreasonable to assume that a pushchair can be 

modelled as a simple solid object when it is vulnerable to toppling. Most of the experiments 

were, however, undertaken to determine the value of 11 which is used to calculate the force 

required to cause a pushchair to begin moving along the ground on its wheels. The results of 

the experiments show that there is no significant differenc.e between 11 for the various 

pushchair types for a given experimental setup, however, experimental setup makes a 

significant difference to 11. Therefore, an average value of 11 for the three pushchairs is 

calculated for each of the experimental setups. A pushchair is more wlnerable to 

destabilisation by moving along the ground on its wheels when it is unbraked rather than 

braked, when the applied force acts along the longitudinal axis rather than the lateral axis, and 

with the front wheels in line with the direction of the applied force rather than perpendicular 

to the direction of the force. Therefore, the most stable placement for a pushchair vulnerable 

to moving along the ground on its wheels is when the force is applied along the lateral axis of 
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a braked pushchair with the front wheels in line with the pushchair. With this setup 11 = 0.047. 

Conversely, the least stable placement is when a force is applied along the longitudinal axis of 

an unbraked pushchair with its front wheels in line with the pushchair, where 11 = 0.276. 
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CHAPTERS. 

THEORETICAL MODELLING OF A RESPONSE OF A PUSH CHAIR TO A TRAIN 

SLIPSTREAM. 

8.1 Introduction. 

A pushchair vulnerable to toppling, i.e. one that is braked and facing into a slipstream, is 

modelled using the adapted version of the simple solid object as used for the initial response 

of a person and described in Section 5 .2. Therefore, this push chair is modelled to rotate about 

its back wheels and topple over when its centre of gravity (COG) has moved beyond the 

horizontal position of the back wheels, i.e. has reach its critical distance. The model of a 

pushchair positioned so as to be at risk of moving along the ground on its wheels utilises the 

coefficient of static friction (jL ). The force required to move this push chair along the ground is 

determined by multiplying 11 by the pushchair' s total weight, as shown in equation (7 .1 ). 

When this force is exceeded by the slipstream force, given in equation (5.1), the model 

recognises that the pushchair has been made to move along the ground on its wheels and 

records the pushchair as having been destabilised by the slipstream. Figure 8.1 gives a 

schematic diagram of the forces involved when a pushchair moves along the ground on its 

wheels. 
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Weight Applied force 

Friction force 1 
Normal force 

Figure 8.1. Forces involved when a pushchair moves along the ground on its wheels. 

8.2 Determining the parameters of a pushchair. 

The parameters of a range of pushchairs are required in order to be able to model the response 

of a random pushchair to a train slipstream. The parameters of mass, projected area (A), drag 

coefficient (C0 ), height to the COG, and critical distance (which is the horizontal distance to 

fue COG from the back wheels) are required to simulate a toppling pushchair as a simple solid 

object. The parameters of mass, A, CD and J.l. are required to model a pushchair destabilised by 

moving along the ground on its wheels. 

In the model the height to the COG is dependent upon the actual height of the pushchair, so 

that the height to the COG is equal to the pushchair' s height multiplied by the ratio between 

these two parameters. The height of a pushchair is taken from the pushchairs used in the 

experiments and also from the websites of Mothercare UK Ltd. and Mamas and Papas Ltd. 1 

which give details of various pushchair makes and designs. Thus the model uses a uniform 

distribution ofpushchair height between 0.75m and l.lm. The value of the ratio between the 

I 
www.mothercare.co.uk and www.mamasandpapas.co.uk. 

8.2 



height to the pushchair's COG and its full height was of the order 0.38 for the Maclaren Quest 

Stroller when it was empty and without a hood. Further ratios are estimated from the 

pushchairs portrayed on the websites of Mothercare UK Ltd. and Mamas and Papas Ltd. 

which appear to have a variety of weight distributions, e.g. a pushchair may have a frame 

which has a lot of metal near its base. The estimated range of the ratio values also considers 

the possible positions of the pushchair's contents, e.g. shopping may be contained in a 

compartment within the pushchair's hood. Therefore, in the pushchair model the ratio has a 

uniform distribution lying between 0.25 and 0.75, with a low ratio corresponding to a 

pushchair with baggage stored under the child' s seat and a high ratio to a pushchair with its 

hood up and baggage stored close to the handles, respectively. 

The critical distance is dependent upon the distance between the front and back wheels which 

in tum is dependent upon the pushchair's height. The critical distance is equal to the distance 

between the front and back wheels multiplied by the ratio between these two distances. The 

ratio between the critical distance and the distance between the front and back wheels of the 

Maclaren Quest Stroller is of the order of 0.48 with the pushchair empty and without a hood. 

However, if a child were seated in the pushchair the ratio would increase as the seat is 

positioned towards the front of the pushchair, whereas the ratio would decrease if a hood was 

attached as the hood is positioned at the rear of pushchair. In the model the ratio between the 

critical distance and the distance between the wheels is assumed to take a uniform distribution 

between the values of one third and two thirds. This range, although estimated, considers the 

placement of a child in the seat, the various positions of baggage, and the style of the 

pushchair and its attachments such as hoods and leg coverings. The distance between the front 

and back wheels is equal to the pushchair's height multiplied by the ratio between these two 
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distances, with the ratio taking a uniform distribution between the values of 0.5 and 0.6 in the 

model. These values were determined from the pushchairs involved in the experiments and 

also from a variety of pushchairs shown on the relevant websites. The dimensions of the 

MacLaren Quest Stroller, from which its various ratios were determined, are given in Figure 

7.6. 

The smallest and greatest mass of a pushchair in either the experiments or detailed on the 

relevant websites is approximately 5kg and 15kg respectively. Also, the websites give a 

maximum child's age of three years that the pushchair is suitable for, alternatively the 

maximum additional mass that can be added is stated to be up to 15kg. The 50th percentile 

mass of a three year old child is given by Halls (2004) to be approximately 15kg, which 

corresponds to the maximum allowable mass of the pushchair contents when this is stated. 

Therefore, the maximum total mass of a pushchair is taken to be the mass of the empty 

pushchair plus 15kg. Thus the model takes the minimum and maximum total pushchair 

masses to be 5kg and 30kg respectively, and these are generated using a uniform distribution. 

Parameter Calculation method 

Height to COG Pushchair height x (height to COG I pushchair height) 

Distance between front and Pushchair height x (distance between front and back wheels 

back wheels I pushchair height) 

Critical distance Distance between front and back wheels x (critical distance 

I distance between front and back wheels) 

. 
Table 8.1. Calculation method of parameters . 
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Parameter Range of values 

Pushchair height (m) 0.75 - 1.1 

Height to COG I pushchair height 0.25 - 0.75 

Distance between front and back wheels I pushchair height 0.5 - 0.6 

Critical distance I distance between front and back wheels 0.333 - 0.667 

A (m.l) Pushchair in line with the force 0.2 - 0.5 

Pushchair side on to the force 0.1 - 0.35 

Mass of pushchair plus contents (kg) 5-30 

Jl. 0.047 - 0.276 

. . 
Table 8.2. Values for vanous pushchair parameters . 

An approximate value of A was measured from the pushchairs used in the experiments and 

estimated from pushchairs on the relevant websites. As the Maclaren Quest Stroller was small 

compared to other pushchairs, had its hood removed and was without a baggage compartment 

under the seat, its value of A was used as the minimum value for a pushchair either in line 

with or side-on to a force. The Maclaren Twin Techno Stroller was a double pushchair with a 

baggage compartment and a hood, and was large compared to other pushchairs. Therefore, its 

value of A was used as the maximum value for a pushchair either in line with or side-on to a 

force when it had its hood up. Thus the minimum and maximum A of a pushchair side-on to 

the force is 0.10m
2 

and 0.35m2 respt;ctively, and a pushchair in line with the direction of the 

force has a minimum and maximum A of 0.20m2 and 0.50m2 respectively. The model 

generates A values of a pushchair between the minimum and maximum values using a 

uniform distribution. The range of values used allows for various styles of pushchairs and 
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attachments. The calculation method and the relationship between the various parameters is 

swnmarised in Table 8.1, and the range of values of the parameters is given in Table 8.2. 

The pushchair experiments (Chapter 7) were undertaken with the pushchairs in line with the 

applied force and side-on to the force. A pushchair would, however, actually be placed on a 

station platform at any angle to the slipstream and each of the pushchair' s front wheels could 

be at any angle in their 360° rotation. As the experimental results show that fl is the same 

when the front wheels are rotated by 180°, the values given in Table 7.9 are the lower and 

upper limits of a range of fl values for each particular pushchair setup. Therefore, the 

coefficients lie within the range of0.047-0.082, 0.099-0.212 and 0.129-0.276 for an unbraked 

pushchair in line with the direction of the applied force, an unbraked pushchair side-on to the 

force, and a braked pushchair side-on to the force, respectively. Of all the possible setups, an 

unbraked pushchair in line with the force with its front wheels also in line with the force will 

define the lowest value of fl. A braked pushchair side-on to the force with its front wheels 

perpendicular to the direction of the force will define the greatest value of fl. All other 

pushchair setups, including pushchairs or front wheels positioned diagonally to the slipstream, 

will have a value of fl between these limits. Therefore, the lower and upper values of fl are 

0.047 and 0.276, respectively. Due to time constraints, a test to determine the value of fl for a 

braked pushchair that would have its back to the oncoming slipstream was not undertaken. 

Therefore, in order to determine the full distribution of fl values between 0.047 and 0.276 the 

range of fl is approximated for such a pushchair. Both the lower and upper values of the range 

of Jl associated with the pushchair side-on to the force are 30% greater when the brakes are 

applied than when the pushchair is unbraked. If this increase is also assumed to exist for a 

pushchair in line with the direction of the force the values of fl would be 0.061--0.107 when 
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the brakes were applied, i.e. an increase of 30% on the coefficients of 0.047-0.082 for an 

unbraked pushchair. Figure 8.2 gives the ranges of f.J. with each of the four pushchair setups, 

and this schematic diagram shows that there is a large amount of overlay between the Jl. 

values. Although there is not a full overlay of 11-, there are only small regions where the 

overlaying does not occur, therefore, the distribution of Jl can be approximated as uniform. 

The model generates a uniform distribution of f.J. between 0.047 and 0.276, thereby allowing 

for all placements of a pushchair at risk of being destabilised by moving along the ground on 

its wheels. 

• • --In line unbraked0.047-0.082 

-e-ln line braked0.061-0.107 

--Side on unbraked 0.099-0.212 

->+-Side on braked 0.129-0.276 

0 0.05 0.1 0.15 0.2 0.25 0.3 
I 

I Coefficient of static friction 

Figure 8.2. Distribution of f.J.. 

Both A and f.J. are dependent upon the pushchair's position. A pushchair in line with the force 

has A values in the range of 0.20m2 to 0.50m2 and JL between 0.047 and 0.107, whereas a 

pushchair side on to the force has A values between 0.10m2 and 0.3Sm2 and f.J. in the range of 

0.099 and 0.276. In order to relate these two parameters to one another the model generates 

8.7 



values of 11 between 0.047 and 0.276 as described above, and then generates A values that are 

dependent upon the value of Ji.. As the maximwn J1. value of a pushchair in line with the force 

is 0.107, and the minimum J1. value of a pushchair side-on to the force is 0.099, the model 

assumes that when J1. < 0.1 the pushchair is in line with the force and generates a value of A 

appropriate to such an alignment, i.e. will generate A values between 0.20m2 and 0.50m
2

• 

Conversely, if J1. 2 0.1 the model assumes that the pushchair is side-on to the force and 

generates a value of A which lies between 0.10m2 and 0.35m2
, i.e. values for a side-on 

pushchair. 

The value of CD of a pushchair is not described in literature nor was it possible to conduct 

experiments in the current study to ascertain the value, therefore, the mode] assumes that CD = 

1, as described in Section 7.4. 

8.3 Results from the theoretical model. 

The model calculates the percentage of pushchairs destabilised by moving along the ground 

on their wheels by assuming that all the pushchairs on a station platform are positioned so as 

to be susceptible to this manner of destabilisation. It calculates the percentage of pushchairs 

destabilised by toppling separately, and for this calculation assumes that all the push chairs are 

positioned so as to be susceptible to toppling. The model does not consider the proportion of 

pushchairs on a station platform that are susceptible to the different methods of 

destabilisation. However, this does not affect the overall results, as will be described later. 

Therefore, two percentages are presented by the model, one giving the percentage of 

pushchairs that moved along the ground on their wheels and one giving the percentage of 
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toppled pushchairs. The pushchair experiments recorded the force required to initialise 

movement of a pushchair along the ground on its wheels, therefore, a pushchair recorded by 

the model as being destabilised in this manner has moved, but the displacement distance is not 

calculated. 

Tables 8.3 and 8.4 give the percentages of pushchairs destabilised by a train slipstream when 

positioned on a station platform for various train speeds and for both types of pushchair 

response, namely, toppling and moving along the ground on the wheels. Table 8.3 relates to 

pushchairs destabilised by the slipstream of a passenger train when positioned between Om 

and 1.5m from the platform edge, and between 0.25m and l.Sm. Table 8.4 relates to 

pushchairs destabilised by a freightliner when positioned at l.Sm from the platform edge. 

Figure 8.3 gives the percentages of pushchairs destabilised by moving along the ground on 

their wheels in graphical form; the results relating to toppling pushchairs are not included in 

the figure as they are very low. The train speeds and distances from the train side/platform 

edge presented in Tables 8.3 and 8.4, and in Figure 8.3, are the same as those used when 

investigating a person's response to a slipstream, and thereby facilitate comparison with a 

person's response as given in Tables 6.2 and 6.3 and Figures 6.2 and 6.3. The results of 

destabilised pushchairs due to a freightliner' s slipstream are given for a distance of 1.5m from 

the platform edge as this is the only lateral distance that can be modelled for such a train type, 

as discussed in Section 3.6.2. Figure 8.3 shows that the percentage of pushchairs destabilised 

by moving along the ground on their wheels increases with increasing train speed, as would 

be expected. For example, 37.8% and 81.2% of pushchairs move along the ground on their 

wheels when positioned at Om - 1.5m from the side of a passenger train travelling at 45m/s 

and 85m/s respectively. An increase in the distance from the platform edge results in a lower 
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percentage of destabilised pushchairs for a given train speed. For example, 37.8% and 18.8% 

of pushchairs move along the ground on their wheels when positioned at Om - 1.5m and at 

0.25m - 1.5m from the side of a passenger train travelling at 45m/s, respectively. Therefore, 

there is a 50.3% decrease in destabilised pushchairs when the pushchairs are positioned 

beyond 0.25m. As with the response to a passenger train's slipstream, the percentage of 

pushchairs destabilised by moving along the ground on their wheels increases with increasing 

freightliner speed. For example, 53.7% and 98.0% of pushchairs are destabilised at speeds of 

20m/sand 40m/s respectively. Although the response to the freightliner and passenger train 

slipstreams are not directly comparable due to the pushchairs being placed at different 

distances from the train side, it can be seen that the slipstream of a freightliner has a greater 

effect on the response of a pushchair than that of a passenger train. This can be inferred as the 

percentage of pushchairs destabilised by a freightliner slipstream and a passenger train 

slipstream are similar although the freightliner speed is lower and the distance from the 

freightliner side is greater. For example, 52.5% of pushchairs move along the ground on their 

wheels when positioned between Om and l.Sm from the side of a passenger train travelling at 

55m/s, whereas 53.7% of pushchairs are destabilised when positioned at 1.5m from the side 

of a freightliner travelling at 20m/s. Of the pushchairs that would be susceptible to toppling 

only 0.1% and 1.2% actually topple when positioned at Om - 1.5m and at 0.25m - 1.5m, 

respectively, when exposed to the slipstream of a passenger train travelling at 85m/s. No 

pushchairs at Ys = l.Sm topple due to the slipstream of a freightliner travelJing at 40rnls, 

whereas 98.0% move along the ground on their wheels. Only at a speed of 4Sm/s do 1.8% of 

pushchairs topple when exposed to a freightliner. Therefore, the destabilisation of a pushchair 

is more likely to involve the wheels moving along the ground than the pushchair toppling 

over. 
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Train Distance from platform edge 
speed 
(m/s) Om-1.5m 0.25m - 1.5m 

Moving along the Toppling Moving along Toppling 

ground on the the ground on 

wheels the wheels 

45 37.8% 0% 18.8% 0% 

55 52.5% 0% 33.8% 0% 

65 65.8% 0% 46.5% 0% 

75 74.6% 0% 58.9% 0% 

85 81.2% 0.1% 68.9% 1.2% 

Table 8.3. Effect of train speed and distance from the platform edge on the percentage of 

pushchairs destabilised by a passenger train passing a station platform. 

Train speed (m/s) Percentage of push chairs destabilised 

Moving along the Toppling 

ground on the wheels 

20 53.7% 0% 

25 76.1% 0% 

30 89.0% 0% 

35 95.2% 0% 

40 98.0% 0% 

Table 8.4. Effect of tram speed on the percentage of pushchairs destabilised by a freightliner 

passing a station platform when positioned at 1.5m from the platform edge. 
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Figure 8.3. Percentage ofpushchairs destabilised with increasing train speed. 

8.4 Parametric analysis. 

Section 8.3 shows how train type, train speed and distance from the platform edge affect the 

stability of a pusbchair subjected to a slipstream. Section 8.4 analyses the various parameters 

used to generate a random pushcbair in order to identify which have the most influence on a 

pushchair's stability. The slipstream of a passenger train passing by a station platform at 

55m/s when the pushchairs are positioned between Om and 1.5m from the platform edge 

results in 52.5% of the pushchairs being destabilised by moving along the ground on the 

wheels, and this result is used as the reference run for the analysis of the parameters involved 

when a pushchair is destabilised in this manner. The slipstream of a passenger train passing 

by a station platform at 85m/s when all pushchairs are positioned at 0.2m from the platform 

edge results in 21 .1% of the pushchairs toppling over, and this result is used as the reference 

run for the analysis of the parameters involved when a pushchair topples. The large train 
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speed and small distance from the platform edge of the reference run for the toppling 

pushchairs are used in order to produce a reasonably large percentage of toppled pushchairs 

that can be used in the parametric analysis. Tables 8.5 and 8.6 show how altering the 

pushchair parameters affects the percentage of pushchairs destabilised by moving along the 

ground on the wheels, and Table 8. 7 shows the effects of altering the parameters on the 

percentage of toppling pushchairs. The percentage change in the number of destabilised 

pushchairs compared to the reference run due to altering the parameters is also given in 

Tables 8.5, 8.6 and 8.7. 

Table 8.5, which relates to pushchairs moving along the ground on their wheels:, shows that 

when all the pushchairs have the minimum modelled mass of 5kg there is an increase of 

70.9% in the number of pushchairs destabilised compared to the reference run. When all the 

push chairs have the maximum modelled mass of 30kg there is decrease of 4 7.2% in the 

number of destabilised pushchairs, therefore, increasing a pushchair's mass results in greater 

stability. The stability of a pushchair also increases with decreasing values of C0 , for example, 

a 20% reduction in C0 , i.e. C0 = 0.8, results in a 13.9% reduction in the amount ofpushchairs 

destabilised. Table 8.6 shows that a pushchair's setup, which involves the parameters of Jl and 

A, also affects the percentage of pushchairs moving along the ground on their wheels. The 

least stable setup occurs when all the pushchairs are positioned so that the force acts along the 

pushchair' s longitudinal axis, the back wheels are unbraked, and the front wheels are in line 

with the pushchair. With this setup 78.9% of pushchairs move along the ground on their 

wheels, which is an increase of 50.3% from the reference run. The most stable setup occurs 

when all the pushchairs are modelled with the force acting along the pushchair's lateral axis, 

the back wheels are braked, and the front wheels are in line with the pushchair. This results in 
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a 35.0% reduction in the amount of pushchairs destabilised. An unbraked pushchair is less 

stable than a braked pushchair, for example, when the force is applied along the pushchair's 

lateral axis and the front wheels are in line with the pushchair, 45.0% and 34.1% of 

pushchairs are destabilised when the pushchair is unbraked and braked respectively. When a 

force is applied along the longitudinal axis, a pusbchair is more stable when its front wheels 

are perpendicular to the pushchair. Conversely, when a force is applied along the lateral axis, 

a pushchair is more stable when its front wheels are in line with the pushchair. For example, 

when the force is applied along the lateral axis, 34.1% and 64.8% of braked pushchairs are 

destabilised when the front wheels are in line with and perpendicular to the pushchair, 

respectively. Therefore, a pushchair with its front wheels in line with the direction of the 

applied force is more vulnerable to destabilisation than when its front wheels are 

perpendicular to the force. That stability decreases when a force acts along a pushchair's 

longitudinal axis rather than its lateral axis, when the pushchair is unbraked rather than 

braked, and when the front wheels are in line with the direction of the force rather than 

perpendicular to the force, agrees with the experimental results described in Section 7.3.3.2. 

Table 8.7, which relates to toppling pushchairs, shows that when all the pushchairs have the 

minimum modelled mass of 5kg nearly all, i.e. 96.8%, of the pushchairs susceptible to 

toppling will actually topple, whereas at the maximum mass of 30kg no pushchairs topple. At 

a mass of 20kg 0.1% of pushchairs topple, therefore, all pushchairs are stable with masses 

greater than approximately 20kg when positioned at 0.2m from the side of a passenger train 

travelling at 85m/s. The height of the pushchair has only a small affect on its stability, with 

the minimum (0.75m) and the maximum (I. 1m) heights resulting in a decrease of 6.2% and 

an increase of 9.0% in the amount of pushchairs toppling respectively. Therefore, a greater 
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height slightly decreases a pushchair's stability. The ratio between the height to the 

pushchair's COG and the full height affects the percentage of toppling pushchairs even less 

than the height. The minimum (0.25) and maximum (0.75) values result in 20.8% and 21.5% 

of pushchairs toppling which, considering the reference run resulted in 21.1% of pushchairs 

toppling, is a negligible change. A negligible change also occurs when altering the ratio 

between the critical distance and the distance between the front and back wheels. At both the 

minimum (0.333) and maximum (0.667) values 20.7% of pushchairs topple. A larger change 

in the number of topping push chairs occurs due to the ratio of the distance between the front 

and back wheels and the pushchair height. At the minimum value of 0.5 and the maximum 

value of 0.6 the percentage of destabilised pushchairs increases by 20.9% and decreases by 

16.1% respectively Therefore, a larger distance between the front and back wheels for a given 

height increases a pushchair's stability. As with the pushchairs susceptible to being 

destabilised by moving along the ground on their wheels, an increase in C 0 results in a 

decrease in stability. Increasing C0 by 20% to 1.2 increases the number of pushchairs 

destabilised by 36.5%. Varying A also affects the numbers of toppling pushchairs, with the 

minimum value of 0Jm2 and the maximum value of 0.35 m2 resulting in 0.5% and 44.5% of 

pushchairs destabilised respectively. Therefore, a lower A exposed to a slipstream increases 

the stability of a pushchair. 
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Parameter Percentage of pushchairs Percentage change 

destabilised 

Mass 5kg 89.7% +70.9% 

30kg 27.7% -47.2% 

Cv 1.2 60.4% +15.0% 

1.1 56.3% +7.2% 

0.9 49.9% -5.0% 

0.8 45.2% -13.9% 

Table 8.5. Effect of altering the pushchair parameters on the percentage of pushchairs 

destabilised by moving along the ground on their wheels. 

Pushchair setup Percentage of Percentage 

Pushchair axis Brakes Front wheels in pushchairs change 

the force acts relation to destabilised 

along pushchair 

Longitudinal Unbraked In line 78.9% +50.3% 

Longitudinal Unbraked Perpendicular 62.1% +18.3% 

Lateral Unbraked In line 45.0% -14.3% 

Lateral Unbraked Perpendicular 56.4% +7.4% 

Lateral Braked In line 34.1% -35.0% 

Lateral Braked Perpendicular 64.8% +23.4% 

. . . . Table 8.6. Effect of altenng the pushcharr setup on the percentage of pushchaus destabthsed 

by moving along the ground on their wheels. 
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Parameter Percentage of Percentage change 

pushchairs 

destabilised 

Mass 5kg 96.8% +358.8% 

20kg 0.1% -99.5% 

30kg 0% -100% 

Height of pushchair 0.75m 19.8% -6.2% 

1.1m 23.0% +9.0% 

Height to COG I pushchair height 0.25 20.8% -1.4% 

0.75 21.6% +2.4% 

Distance between front and back 0.5 25.5% +20.9% 

wheels I pushchair height 0.6 17.7% -16.1% 

Critical distance I distance between 0.333 20.7% -1.9% 

front and back wheels 0.666 20.7% -1.9% 

Co 1.2 28.8% +36.5% 

1.0 25.1% +19.0% 

0.9 17.1% -19.0% 

0.8 12.8% -39.3% 

A 0.1 0.5% -97.6% 

0.35 44.4% +110.4% 

. 
Table 8.7. Effect of altenng the pushchair parameters on the percentage of pushchairs 

destabilised by toppling. 
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8.5 Discussion. 

A pushchair exposed to a train slipstream on a station platform will be destabilised either by 

toppling over, in which case it is modelled as a simple solid object, or by moving along the 

ground on its wheels. A series of experiments was undertaken to determine the range of J1. 

values applicable to a pushchair and required in order to model a pushchair moving along the 

ground on its wheels. The values of pushchair mass, height, distance between the front and 

back wheels, and A were measured during the experiments, and taken or estimated from the 

relevant sources. This allows a range of values for these parameters to be ascertained. The 

position of a pushchair's COG was also measured during the experiments, however, this 

position would be affected by the mass and placement of a child and baggage. It was not 

possible to determine the position of the COG when the pushchair either contained a child or 

baggage as such additions would be likely to either fall out of the pushchair or move from 

their intended position during the measuring procedure, therefore, the COG's position is 

estimated. In the model, the distance between the front and back wheels is dependent upon the 

pushchair's height, the vertical position of the pushchair's COG is also dependent upon the 

pushchair' s height, and the critical distance is dependent upon the distance between the front 

and back wheels. Relating one parameter to another generates the parameters more accurately 

for a particular pushchair, and so prevents unrealistic pushchairs being generated. As it was 

not possible to ascertain what style of pushchair is the most popular, or how and with what 

they are loaded whilst on a station platform, the parameters described above are taken to have 

a uniform distribution. Although this is unlikely to be totally accurate, an assumption of a 

normal distribution may also be incorrect. For example, people may choose to take only 

lightweight pushchairs onto a train, which would result in a positively skewed distribution of 
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mass. A uniform distribution generates more lightweight pushchairs than a normal 

distribution, and so would be more suitable in this instance. 

The experiments described in Chapter 7 give values of fl. when an unbraked and braked 

pushchair is side-on to an applied force, and when an unbraked pushchair is in line with a 

force. In order to determine the full range of fl. values of a pushchair, the values of fl. for a 

braked pushchair with its back to the oncoming slipstream is required. However, due to time 

constraints, an experiment to determine these values could not be undertaken, hence a range 

of JJ. values is approximated for such a pushchair setup. As the range of JJ. values associated 

with a braked pushchair side on to the force is 30% greater than that of an unbraked pushchair 

in the same position, it is assumed that a braked pushchair with its back to the flow has fl. 

values that are 30% greater than those associated with an unbraked pushchair in line with a 

force. This results in a large amount of overlay of J1. values for the four pushchair setups, 

therefore, J1. is modelled to have a uniform distribution between the lowest and highest values. 

The assumption that the range of J1. for a braked pushchair with its back to the flow is 30% 

greater than the fl. value of an unbraked pushchair in line with the flow may not be accurate. 

However, with any increase in such a range there would still be a large amount of overlay of 

all J1. values due to the large amount of overlay between the values associated with a braked 

and an unbraked pushchair side on to the force. Therefore, assuming a uniform distribution is 

not unreasonable. 

Both A and 11 are dependent upon the position of the pushchair, and this fact is reflected in the 

model by having the value of A dependent upon whether the fl. is associated with a pushchair 

in line with or side-on to a force. The maximum J1. value of a pushchair in line with the force 
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and the minimum f1 value of a pushchair side-on to the force is 0.107 and 0.99, respectively. 

As these values are similar, the model assumes that the pushchair is in line with the force 

when f1 < 0.1, and that the pushchair is side-on to the force when f1 ;::: 0.1 . The value of 0.107 

is the upper limit of the approximated range of f1 for a braked pushchair in line with the force, 

therefore, it may not be a totally accurate value. However, the value of 0.99 was ascertained 

from the experiments. If the actual value of the upper limit of the approximated range of f1 is 

greater than 0.107, then 0.1 may be too low a value at which to defme whether a push chair is 

in line with or side-on to a force. However, if the actual value of the upper limit of the 

approximated range is less than 0.107, then 0.1 may indeed be an accurate defining value, 

unless the value of 0.107 is very much too high. Without undertaking further experiments to 

determine the actual value of the maximum f1 value for a braked pushchair in line with the 

force the above assumptions are the best method that the model can employ. 

The model's results show that a pushchair' s setup affects its stability when moving along the 

ground on its wheels. A pushchair is less stable when in line with the applied force rather than 

side-on to the force, when it is unbraked rather than braked, and when the front wheels are in 

line with the force rather than perpendicular to the force. This agrees with the results of the 

experiments undertaken on pushchairs as described in Section 7.3.3.2, and is the result of a 

lower force being required to overcome friction when turning a wheel than when dragging a 

wheel across the ground (see Section 7.4). 

The destabilisation of a pushchair is much more likely to involve the wheels moving along the 

ground than the pushchair toppling over, for example, 0.1% and 81.2% of pushchairs topple 

and move along the ground on their wheels, respectively, when positioned at Om - 1.5m from 
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the side of a passenger train travelling at 85m/s. Also, most pushchairs will be positioned on a 

station platform so that they are susceptible to being destabilised by moving along the ground 

on their wheels as there is only one particular setup which puts a pushchair at risk from 

toppling, namely a braked pushchair facing into the oncoming slipstream. Due to the small 

proportion of pushchairs positioned so as to be vulnerable to toppling and the fact that only a 

small number of these will actually topple over, the chance of a pushchair toppling over is 

very small. This means that the probability of a pushchair toppling on a station platform has a 

negligible effect on the total percentage of pushchairs destabilised, and the percentage of 

pushchairs destabilised by moving along the ground on their wheels can be taken to be the 

overall result. The results of the two types of pushchair response are presented separately by 

the model and not combined, and this needs to be taken into consideration when interpreting 

the model's results. 

The results of the model show that increasing train speed and decreasing distance from the 

side of a train results in larger percentages of pushchairs being destabilised by a slipstream. 

This is due to increasing slipstream velocity magnitudes and turbulence levels, as described in 

Section 2.2.1. A freightliner's slipstream has a greater effect on the stability of a pushchair 

than a passenger train's slipstream, and this is due to the freightliner being aerodynamically 

rough, hence, it generates larger slipstream velocities and turbulence levels. These results are 

also true for the stability of people, as described in Section 6.4. 

Comparing the response of a push chair to that of a person (as described in Chapter 6) shows 

that there is a greater percentage of pushchairs than people destabilised for a given train speed 

and distance from the train side. For example, 37.8% of pushchairs are destabilised by 
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moving along the ground on their wheels when positioned between Om and l.Sm from the 

side of a passenger train travelling at 45m/s, hence, it can be concluded that 37.8% of all 

pushchairs are destabilised. However, only 3.5% of people are destabilised when similarly 

positioned. At 1.5m from the side of a freightliner travelling at 40m/s, 98.0% and 39.1% of 

pushchairs and people are destabilised respectively. Therefore, a pushchair is more likely to 

be destabilised than a person, and as the slipstream of a freightliner has a greater effect on 

stability than a passenger train, a pushchair exposed to a freightliner' s slipstream is most at 

risk of being destabilised. Although the distances associated with the destabilisation of a 

pushchair and a person are not calculated by the model, the greater vulnerability of a 

pushchair exposed to the slipstream of a freightliner agrees with the reported incidents 

involving slipstreams on UK station platforms, as described by Temple and Johnson (2003). 

A parametric analysis shows that an increase in a pushchair' s mass increases its stability. For 

a pushchair moving along the ground on its wheels, this greater stability is due to the larger 

force required to destabilise a pushchair with a greater mass, as show by equation (7 .1 ). A 

larger mass of a toppling pushchair results in a larger mass moment which acts against the 

moment due to the force (equation (5.1)), hence the greater stability. An increase in mass also 

increases the stability of a person, as described in Section 6.5. Increasing C0 or A of a 

pushchair results in an increased force acting on the pushchair resulting in a decreased 

stability. The value of C0 of a pushchair is assumed to be one as data on this value is not 

given in literature nor was it possible to undertake experiments in the current research to 

ascertain the value. However, in order to more accurately reproduce the response of a 

pushchair to a slipstream it would be beneficial to undertake experiments to determine CD of a 

range of pushchairs. Increasing the values of CD and A of a person also results in a decrease of 
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stability, as shown when investigating the effect of clothing or standing orientation (Section 

6.5). Altering the height of a pushchair results in only a small change in the percentage of 

toppling pushchairs, with an increase in height decreasing stability. Decreasing the height 

results in the height to the pushchair' s COG also decreasing, therefore, the moment due to the 

applied force is reduced and stability increases. This would also be expected to be true when 

the ratio between the height to the COG and the pushchair's height is increased, however, 

altering this ratio has a negligible effect on the results. Therefore, the moment due to the 

applied force varies more when the height varies than when the ratio between the COG's 

height to pushchair height varies. Increasing the ratio of the distance between the front and 

back wheels to the pushchair height results in fewer pushchairs toppling over. A larger value 

of this ratio results in a larger critical distance, therefore, there is a larger mass moment acting 

against the moment due to the force, and a pushchair's stability increases. However, varying 

the ratio of the critical distance to the distance between the front and back wheels has a 

negligible affect on stability. Therefore, the mass moment increases more when the distance 

between the front and back wheels increases than when the ratio between the critical distance 

and the distance between the front and back wheels increases. 

8.6 Conclusions. 

A pushchair situated on a station platform either moves along the ground on its wheels or 

topples over when the force due to a train slipstream is large enough. The model uses values 

of /1, which were determined from experiments, to calculate the force required to move a 

pushchair along the ground on its wheels. The toppling response of a pushchair is modelled 

using the adapted version of the simple solid object as used for the initial response of a 
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person. In order to model the response of a pushchair moving along the ground on its wheels 

the parameters of push chair mass, A, C 0 and J1. are required, where A and J.l are dependent 

upon whether the pushchair is in line with or side-on to the applied force. The response of a 

toppling pushchair is modelled using the parameters of pushchair mass, pushchair height, 

height to the COG, critical distance, A, and C0 . All of these parameters are based on uniform 

distributions, except for C0 which is assumed to take the value of one. For a pushchair 

vulnerable to toppling the height to the COG is dependent upon the pushchair's height, and 

the critical distance is dependent upon the distance between the front and back wheels which 

in turn is dependent upon the push chair's height. 

The results show that the percentage of pushchairs destabilised increases with increasing train 

speed and decreasing distance from the platform edge, and that the effect of a freightliner's 

slipstream is greater than that of a passenger train. Only a very small proportion of pushchairs 

that are vulnerable to toppling actually topple over. A parametric analysis shows that mass, 

C0 and pushchair setup affect the response of a pushchair moving along the ground on its 

wheels. A pushchair in line with the direction of the force is less stable than a pushchair side

on to the force, an unbraked pushchair is less stable than a braked pushchair, and stability also 

decreases when the front wheels are in line with the force rather than perpendicular to the 

force. Mass, C0 , A, and the ratio of the distance between the front and back wheels to the 

pushchair's height affect the response of a toppling pushchair. However, as the contribution to 

the overall results by toppling pushchairs is negligible, the sensitivity of the parameters of a 

toppling pushchair will not influence the overall results. 
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CHAPTER9. 

CONCLUSIONS. 

9.1 Introduction. 

A mathematical model has been developed to simulate the slipstream of a train, and the 

response of a person and a pushchair to the slipstream. The model determines if a slipstream 

causes a person or a pushchair to become destabilised, and presents the results as a percentage 

of the total number of people or pushchairs exposed to the slipstream. 

9.2 Model's methodology. 

The model allows the user to choose various model parameters in order to investigate the 

response of a person or a pushchair. A User Guide is given in Appendix 5 informing the user 

how to operate the model. The parameters that are selected by the user are: 

• Train type. 

• Speed of train. 

• Full length of train. 

• Width of the main body of the train. 

• Height of the main body of the train. 

• Length of the freight locomotive (if applicable). 

• Width of the freight locomotive (if applicable). 

• Height of the freight locomotive (if applicable). 
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• Person's location. 

o Station platform or an open track. 

o Distance from the train side/platform edge. 

• Pushchair' s location. 

o Distance from the train side/platform edge. 

The above parameters are chosen by the user to enable the model to correctly simulate the 

slipstream of the train under investigation. The parametric analysis shows that train type, train 

speed, the full length of the train, and the location of a person and pushchair are sensitive 

parameters (see Sections 6.4 and 6.5). The model allows the user to alter these sensitive 

parameters and thereby investigate their effect on destabilisation. 

Figure 9.1 is a flow chart outlining the model's methodology, i.e. how the model arrives at its 

results. In the flow chart, the sequence of events follows a downward direction except where 

shown otherwise by an arrow or by wording. The model generates an individual slipstream 

velocity time history based on the chosen train parameters and the distance from the train 

side/platform edge. It also generates a randomised person who is exposed to the velocity time 

history. The maximum displacement of the person is calculated and if this is greater than the 

critical displacement the person is recorded as having been destabilised. If the train is chosen 

to pass by a station platform then a randomised pushchair is also generated which is 

positioned so as to be capable of toppling and also positioned so as to be capable of moving 

along the ground on its wheels. The pushchair is then exposed to the velocity time history. As 

with a person, the maximum displacement of the toppling push chair is calculated and if this is 

greater than the critical displacement the pushchair is recorded as having toppled. If the 
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slipstream force is greater than the frictional force between the wheels and the ground surface 

the pushchair is recorded as being destabilised by moving along the ground on its wheels. The 

model then generates another slipstream, person and pushcbair, and determines if 

destabilisation has occurred. This is undertaken a thousand times, and from the results the 

model calculates the percentage of people and pushchairs that are destabilised by the train 

slipstream. A thousand runs are generated in order to obtain stable results. 

The conclusions regarding the model of a slipstream, and a person and a pushchair's response 

to a slipstream are given in Section 9.3. There are a number of assumptions embodied within 

the slipstream, person and pushchair models, therefore, the conclusions below should not be 

interpreted or extrapolated beyond the limits of the model. 
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Input train and person parameters 

Generate distances from train side/platform edge 

Calculate slipstream velocity time histories 

Generate people Generate pushcbairs (toppling) Generate pushcbairs (moving along the ground on the wheels) 

Calculate a person's 
response to a slipstream 

Calculate the maximum 
displacement and compare 
to critical displacement 

Calculate 
percentage 

Yesl destabilised 

Calculate the response to 
a slipstream (toppling) 

Calculate the maximum 
displacement and compare 
to critical displacement 

Figure 9.1. Flowchart outlining the modePs methodology. 

Calculate 
percentage 

Yesl destabilised 

Calculate the response to a slipstream 
(moving along the ground on the wheels) 

Calculate the force required to 
cause movement and compare 
to maximum slipstream force 

Calculate 
percentage 

Yes I destabilised 
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9.3 Modelling the response of a person and a pushchair to a train's slipstream. 

The main conclusions relating to the mathematical model of a person and a pushchair' s 

response to a train's slipstream can be summarised as follows: 

1. The simulated mean velocity time history of a train has the shape and magnitudes 

resembling those of measured slipstreams. 

2. Including turbulence, the velocity time histories of the freightliner, the model-scale 

passenger train, and close to the side of the full-scale passenger train are reproduced 

with reasonable accuracy. 

3. The turbulence levels of the passenger train slipstream are reproduced with reasonable 

accuracy, however, those of the freightliner slipstream are not as accurately simulated. 

4. The natural frequency and total damping of a person when modelled as a mass-spring

damper system are determined from experiments to be 0.9Hz and 215Ns/m 

respectively. 

5. The natural frequency of a person corresponds to a slipstream frequency that IS 

simulated with reasonable accuracy for each of the train types. 

6. The drag force due to the slipstream acts upon the simple solid object that models a 

person's initial response and a pushchair' s response. 

7. A series of short-duration impulse loads acts upon the mass-spring-damper system that 

models a person, s response after the initial response. 

8. A large enough wind force causes the simple solid object to rotate or the three masses 

of the mass-spring-damper system to be displaced. 
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9. The least stable standing orientation of a person occurs when they are standing facing 

into the slipstream, and the most stable orientation is standing side-on to the 

slipstream. 

10. The destabilisation of a pushchair is more likely to involve the wheels moving along 

the ground than by the pushchair toppling over. 

11. For pushchairs moving along the ground on their wheels, the least stable set-up occurs 

when an unbraked pushchair and its front wheels are in line with the slipstream force. 

The most stable set-up occurs when the force is applied along the lateral axis of a 

braked pushchair with the front wheels in line with the pushchair. 

12. The percentage of people and pushchairs destabilised by a slipstream increases with 

increasing train speed, decreasing distance from the train side and is greatest when a 

freightliner slipstream is involved. 

13. The model predicts that 3.5% of people standing at Om- l.Sm from the platform edge 

are destabilised by the slipstream a passenger train travelling at 45m/s. Therefore, 

people standing at this distance will start to be destabilised with a train speed of less 

than45m/s. 

14. Approximately one quarter (24.6%) of the people standing at Om - l.Sm from the 

platform edge are destabilised by the slipstream of a passenger train travelling at 

85m/s. 

15. People standing at 0.25m- 1.5m from the platform edge will start to be destabilised 

with a passenger train speed of between 55m/s and 65m/s. 

16. People standing at 0.5m - 1.5m from the platform edge will also start to be 

destabilised with a passenger train speed of between 55m/s and 65m/s. 
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17. People standing at 1.5m from the platform edge will start to be destabilised with a 

freightliner speed of approximately 20m/s. 

18.39.1% of people are destabilised when standing at 1.5m from the platform edge by the 

slipstream of a freightliner travelling at 40m/s. 

19.37.8% of the pushchairs positioned at Om - 1.5m from the platform edge are 

destabilised by moving along the ground on their wheels by the slipstream of a 

passenger train travelling at 45m/s. This increases to 81.2% with a train speed of 

85m/s. 

20. 18.8% of the pushchairs positioned at 0.25m - 1.5m from the platform edge are 

destabilised by moving along the ground on their wheels by the slipstream of a 

passenger train travelling at 45m/s. 

21. Over half (53.7%) of the pushchairs positioned at l.Sm from the platform edge are 

destabilised by moving along the ground on their wheels by the slipstream of a 

freightliner travelling at 20m/s. 

22. Nearly all (98.0%) of the pushchairs positioned at l.Sm from the platform edge are 

destabilised by moving along the ground on their wheels by the slipstream of a 

freightliner travelling at 40m/s. 

23. The most sensitive parameters of a person' s response are the train length, the person' s 

weight, clothing, standing orientation, natural frequency and age. 

24. The most sensitive parameters of a pushchair moving along the ground on its wheels 

are mass, drag coefficient and setup. The most sensitive parameters of a toppling 

pushchair are mass, drag coefficient, projected area, and the ratio between the front 

and back wheels to the pushchair' s height. 
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9.3.1 The effect of increasing a passenger train's speed from 55m/s to 65m/s. 

The top speed of the British Class 390 'Pendolino' train before the completion of the 

upgraded West Coast Main Line was 177km/h (49m/s). However, it will be able to travel at 

220kmlh (6lm/s) if further improvements to the rail network are undertaken, as mentioned in 

Section 1.1. Using the results from the model for a passenger train travelling at 45m/s, 55m/s 

and 65m/s past a station platform, as given in Table 6.2, the effect of this increase in train 

speed on a person's stability can be investigated. Table 9.1 summarises the results from Table 

6.2 relating to these three train speeds. 

Distance from platform edge Train speed 

45m/s SSm/s 6Sm/s 

Om - l.Sm 3.5% 6.7% 13 .7% 

0.25m - 1.5m 0% 0% 4.6% 

0.5m - 1.5m 0% 0% 1.4% 

Table 9.1. Percentages of people destabilised by a passenger train travelling past a station 

platform at 45m/s, 55m/s and 65m/s. 

Using interpolation between the train speeds, Table 9.1 shows that the proportion of 

destabilised people at Om - 1.5m from the platform edge is between 3.5% and 6.7% with a 

train speed of 49m/s. However, the model predicts that no one will be destabilised if they 

stand between 0.25m and 1.5m from the platform edge when a passenger train passes through 

the station at 49m/s. With the increased train speed of 61m/s, between 0% and 4.6% of people 

are destabilised when standing at 0.25m - 1.5m. Therefore, it can be conjectured that a smal1 

proportion of people standing between these distances will be destabilised with a train speed 
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of 61m/s. However, as 0% and 1.4% of people at 0.5m- 1.5m are destabilised with a train 

speed of 55m/s and 65m/s, respectively, it is likely that standing at or beyond 0.5m will result 

in no one being destabilised with a train speed of 61m/s. This leads to the conclusion that no 

one will be destabilised when standing at or beyond 0.25m from the platform edge when a 

train passes at 49m/s, but the minimwn safe distance from the platform edge increases to 

0.5m when a train passes at the increased speed of 61m/s. This shows the effect of increasing 

the train speed from 49m/s to 61m/s on the safe distance from the platform edge at which a 

person can stand. An increase in the safe distance would need to be considered when planning 

such a change in the speed at which a non-stopping train passes through a station. 

9.4 Future work. 

In order to improve the model's ability to simulate freightliner slipstreams there needs to be 

further full-scale experiments undertaken to measure the slipstreams at a variety of distances 

from the freightliner side. This would allow freigbtliner slipstreams to be simulated for lateral 

distances other than 1.5m and 0.705m on a station platform and along an open track 

respectively. Also, how freightliner slipstreams vary depending on the consist of the train 

would be better understood, and therefore modelled, if a variety of consists were involved in 

the experiments, i.e. the number, size, spacing and type of wagons were varied. It would be 

beneficial if further experiments were undertaken on all train types with measurements taken 

at various heights in order to correctly model the manner in which the slipstream velocities 

vary with height. The model assumes that the slipstream velocities do not alter with height as 

there is insufficient data to determine the variation conclusively. Also, the model does not 

allow for the interaction between crosswinds and the slipstream. The model-scale experiments 
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of Baker et al. (200 1) included runs with a crosswind generated perpendicular to the vehicle 

motion, and the slipstream velocities increased by the same amount as the crosswind velocity 

magnitude. However, until experiments are undertaken which involve a variety of yaw angles 

of the crosswind the model cannot incorporate this effect. 

The modelling of a person's response would be improved if accurate values of a person's 

natural frequency and total damping were determined, including how these parameters vary 

between individuals. A person's level of preparedness for the train slipstream is also likely to 

affect their response, with people who have 'braced' themselves to the oncoming slipstream 

being less vulnerable to destabilisation. Therefore, incorporating a person's preparedness into 

the model would allow for this variation in the response. Further experiments with people 

may identify the above parameters and determine how a person's level of preparedness affects 

their response. Ideally, for the modelling, these experiments would be conducted using actual 

train slipstreams, however, in the interests of safety they are unlikely to be undertaken. 
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