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Abstract 

CFD methods have been employed to solve a number of efficiency, safety and op-

erational problems related to the aerodynamics of rail cars and locomotives.  This 

paper reviews three case studies: 1) numerical models were employed to quantify 

the drag characteristics of two external railcar features; namely, well car side-posts 

and inter-platform gaps.  The effects of various design modifications on train re-

sistance and fuel usage were evaluated.  2) An operational safety issue facing rail-

road operators is wind-induced tip-over.   A study was completed using CFD and 

wind tunnel tests to develop a database of tip-over tendencies for a variety of car 

types within the Norfolk Southern fleet.  The use of this database in the develop-

ment of a speed restricting system for the Sandusky Bay Bridge is also discussed.  

3) Another safety issue involves the behavior of diesel exhaust plumes in the vi-

cinity of locomotive cabs.  Numerical simulations were performed for a variety of 

locomotives operating under a number of ambient conditions (wind speed, wind 

direction).  The concentration of diesel exhaust at the operator cab window was 

quantified.  Where appropriate, the studies provide information on the correlation 

of the CFD results with previously collected wind tunnel and field data.        

Introduction 

 

Railcar aerodynamic studies are typically undertaken to improve safety and in-

crease fuel efficiency.   A number of approaches are available to assist the engi-

neer in developing improved designs, including numerical simulation, laboratory 

(wind tunnel) methods, and field tests. 
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Significant advances have been made in the development of 3-D CFD codes, 

including Reynolds-Averaged Navier-Stokes (RANS), Unsteady Reynolds-

Averaged Navier-Stokes (URANS), Large Eddy Simulation (LES), Detached 

Eddy Simulation (DES), Direct Numerical Simulation (DNS), spectral methods, 

vortex methods, and Lattice-Boltzmann methods [1, 2].  All of these have been 

applied to the evaluation of heavy vehicle aerodynamics [3, 4].  For the three stud-

ies presented below, appropriate tools were sought to provide practical engineer-

ing solutions within commercial timeframes and budgets.  Because of the many 

configurations to be modeled, computationally-intensive methods such as LES, 

DES, and DNS could not be accommodated.  Two 3-D RANS finite-volume simu-

lation codes were selected: 1) a proprietary code, VISCOUS [5, 6], and 2) a com-

mercial code, FLUENT [7].  The Reynolds stress tensor was addressed using the 

κ-ε equations [8, 9].  Although this method does not model detailed turbulent 

structures, it does predict average surface pressures and force differences with suf-

ficient accuracy for rail car design and tipping moment determination [10].  The 

CFD simulations were supplemented with both wind tunnel and field tests. 

Section I:  Aerodynamic Drag Reduction 

Studies aimed at reducing the tractive resistance of railroad trains have been 

performed since the advent of iron rails during the late 18
th

 century [11].  Aerody-

namic drag is a major contributor to locomotive power requirements, along with 

climbing resistance (gravity), frictional resistance (rolling, track, flange, bearing, 

suspension losses), and the force required for acceleration or deceleration.  Meas-

urements made using instrumented cars and coast-down methods indicate aerody-

namic resistance can account for over 90% of the tractive effort at higher train 

speeds [12 through 19].   

 

Review of Past Work 

 

     The earliest study of train aerodynamics reported in the literature involved 

small-scale wind tunnel tests performed during 1898 at Purdue University [20].  A 

significant amount of research on this topic was conducted during the 1920s and 

1930s and is reviewed by Hoerner [21] and Tietjens [22].  Results of research on 

train resistance components are included in papers by Davis [23], Hay [24], Eng-

dahl [25], and Paul [26].  Following the 1973-1974 OPEC oil embargo [27], many 

U.S. railroads and railroad equipment manufacturers initiated research programs 

to evaluate methods of reducing tractive resistance of freight trains [28 through 

39].  A significant series of studies was supported by the Association of American 

Railroads during the 1980s [25, 40, 41, 42].  Airflow Sciences Corporation served 

as primary contractor for this program and has continued to conduct engineering 

analysis and design studies for a variety of railroads and rail car manufacturers [43 
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through 48].  Recent increases in fuel prices have once again generated interest in 

reducing train resistance. 

Approach 

     During the current study, the aerodynamic performance of two types of well-

type intermodal cars, each capable of transporting containers of varying lengths, 

were evaluated.  Various design modifications aimed at reducing aerodynamic 

drag were modeled using RANS methods.  Photos of the two well cars are shown 

in Figures 1 and 2. 

 

 
 

 

Fig. 1.  Husky Stack Well-Type Intermodal Car.  Schematic showing loading configuration with 

containers having lengths of 20’, 48’, and 53’ 

Two design features were modified to determine their effect on aerodynamic 

drag: 1) smooth sides versus exposed side posts, and 2) spacing between contain-

ers on adjacent cars.  CFD models were coupled with an updated version of the 

AAR AERO program [42] to determine the drag area (see Equation 1) for various 

container loads and car position-in-train.  A fuel consumption calculation was per-
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formed to determine the influence of reduced drag on locomotive fuel consump-

tion. 

                       Sd = Drag Area = CdA                                                             (1) 

 

                  where       Cd = drag coefficient of rail car at zero degrees yaw 

                      and        A = reference area (projected frontal area of rail car) 

 

 

 
 

Fig. 2. Maxi-Stack Well-Type Intermodal Car.  Schematic showing loading configuration with 

variety of container lengths. 

     Fuel consumption calculations are based on the equations developed by Paul, 

et. al. [26, pp. 8-9] [40, p.43].  Assuming the train is operating on straight, level 

track at constant speed, fuel consumption can be determined from a modified ver-

sion of the Davis Equation  [49]: 

 
where:    K   =  Fuel consumed per distance traveled per unit of tractive resistance 

                     =  0.2038 gallons/1,000 miles/lbf 

               Sd   =  Consist Drag Area (ft
2
) 

               V    =  Train Speed (miles/hour) 

                W  =  Consist Weight (lbf) 

                C    =  Hill Factor = 0.0 for level routes and 0.0007 for hilly routes 

 

The first two terms on the right side of Equation 2 represent resistance due to roll-

ing friction and aerodynamic drag, respectively.  The last term accounts for the ef-

 Gallons of Fuel 

  Consumed per 

     1,000 miles 
=   K (0.0015 W + 0.00256 Sd V

2
 + C W)                 (2) 
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fects of hill climbing.  The constant, K, relating fuel consumed per distance trav-

eled per unit of tractive resistance is based on locomotive operational data ob-

tained by members of the Association of American Railroads.  Similarly, constant 

C, the hill factor, is based on operational data for U.S. railroads. 

Effects of Modifying Well Car Side Posts 

 

     Several researchers have evaluated the effects of modifying external structures 

on rail cars to reduce aerodynamic drag.  Replacing exposed external ribs with 

smooth sides is particularly effective and offers the advantages of being low cost 

and easy to install.  The table below provides a summary of several rib modifica-

tion studies that were verified in the wind tunnel and during over-the-track test 

programs: 

Table 1.  Effects on Aerodynamic Drag of Rail Cars Due to Modification of Exposed External 

Ribs (Zero Degrees Yaw, Center Location in Train Consist) 

 

Train Car  

Type 

External  

Surface  

Configuration 

 

 

Modification 

 

Drag  

Reduction 

 

 

Reference 

Passenger Car External Ribs and 

Structure 

Smooth Side 6% [21] pp. 12-

10 to 12-11 

ISO Container External Ribs Smooth Side 10% [4]  

pp. 434-435 

Hopper Car External Ribs Smooth Side 20% [37]  

pp. 230-231 

Gondola Car External Ribs Smooth Side 13% [37]  

pp. 230-231 

Well Type In-

termodal 

External Ribs on 

Trailers 

Smooth Side 10% [36]  

p. 214 

Skeleton Type 

Intermodal 

Platform Support 

Ribs 

Shielded Ribs 15% [36]  

p. 78 

Gondola Car External Ribs Smooth Side 15% [34] p. 101 

Gondola Car External Ribs Shielded Ribcaps 17% [39] p. 186 

Open Top 

Hopper Car 

External Ribs Smooth Side 30% [41]  

p. 105 

 

     The external ribs comprising the structure of rail cars, containers, and trailers 

are typically of a size that extends beyond the boundary layer.  Flow enters the in-

ter-rib spaces along the vehicle side surfaces and creates a high pressure condition 

on the upstream side of each rib and a low pressure wake on the downstream side.  

Experiments have indicated this pressure distribution is essentially the same for 

each rib, except those located near the ends of the car, container, or trailer.  
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     The original design of the well-type intermodal cars evaluated during the cur-

rent study included exposed external side ribs along the side of the well as shown 

in Figures 1 and 3.  The high pressure on the upstream side and low pressure on 

the downstream side of each rib can be seen in the surface pressure plot of Figure 

3.   Details of the flow at a mid-height horizontal plane for one of the exposed ribs 

are plotted in Figure 4. 

 

     To reduce drag, a smooth, external surface was positioned at the outboard por-

tion of the exposed side posts.  This shielded the inter-rib cavities from the exter-

nal flow as shown by the calculated pressure distribution in Figure 5.  The change 

in drag area between the exposed ribs and smooth side versions of the well car 

was calculated based on the surface pressure changes obtained from the numerical 

model.  This ∆CdA was referenced to the wind tunnel data using program AERO.  

The results are summarized in Table 2 for a single car loaded with various length 

containers.  It is noted that drag reductions of 23% are obtained for the five-unit 

well car due to covering the exposed ribs with a smooth side.  This result is similar 

to those presented in Table 1. 

 

 

 

Fig. 3.  Calculated Pressure Distribution on Well-Type Intermodal Car with Exposed Ribs (Side 

Posts), Train Direction is to the Left. 
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Fig. 4. Detail of Flow Near Well Car External Side Post at Mid-Height Horizontal Plane 

Table 2.  Drag Area Reduction for 5-Unit Well-Type Intermodal Car 

 Load Drag Area (ft
2
) Drag Area (ft

2
)

Case Smooth Sides Exposed Side Posts

Two 40' long, 9.5' high containers

stacked in the well 71.6 93.2

One 40' long, 8.5' high container in

the well and one 40' long, 9.5' high 70.6 92.3

container on top

Two 20' long, 8.5' high containers in 

the well and one 40' long, 8.5' high 69.7 91.3

container on top  
 

 

 

Fig. 5.  Calculated Pressure Distribution on Well-Type Intermodal Car with Smooth Sides.  

Train Direction is to the Left. 
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Effects of Inter-Car Spacing 

 

     Many researchers have evaluated the effects of position-in-train and inter-car 

spacing on aerodynamic drag [21, 40, 41].  For the case of small gaps between ad-

jacent cars, the flow appears to move smoothly from the rear of the upstream car 

to the front of the downstream car.  The flow in the gap region is a trapped vortex 

that does not interact substantially with the free-stream.  Adjacent cars with nar-

row inter-car gaps thus act as a single body.   As gap distances increase, the drag 

approaches that of multiple, single bodies [41 p. 99].   This observation has been 

applied to open top bulk materials cars, such as hopper and gondola cars, where 

vertical baffles have been employed to provide multiple trapped flow regions, thus 

preventing high speed air from impacting forward-facing surfaces [41, 50, 51].  

For well-type intermodal cars, of course, the gap distance is determined by the 

container lengths on adjacent cars.    The maximum allowable gap is defined by 

the design of the car ends and couplers.  Car manufacturers have proposed placing 

smaller containers (e.g. 20’ ISO containers) on support structures located above 

the couplers to reduce inter-car gaps.  Figure 6 shows the calculated velocity field 

along the train longitudinal centerline for both a standard well car and a modified 

well car equipped with spine containers in the region above the couplers.  The 

simulations indicated the drag area of the well car decreased from 44.1 ft
2
 to 38.1 

ft
2
 with the addition of the spine containers.  However, the spine containers con-

tributed 6.0 ft
2
 of drag area, so no net gain was realized at zero degrees yaw [52]. 

 

     The results of the various inter-car gap studies (both wind tunnel and CFD 

model results) were combined to produce the graph shown in Figure 7.  The base-

line inter-car gap for the subject well cars is 61.5 inches.  The graph provides an 

indication of the magnitude of the drag changes as the gap distance is increased or 

decreased from the baseline value.  It is interesting to note that the baseline gap 

places the adjacent containers well into the regime where they are exhibiting the 

behavior of multiple, sequential bodies.  By decreasing the gap from 61.5 inches 

to 40 inches, the drag can be decreased by 25%. 
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Standard Well Car 

 

 

Well Car with Spline Containers 

Fig. 6. Comparison of Centerline Flows for Standard and Spline-Type Well Cars 

Effect of Gap Distance Between Cars
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Fig. 7. Effect if Inter-Car Gap in Well Car Drag Area (Baseline Gap Distance is 61.5 Inches) 
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Results and Conclusions: Section I: Aerodynamic Drag Reduction 

 

     The calculated drag reductions resulting from 1) covering the exposed well ribs 

with smooth sides and 2) reducing the gap distance between adjacent cars were 

utilized to produce the fuel savings projections shown in Tables 3 and 4.  For these 

comparisons, the following consist was assumed: 

 

 5 Locomotives, Twenty 5-Unit Well Cars (= 200 48’ Containers) 

 Total Train Weight:  15,942,000 lbf 

Table 3.  Fuel Consumption: Gallons per 1,000 Miles: Well Car Intermodal Train with Exposed 

Ribs and Smooth Sides. 

Level Route Hilly Route

Configuration 40 MPH 50 MPH 60 MPH 40 MPH 50 MPH 60 MPH

Exposed Side Posts 6,785 7,860 9,175 9,059 10,135 11,449

Smooth Sides 6,287 7,082 8,053 8,561 9,356 10,328  

Table 4.  Fuel Consumption: Gallons per 1,000 Miles: Well Car Intermodal Train with Various 

Inter-Car Gaps. 

Level Route Hilly Route

Gap (inches) 40 MPH 50 MPH 60 MPH 40 MPH 50 MPH 60 MPH

61.5 6,785 7,860 9,175 9,059 10,135 11,449

55 6,661 7,666 8,895 8,935 9,940 11,169

47 6,450 7,337 8,421 8,725 9,612 10,696

20 6,173 6,904 7,798 8,447 9,179 10,072  
 

     Adding smooth sides to the well car improves fuel economy on level routes by 

7.3% for low speeds up to 12% for high speeds.  For hilly routes, fuel economy 

improvements vary from 5% at low speeds to 6% at high speeds.  Reducing the in-

ter-car gap also provides significant improvements in fuel economy.  For level 

routes, reducing the inter-car gap from 61.5 inches to 47 inches reduces fuel usage 

by 5% at low speeds and 8% at high speeds.  For hilly routes this reduction in gap 

distance improves fuel economy by 4% at low speeds and 7% at high speeds.  

Section II:  Wind Induced Tip-Over 

Strong cross winds can lead to tip-over and derailment of train cars exhibiting 

large profiles and/or light weight, such as passenger coaches and intermodal 

equipment.  The safety of railroad workers and the public is at risk during these 

events.  The photo in Figure 8 shows a tip-over accident that occurred during 2006 

on the Kahnawake Bridge (Montreal, Quebec, Canada).  Several other recent 

wind-related accidents, including those listed below, have led to engineering stud-

ies aimed at preventing their occurrence.  
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• 28 January 1987: Union Pacific Railroad: 4 empty containers blown 

from two TTX cars near Laramie, Wyoming; crosswind speeds meas-

ured to be 45 miles/hour. 

• 24 March 1987: Union Pacific Railroad: 25 cars were derailed near 

Brule, Nebraska due to high winds, measured at 53 miles/hour. 

• 11 November 1988: Consolidated Rail Corporation: 64 Road Railer 

intermodal cars derailed on the Sandusky Bay Causeway (Ohio) dur-

ing high winds. 

• 11 February 2003: Norfolk Southern Railway: train derailment on 

Sandusky Bay Causeway during high winds. 

 

Cleanup costs can be significant and hence create an additional incentive for 

seeking an effective train speed restricting system aimed at reducing these events.   

 

 
     Photo Credit: http://www.citynoise.org, February 2006       

Fig. 8.  Freight Train Derailment: 18 February 2006, Montreal Quebec, Kahnawake Bridge, 67 

mile/hour crosswinds. 

Three primary goals were established for the current study: 

• Develop railcar tipping moment (defined below) data base.  This in-

cluded gathering wind tunnel test data for high-population railcars and 

performing CFD simulations to gain additional insight into the aerody-

namic conditions leading to tip-over events. 

• Develop a real-time computer algorithm to signal appropriate train speed 

reductions during hazardous cross wind conditions. 

• Select and locate wind sensors and configure and implement the train 

speed restricting system. 
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Review of Past Work 

 

     The wind tunnel studies funded by the Association of American Railroads in-

cluded force measurements of a wide variety of cars and locomotives at yaw an-

gles up to 90°.  Much of this work is summarized by Furlong, et. al. [41].  These 

studies provide a large database of car side forces and rolling moments under 

crosswind conditions. 

 

     Matschke, et. al. [53] performed a risk assessment of cross winds on high 

speed trains to define countermeasures for safe railway operation.  Andersson, et. 

al. [54] identified locations in Sweden prone to high winds and possible train 

overturning and performed a risk assessment for safe train operation.  Experimen-

tal methods for measuring side forces and rolling moments for high-speed trains 

were developed by Sanquer, et. al. [55].  Pressure measurements on double-stack 

freight cars during train passing conditions were made by MacNeill, et. al. [56] 

and used for comparison with CFD simulations.  The simulations were employed 

to define conditions under which double-stack container cars are subject to tip-

over [57].  Hoppmann, et. al. [58] developed a wind prediction model as part of a 

railway safe operations system.  Tipping effects on rail cars caused by jets emanat-

ing from tunnel pressure relief ducts were investigated by Polihonki, et. al.  [59].  

During 1988, Gielow, et. al. [60] conducted a series of wind tunnel tests using 

16% scale models to determine the aerodynamic forces acting on a variety of rail 

cars, including intermodal and automobile transporters.  The study culminated in 

development of a train-speed-restricting system to achieve safe operating condi-

tions under high wind conditions along routes operated by Union Pacific Railroad.  

Additional evaluations on the tip-over behavior of autorack rail cars was per-

formed by Airflow Sciences Corporation during 1998 [61].  Tipping moments 

were calculated as a function of train speed and cross wind speed and found to be 

less than half those of double-stack intermodal cars under the same cross wind 

conditions, primarily because of the higher pressures on the leeward side of the 

rounded-top autorack cars. 

 

Approach and Speed Restricting System Description 

 

     The Sandusky Bay Causeway is located at the southwestern end of Lake Erie 

northwest of Sandusky, Ohio (see Figure 9).  Trains moving across the causeway 

are subject to the high winds that occur frequently in this region.  Norfolk South-

ern Railway funded an engineering effort to develop a train speed restricting sys-

tem with the goal of eliminating tip-over accidents at this location.  The project 

was divided into several phases and concluded during 2006 with the implementa-

tion of wind sensors located on the causeway, data acquisition hardware, and data 

analysis computers linked by the Norfolk Southern network [62].   
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Fig. 9.  Map Showing Sandusky Bay Causeway (Map Credit: Google Maps) 

The main components of the Sandusky Bay Causeway Speed Restricting System 

are shown in the block diagram of Figure 10. 

 

Fig. 10.  Sandusky Bay Causeway Train Speed Restricting System Components 
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     Tipping moment data were obtained from wind tunnel tests and CFD simula-

tions.   Data for the following car types were obtained from earlier wind tunnel 

tests [36, 37, 60, 63].   An example of the wind tunnel tipping moment coefficient 

plots is shown in Figure 11.  CFD models were constructed for each of the cars 

represented in the wind tunnel tests.  Comparisons between forces and moments 

obtained from the CFD models compared favorably with those obtained during the 

wind tunnel tests.  As noted earlier, the FLUENT RANS models provide good 

correlation with the average pressures on the leeward side of the vehicle, leading 

to good agreement with the measured rolling moments.  Peters [64, p. 464] 

showed similarly good agreement between calculated tipping moments (using 

FLUENT) and wind tunnel data.  Additional CFD models were developed to ob-

tain tipping moments for car types not included in the original wind tunnel tests.  

Car types were selected from lists, provided by Norfolk Southern Railway, of rep-

resentative freight train consists that traverse the Sandusky Bay Causeway.  Rail 

cars aerodynamic characteristics obtained from the CFD models are listed in Table 

5 and those obtained from earlier wind tunnel tests are listed in Table 6.  Velocity 

profiles and pressure distributions for typical CFD models, in this case a 53’ well-

type intermodal car at 90° yaw, are shown in Figures 12 and 13, respectively.   

 

 

Fig. 11.  Example Tipping Moment Plot Obtained from Wind Tunnel Test Data: Autorack Car. 
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Table 5.  Rail Cars Evaluated Using CFD Models (C = Container) 

 

Rail Car Lading 

BS177 Box Car Empty 

BS216 Box Car Empty 

BS89 Box Car Empty 

RoadRailer (53’ Trailer) Empty 

HS46 Hopper Car Empty 

H11D Hopper Car Empty 

G86 Gondola Car Empty 

53’ Well Car 53’ C on 53’ C 

 

Table 6.  Rail Cars Evaluated Using Wind Tunnel Models (C = Container, T = Trailer) 

 

Rail Car Lading 

48’ Thrall Well Car 40’ C on 40’ C 

48’ Thrall Well Car 53’ C on 48’ C 

Gunderson Bulkhead Well Car 40’ C on 40’ C 

Gunderson Bulkhead Well Car 40’ C on 40’ C 

Gunderson Bulkhead Well Car 48’ C on 40’ C 

Gunderson Bulkhead Well Car 48’ C on 40’ C 

89’ Flat Car Two 40’ T 

89’ Flat Car Two 45’ T 

89’ Flat Car One 40’ C 

89’ Flat Car Autorack 

 

 

For each rail car, simulations were performed at yaw angles of 0°, 45°, 60°, 75°, 

and 90°, with 0° representing a pure headwind and 90° a pure cross wind condi-

tion.  Forces and moments were computed for the center cars only for both the 

wind tunnel and CFD models.  The upstream and downstream cars were included 

to provide an accurate representation of the flow field [50, pp. 151-152]. 
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Fig. 12.  Velocity Profile for 53’ Well-Type Intermodal Car at 90° Yaw, Flow in Plane Perpen-

dicular to Train Longitudinal Axis at Mid-Car Location. 

 

Once the tipping moment relationships were established, 7
th

 order polynomial 

curve fits were developed (see Figure 11) and supplied as input to the train speed 

restricting algorithms.   

 

A rail car will begin to rotate when the aerodynamic tipping moment exceeds 

the restoring moment.  The restoring moment is taken as the weight of the railcar 

acting through the tipping arm.  The aerodynamic tipping moment is taken as the 

weight of the rail car acting through the tipping arm, as illustrated in Figure 14.  

Note that dynamic effects are not included since they have been shown to be small 

compared to the wind forces and rail car weights. 
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Pressure Coefficient 

Fig. 13.   Pressure Distribution, Windward Side, 53’ Well-type Intermodal Car at 90° Yaw 

 

Fig. 14.  Relationship Between Aerodynamic Tipping Moment and Restoring Moment 
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At the onset of tipping: 

 

Restoring Moment = Aerodynamic Tipping Moment 

 

                                     W·L = ½·ρ·V
2
·Ctip·Aref·Lref                                                 (3) 

 

where: 

 

W   =  Light Weight of Railcar (Less Trucks) Plus Empty Containers or Trailers 

L    =  Tipping Arm (Horizontal Distance between Railcar cg and Tipping Point) 

ρ     =  Air Density 

V    =  Wind Velocity Relative to Train 

Ctip  =  Tipping Moment Coefficient 

Aref  =  Reference Area = 100 ft
2 

Lref  =  Reference Length = 50 ft 

 

As noted above, Ctip is defined as a function of yaw angle (ψ) using a 7
th

 order 

polynomial curve fit of the form:  

 

                                   Ctip = a·ψ  + b·(ψ)
3 
+ c·(ψ)

5
 + d·(ψ)

7
                     (4) 

 

The parameters a, b, c, d are the polynomial curve fit coefficients.  Yaw angle 

and relative wind speed (V) are both functions of train speed (Vt), wind speed 

(Vw), and wind angle (θ) relative to the track.  The sketch below shows the rela-

tionship between these variables. 

 
 

Thus, relative wind speed and yaw angle can be expressed as: 

 

V2 = (Vt+Vw·cos(θ))2 + (Vw·sin(θ))2 

                                                                                                                     (5) 

ψ = tan-1[Vw·sin(θ) / (Vt +Vw·cos(θ))] 

 

Recall that the equation for safe train speed comes from a balance of the aero-

dynamic tipping moment and the restoring moment: 
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                                        0 = W·L-½·ρ·V
2
·Ctip·Aref·Lref                                                 (6) 

 

Substituting the expressions for V and Ctip into the above equation yields the 

expression to be solved for safe train speed: 

 

      0 = W·L-½·ρ·[(Vt+Vw·cos(θ))2+(Vw·sin(θ))2]·[a·ψ+b·(ψ)3+c·(ψ)5+d·(ψ)7]·Aref·Lref     (7) 

 

Because ψ is a function of Vt, numerical methods must be used to solve the 

above equation.    

 

The weight used for each railcar is the light weight (less the truck weight) plus 

the empty weight of the appropriate container(s) or trailers.  Unloaded weights are 

used in order to obtain the most conservative (lowest) tipping speeds for each rail-

car.  The weight (W), and tipping arm (L), and tipping point for each rail car were 

included in the train speed restricting system database.     

 

Wind data were obtained using an ultrasound-based anemometer located at the 

Causeway.  The sensor was located 500 feet north of the bridge on the lake side to 

avoid interference by the bridge structure. The sensor is programmed to provide 

wind speed and direction at 5 second intervals. 

 

Three separate computer algorithms work together to form the core of the San-

dusky Bay speed restricting system.  The names of these algorithms are SRS (ac-

ronym for Speed Restricting System), Wind, and Safespeed.  Each performs a 

specific task in the computation and display of safe train speeds.   Program SRS is 

installed on the Train Dispatcher’s computer.  Programs Wind and Safespeed are 

installed on the computer located at the Causeway.  Program Wind acquires data 

from the anemometer and provides the information to Program Safespeed which, 

in turn, calculates the tipping speed for each rail car in the consist.  These files are 

transferred to SRS for display on the Dispatcher’s console. 

 

Results and Conclusions, Section II: Wind-Induced Tip-Over 

 

     Wind tunnel and CFD investigations of a variety of freight cars were used to 

assemble a tipping moment data base for cross wind conditions.  Each of the rail 

cars included in the data base exhibits a particular type of tip-over behavior as 

summarized in Table 7.   These data served as the basis for development of a real-

time speed restricting system for the Sandusky Bay Causeway.  The system in-

cludes a set of computer algorithms for calculating safe train speeds based on 

wind data obtained from a site-mounted anemometer. 
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Table 7a.  Rail Car Tipping Characteristics, Car Parameters 

    Tipping Point Relative to Railcar Light Unloaded

Centerline Top-of-Rail Position Weight Lading

Horizontal Vertical Including Weight

Railcar Location (in.) Location (in) Trucks (lbs) (lbs)

BS177 Box Car 25 30 66,400 0

BS216 Box Car 25 30 77,400 0

BS 89 Box Car 25 30 111,800 0

53 Foot RoadRailer 28.25 0 - 15,800

HS46 Hopper Car 25 30 80,000 0

H11D Hopper Car 25 30 56,300 0

G86 Gondola Car 25 30 59,000 0

53 Foot Well Car 25 40 50,000 20,000

48 Foot Thrall Well Car 25 40 48,900 14,800

48 Foot Thrall Well Car 25 40 48,900 19,000

Gunderson Bulkhead Well Car 25 40 41,000 14,800

Gunderson Bulkhead Well Car 50.3 125.5 - 7,400

Gunderson Bulkhead Well Car 25 40 41,000 16,400

Gunderson Bulkhead Well Car 53.3 125.5 - 9,000

89 Foot Car 25 25.5 68,000 26,000

89 Foot Car 25 25.5 68,000 28,000

89 Foot Car 48 47.5 68,000 7,400

89 Foot Car 25 25.5 97,000 0  

Table 7b.  Rail Car Tipping Characteristics, Manner of Tipping 

Total Weight

of Tipping Manner

Railcar and of

Railcar Lading (lbs) Tipping

BS177 Box Car 42400 Railcar tips off trucks

BS216 Box Car 53400 Railcar tips off trucks

BS 89 Box Car 87800 Railcar tips off trucks

53 Foot RoadRailer 27400 Combined trailer & trucks tip off rail

HS46 Hopper Car 56000 Railcar tips off trucks

H11D Hopper Car 32300 Railcar tips off trucks

G86 Gondola Car 35000 Railcar tips off trucks

53 Foot Well Car 46000 Combined trailer & trucks tip off rail

48 Foot Thrall Well Car 39700 Combined trailer & trucks tip off rail

48 Foot Thrall Well Car 43900 Combined trailer & trucks tip off rail

Gunderson Bulkhead Well Car 43800 Combined trailer & trucks tip off rail

Gunderson Bulkhead Well Car 7400 Top container tips off bottom container

Gunderson Bulkhead Well Car 45400 Combined trailer & trucks tip off rail

Gunderson Bulkhead Well Car 9000 Top container tips off bottom container

89 Foot Car 70000 Combined trailer & trucks tip off rail

89 Foot Car 72000 Combined trailer & trucks tip off rail

89 Foot Car 51400 Container blows off Railcar

89 Foot Car 73000 Railcar tips off trucks  
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Section III: Diesel Exhaust Plume Behavior 

     Many studies have indicated a relation between occupational exposure to diesel 

exhaust and diseases of the lung [65-68].  The relative risk (RR) for lung cancer, 

for example, among those classified as having been exposed to diesel exhaust, is 

approximately 1.2 to 1.5 times the risk in those classified as unexposed.  Diesel 

exhaust emissions contain hundreds of chemical compounds, which are partly in 

the gaseous phase and partly in the particulate phase.  Railroad locomotive opera-

tors have issued complaints regarding diesel exhaust entering the cab through 

open windows [69].  Most diesel particles are small enough (0.02 to 0.5 µm) to be 

transported deep into the lungs, where they pose the greatest hazard to human 

health [70, 71].   The goal of the current study is to evaluate the behavior of ex-

haust plumes issuing from diesel locomotives and quantify the levels of exhaust 

components at the operator cab window. 

 

Review of Past Work 

 

     It is well known that separation zones on the leeward sides of large rectangular 

objects can entrain exhaust flows.  To prevent “sick building” syndrome, for ex-

ample, the American Society of Heating, Refrigeration, and Air Conditioning En-

gineers publishes guidelines for exhaust stack heights and intake vent locations for 

buildings and industrial facilities [72].  During wind tunnel tests completed for 

General Electric Transportation Systems during 1986 [73], smoke flow visualiza-

tion methods were employed to assess the behavior of the simulated diesel engine 

exhaust plume for a locomotive.  The study showed the plume was relatively unaf-

fected by passive changes to the locomotive surface (strakes, baffles, vanes).  As 

the photo in Figure 15 shows, the exhaust is entrained within a strong vortex pat-

tern on the leeward side of the locomotive that envelopes the operator’s cab when 

the locomotive is operated with the long hood forward.  It was shown that an aux-

iliary blower is effective at moving the plume above the operator’s cab as shown 

in Figure 16.  Operating the locomotives with the short hood forward significantly 

reduces the concentration of the plume on the lead locomotive operator’s cab. 
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Fig. 15.  Diesel Exhaust Plume Behavior: 1/15-Scale Wind Tunnel Test, Yaw Angle = 10°, Long 

Hood Forward, Baseline Exhaust System 

  
 

Fig. 16.  Diesel Exhaust Plume Behavior, 1/15-Scale Wind Tunnel Test, Yaw Angle = 10°, Long 

Hood Forward, with Auxiliary Blower in Operation. 
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Approach 

 

     To quantify the concentration of exhaust at the locomotive operator’s cab win-

dow, a significant research and simulation effort was required.  The approach to 

performing this study is outlined below and shown schematically in Figure 17. 

 

     Specific tasks included a) identification of typical switchyard and line-haul 

locomotives.  Various references were employed, including the latest edition of 

The Car and Locomotive Cyclopedia of American Practices, locomotive manufac-

turer specifications, inventories of locomotives in various railroad fleets, and in-

terviews with industry experts [74], b) assessment of U.S. track surveys and mete-

orological data, c) an evaluation of typical crosswind conditions (wind yaw 

angles) experienced within switchyards and line-haul operations, d) identification 

of typical locomotive throttle (notch) positions and train speeds for both switch-

yard and line-haul operations (these were used to calculate typical exhaust flow 

rates), e) diesel exhaust characteristics (flow rates, composition, and temperature) 

were obtained for a variety of locomotives, and f) other field test and wind tunnel 

test data relating to locomotive exhaust plume behavior were reviewed including 

field tests, wind tunnel tests, and CFD simulations.  Concentrations of exhaust gas 

components and particulate matter at the leeward side windows of locomotives 

operating in both switchyard and line-haul conditions were identified for a range 

of operating conditions, based on the concentrations defined by the numerical 

models and the exhaust composition information obtained from the literature. 

 

     Full details of the exhaust concentration studies can be found in Paul and 

Linfield [75, 76].  A study of weather conditions [77] along a large number of rail-

road routes indicates that cross wind conditions occur during a majority of the 

time.  Locomotives operating in cross wind conditions exhibit two distinct flow 

regions: 1) windward side of the vehicle, and 2) leeward side of the vehicle.  Air 

flow patterns on the leeward side are characterized by large vortex formations and 

strong recirculating conditions.  This recirculating, leeward-side wake acts to en-

train gases emitted at the diesel engine exhaust stack. 

 

To define effects of cross winds, both the track orientation and ambient wind 

patterns must be evaluated.  During earlier studies [75, 76], specific track orienta-

tions were obtained from survey data and combined with historical wind records 

to determine the relative angle and speed of the air approaching the train.  Analy-

ses of train routes, train speeds, and ambient wind conditions indicate yaw angles 

vary from 5º to 69º.  Lower yaw angles apply to higher train speeds and lower 

wind speeds.  Higher yaw angles correspond to lower train speeds and higher wind 

speeds.   

 

A review of existing locomotive exhaust test data indicated flow rates are line-

arly proportional to engine horsepower [78].  Thus, for each throttle setting (also  



24  

 

Fig. 17.  Determination of Diesel Exhaust Plume Concentrations within Locomotive Cabs, Pro-

ject Flow Chart. 
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called “notch setting”) used in the numerical simulations, the diesel exhaust flow 

rate can be scaled from available test data for similar 2-cycle engines.  Test data 

available in the literature, such as that reported by Southwest Research Institute 

[79], were used to calculate exhaust gas temperatures and flow rates for a variety 

of locomotive models and manufacturers. 

 

Exhaust gas composition was determined based on locomotive diesel engine 

test data reported in the literature (Bosch Automotive Handbook [80], Southwest 

Research Institute [81]).  Exhaust gas components included in the current and pre-

vious studies were:  1) oxides of nitrogen (NOx), 2) carbon monoxide (CO), 3) un-

burned hydrocarbons, 4) sulfur dioxide (SO2), and 5) particulate matter.  The ex-

haust composition for typical 2-cycle diesel engines is summarized in Table 8: 

 

Table 8.  Exhaust Composition for 2-Cycle Diesel Locomotive Engines 

Exhaust 

 Component 

Low Value 

(g/bhp-hr) 

High Value 

(g/bhp-hr) 

Low Value 

(kg/bhp-sec) 

High Value 

(kg/bhp-sec) 

NOx 10.01 16.11 2.78E-06 4.48E-06 

CO 0.37 3.68 1.03E-07 1.02E-06 

Unburned Hydrocarbons 0.20 0.45 5.56E-08 1.25E-07 

SO2 0.69 1.18 1.92E-07 3.28E-07 

Particulate Matter 0.14 0.24 3.89E-08 6.67E-08 

g/bhp-hr = grams per brake horsepower hour 

kg/bhp-sec = kilograms per brake horsepower second 

 

The mass fraction of diesel exhaust concentrations in the vicinity of a variety of 

locomotives has been calculated using the VISCOUS finite volume RANS code 

[5].  This code employs a staggered pressure-based solver over a Cartesian grid.  

The grid extended four train lengths forward of the locomotive, three train lengths 

aft of the trailing locomotive, 10 train heights above the locomotives and 5 train 

widths to each side.  Initial models were evaluated using a range of grid sizes from 

fine to coarse in order to confirm grid independence.  Boundary conditions, repre-

senting ambient wind conditions, were imposed at the outer edges of the computa-

tional domain.  Additional boundary conditions relating to locomotive operation 

(exhaust flows, dynamic brake flows, electronics cooling flows, engine cooling 

system, etc.) were imposed at the appropriate geometric locations within the grid 

structure.  The local concentrations of exhaust components were determined from 

the numerical simulation results (exhaust concentrations) and the exhaust compo-

nents for 2-cycle diesel locomotive engines 

 

In addition to ambient conditions (wind direction, speed, temperature), locomo-

tive geometry, and operating conditions (exhaust flow rates, exhaust temperatures, 

throttle positions), field tests of locomotive exhaust plume behavior and exhaust 
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component concentration measurements taken within cabs of operating locomo-

tives were included in the analysis [82, 83, 84].  The models and field tests con-

firmed the characteristic windward/leeward side delineation of the flow field in 

the vicinity of operating locomotives operating under crosswind conditions.  The 

strong recirculation region on the leeward side of the locomotive acts to entrain 

the gases emitted from the diesel engine exhaust and moves these gases along the 

longitudinal axis of the train. 

 

     Numerical simulations of diesel exhaust plume behavior were completed for 

seven locomotive types and 27 configurations (train orientation, wind speed, wind 

direction, exhaust flow rate).   Three examples have been selected and are pre-

sented in Figures 18 through 20.  Each of these figures shows the calculated con-

centrations at various planes along the length of the train.  The red colors corre-

spond to regions having exhaust concentrations equal to the concentration at the 

stack outlet plane.  Orange represents regions having exhaust concentrations equal 

to 1/10
th

 of the concentration at the stack exit.  The yellow regions have concentra-

tions equal to 1/100
th

 of the concentration at the stack exit, and so forth.  The color 

scale is logarithmic, so the numbers represent concentration changes that vary by 

powers of 10.  

 

     The exhaust plume enters the wake on the leeward side and travels along this 

side of the train.  Concentrations of exhaust components are higher in those wakes 

corresponding to higher train speeds and smaller yaw angles, such as those en-

countered in city-to-city runs (Figures 19 and 20).  Higher yaw angles, which oc-

cur at lower train speeds and higher cross wind speeds (Figure 18), tend to enlarge 

the wake on the leeward side of the train and reduce the exhaust concentrations 

compared to those encountered at higher speeds where the wake tends to remain 

closer to the side of the train. 

 

The numerical simulations indicate exhaust concentrations in the lead locomo-

tive are highest for locomotives operated with the long hood forward.  For switch-

yard operations (low speeds), exhaust concentrations in the lead locomotive in-

crease with increasing yaw angles.  For line-haul operations (high speeds), exhaust 

concentrations in the lead locomotive decrease with increasing yaw angles.  

Higher concentrations of exhaust occur at the leeward windows of the trailing lo-

comotive for both the switchyard and line-haul operations.   
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Log of Exhaust Gas Concentration 

Fig. 18.  Two GM EMD GP38 Locomotives, Both Oriented with Short Hood Forward, Throttle 

Position = Notch 8, Train Speed = 5 miles/hour, Wind Speed = 5 miles/hour (45° Yaw), Typical 

Low Speed (Switchyard) Operation.  Train Direction: to the left; Crosswind: into the page. 

 

Fig. 19.  Two GM EMD SD40 Locomotives, Both Oriented with Short Hood Forward, Throttle 

Position = Notch 5, Train Speed = 45 miles/hour, Wind Speed = 7 miles/hour (8.8° Yaw), Typi-

cal High Speed (Linehaul) Operation.  Train Direction: to the left; Crosswind: into the page. 
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Log of Exhaust Concentration 

Fig. 20.  Two GM EMD SD40 Locomotives, Both Oriented with Long Hood Forward, Throttle  

Position = Notch 5, Train Speed = 45 miles/hour, Wind Speed = 7 miles/hour (8.8° Yaw), Typi-

cal High-Sped (Linehaul) Operation.  Train Direction: to the right; Crosswind: into the page. 

Maximum exhaust concentrations for the lead locomotive occur for locomo-

tives operating in line-haul service with the long hood forward and were as high as 

0.008% of the concentration at the stack exit.  Concentrations of exhaust at the 

leeward-side window of trailing locomotives were found to be relatively higher 

than that of the lead locomotive for either hood orientation. 

 

     Concentrations for both the gaseous components and the particulate matter pre-

sent in the exhaust plume were calculated.  Exhaust concentrations were obtained 

from the numerical simulations and component concentrations were defined using 

the calculation procedures.   The diesel exhaust components of Table 8 can be 

converted to mass fractions for comparison to the results of the numerical models 

as shown in Table 9. 
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Table 9.  Exhaust Flow Composition (Mass Fraction) for 2-Cycle, 12-Cylinder Diesel Engine as 

a Function of Throttle Position 

Exhaust Gas 

Component 

Throttle 

Notch 5  

Flow Rate 

(grams/hr) 

Throttle 

Notch 5 

Flow Rate 

(kg/sec) 

Throttle 

Notch 5 

Mass 

Fraction* 

Throttle 

Notch 8 

Flow Rate 

(grams/hr) 

Throttle 

Notch 8 

Flow Rate 

(kg/sec) 

Throttle 

Notch 8 

Mass 

Fraction* 

NOx 25,584 0.0071 0.0027 47,133 0.0131 0.0038 

CO 3,895 0.0011 0.0004 3,034 0.0008 0.0002 

Hydrocarbons 595 0.0002 0.0001 1,375 0.0004 0.0001 

SO2 1,568 0.0004 0.0002 3,361 0.0009 0.0003 

Particulate 348 0.0001 0.00004 697 0.0002 0.00006 

          02                 (reported as mass fraction): 0.139 (reported as mass fraction): 0.119 

* Component Mass Fraction = (component flow Rate kg/sec)/(Total Exhaust Flow Rate kg/sec) 

Total Exhaust Flow Rate = 3.446 kg/sec (Notch 8) and 2.639 kg/sec (Notch 5) 

 

Gaseous Components:  The molecular weight of the exhaust gas mixture at Notch 

Position 5 was calculated to be 28.875 [75].  Similarly, the molecular weight of 

the exhaust gas mixture at Notch Position 8 was determined to be 28.803.  The 

following procedure was then applied to determine the mole fractions of each 

gaseous exhaust component at the leeward side windows for each of the simulated 

locomotives at both the leading and trailing positions. 

A. For each of the selected simulations, obtain the mass fraction of 

exhaust present at the operator’s cab leeward side window. 

B. Determine the mass fraction of each exhaust component at the 

operator’s cab window for each of the eight simulations and for 

both the leading and trailing locomotive (multiply component 

mass fraction by exhaust concentration at that location). 

C. Calculate the mole fraction of the exhaust gas component. 

D. Multiply the mole fraction by 1,000,000 to obtain the concentra-

tion for each component in ppmv. 

The results for the gaseous component concentrations at the leeward-side window 

for the leading and trailing locomotives are shown in Tables 10 and 11, respec-

tively. 
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Table 10a.  Calculated Exhaust Concentrations at the Leeward-Side Window of the Leading Lo-

comotive, NOx, CO, Hydrocarbons, SO2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

NOx 

(ppmv) 

CO 

(ppmv) 

HCs 

(ppmv) 

SO2 

(ppmv) 

GP38 Short 45º 0.00000 0.00000 0.00000 0.00000 

GP38 Short 21.8º 0.00000 0.00000 0.00000 0.00000 

GP38 Long 45º 0.11646 0.00832 0.00830 0.00546 

GP38 Long 21.8º 0.04037 0.00288 0.00288 0.00189 

SD40 Short 49.7º 0.00000 0.00000 0.00000 0.00000 

SD40 Short 8.84º 0.01252 0.00252 0.00126 0.00055 

SD40 Long 49.7º 0.00621 0.00125 0.00062 0.00027 

SD40 Long 8.84º 0.17326 0.03483 0.01738 0.00762 

 

Table 10b.  Calculated Exhaust Concentrations at the Leeward-Side Window of the Leading Lo-

comotive, O2, CO2, Aldehydes, and N2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

O2 

(ppmv) 

CO2 

(ppmv) 

Aldehydes N2 

(ppmv) 

GP38 Short 45º 0.00000 0.00000 0.00000 0.00000 

GP38 Short 21.8º 0.00000 0.00000 0.00000 0.00000 

GP38 Long 45º 4.33325 1.85280 0.00054 32.5184 

GP38 Long 21.8º 1.50206 0.64225 0.00019 11.27201 

SD40 Short 49.7º 0.00000 0.00000 0.00000 0.00000 

SD40 Short 8.84º 0.76606 0.28042 0.00008 4.80206 

SD40 Long 49.7º 0.38001 0.13911 0.00004 2.38212 

SD40 Long 8.84º 10.5982 3.87951 0.00114 66.43475 

 

 

 

It is noted that the concentrations in Tables 10 and 11 are for the exhaust com-

ponents only.  In other words, the oxygen and nitrogen components originate at 

the stack.  Of course, oxygen and nitrogen from the surrounding air would also be 

present at these locations.  Since the goal of the current study is to calculate the 

levels of exhaust components present at the operator’s cab windows that origi-

nated in the engine, the concentrations of components present in the ambient air 

were not included. 
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Table 11a.  Calculated Exhaust Concentrations at the Leeward-Side Window of the Trailing Lo-

comotive, NOx, CO, Hydrocarbons, SO2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

NOx 

(ppmv) 

CO 

(ppmv) 

HCs 

(ppmv) 

SO2 

(ppmv) 

GP38 Short 45º 0.04893 0.00349 0.00349 0.00229 

GP38 Short 21.8º 0.06834 0.00488 0.00487 0.00320 

GP38 Long 45º 1.44415 0.10314 0.10296 0.06765 

GP38 Long 21.8º 0.30381 0.02170 0.02166 0.01423 

SD40 Short 49.7º 0.36723 0.07383 0.03685 0.01614 

SD40 Short 8.84º 10.4923 2.10936 1.05280 0.46116 

SD40 Long 49.7º 1.06756 0.21462 0.10712 0.04692 

SD40 Long 8.84º 9.59582 1.92914 0.96285 0.42175 

Table 11b.  Calculated Exhaust Concentrations at the Leeward-Side Window of the Trailing Lo-

comotive, O2, CO2, Aldehydes, and N2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

O2 

(ppmv) 

CO2 

(ppmv) 

Alde-

hydes 

N2 

(ppmv) 

GP38 Short 45º 1.82078 0.77852 0.00023 13.6638 

GP38 Short 21.8º 2.54299 1.08732 0.00032 19.0835 

GP38 Long 45º 53.7351 22.9759 0.00673 403.248 

GP38 Long 21.8º 11.3044 4.83351 0.00142 84.8327 

SD40 Short 49.7º 22.4631 8.22271 0.00241 140.810 

SD40 Short 8.84º 641.808 234.937 0.06886 4,023.18 

SD40 Long 49.7º 65.3021 23.9042 0.00701 409.347 

SD40 Long 8.84º 586.971 214.864 0.06298 3,679.43 

Particulate Matter:  Emissions and exposure guidelines for diesel particulate mat-

ter are generally given in units of mass per unit volume, typically, milligrams per 

cubic meter.  As was done with the gaseous components, a calculation procedure 

was developed to determine the concentrations of diesel particulate at the leeward-

side windows of the leading and trailing locomotives represented in the numerical 

simulations.  The initial calculations involve determination of the total exhaust 

concentration at the locomotive window locations.  The concentration of exhaust, 

in units of percent of total mass, at the leeward-side windows of both the leading 

and trailing locomotives can be taken from the computer simulations.  If we mul-

tiply these concentrations by 1 x 10
6
, we obtain the entries in Table 12, which are 

in units of parts per million based on mass. 
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Table 12.  Concentrations of Exhaust at Cab Windows of Leading and Trailing Locomotives on 

a Mass Basis 

 

 

Loco- 

Motive 

 

 

Hood 

Forward 

 

 

Yaw  

Angle 

 

Train 

Speed 

(mph) 

Concentration of  

Exhaust at Cab  

Window of Lead 

Locomotive (ppmmass) 

Concentration of  

Exhaust at Cab  

Window of Trailing 

Locomotive (ppmmass) 

GP38 Short 45º 5 0.000 16.994 

GP38 Short 21.8º 5 0.000 23.734 

GP38 Long 45º 5 40.448 501.519 

GP38 Long 21.8º 5 14.019 105.506 

SD40 Short 49.7º 5 0.000 179.038 

SD40 Short 8.84º 45 6.106 5,115.433 

SD40 Long 49.7º 5 3.029 520.481 

SD40 Long 8.84º 45 84.471 4,678.365 

To determine the mass flow rates of particulate, the following relationship is used: 

                                                        Mdotp = Ps · HP                                     (8) 

where: 

 Mdotp = Mass Flow Rate of Particulate (kg/sec) 

 Ps = Measured Particulate Emissions (kg/bhp-sec) 

 HP = Engine Power (bhp) 

For the selected engine, throttle position Notch 5 corresponds to 1,463 horsepower 

and Notch Position 8 corresponds to 2,120 horsepower.  Thus, the particulate flow 

rates at the exhaust stack for these two conditions are: 

Table 13.  Particulate Mass Flow Rates at Exit Plane of Diesel Engine Exhaust Stack 

Tested Emissions Particulate Mass Flow Loco- 

motive 

Throttle 

Notch 

Setting 

Engine 

Power 

(bhp) 

Low Value 

(kg/bhp-sec) 

High Value 

(kg/bhp-sec) 

Low Value 

(kg/sec) 

High Value 

(kg/sec) 

GP38 8 2,120  3.89 x 10
-8 

6.67 x 10
-8

 8.25 x 10
-5 

1.41 x 10
-4 

SD40 5 1,463  3.89 x 10
-8

 6.67 x 10
-8

 5.69 x 10
-5 

9.76 x 10
-5 

To calculate the particulate concentrations at the cab window locations, the fol-

lowing relationship was used: 

 

Particulate Concentration (mg/m3) = [(MFe) x (MFRp /MFRe)] x [ρm] x (106 mg/kg)        (9) 

 

where,       MFe  =   mass fraction of exhaust at leeward window location  

                             (from simulation) 

             MFRp =   mass flow rate of particulate at exhaust stack (kg/sec) 

             MFRe =   mass flow rate of exhaust (kg/sec) 

     ρm =   density of air and exhaust gas mixture 
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The density of the air and exhaust gas mixture can be determined from the ideal 

gas law: 

 

 ρm =   [(Tssc + 273 ºC)/(Tw + 273 ºC)] x [ρssc]                              (10) 

 
where,  Tssc =   Temperature (ºC) at sea level, standard conditions 

 Tw =   Temperature at window location (ºC) 

 ρssc =   Density at sea level, standard conditions 

 

The results of the particulate concentration analysis for both the leading and trail-

ing locomotives and for the lower and upper value of measured particulates at the 

stack are presented in Tables 14 and 15. 

Table 14. Particulate Concentrations at Cab Windows of Leading and Trailing Locomotives 

Based on Lower Value of Particulate Emissions at Stack. 

Loco- 

Motive 

Hood 

Forward 

Yaw  

Angle 

Train 

Speed 

(mph) 

Concentration of  

Particulate at Cab  

Window of Lead 

Locomotive (mg/m3 ) 

Concentration of  

Particulate at Cab  

Window of Trailing 

Locomotive (mg/m3 ) 

GP38 Short 45º 5 0.0000 0.0005 

GP38 Short 21.8º 5 0.0000 0.0007 

GP38 Long 45º 5 0.0011 0.0142 

GP38 Long 21.8º 5 0.0004 0.0030 

SD40 Short 49.7º 5 0.0000 0.0046 

SD40 Short 8.84º 45 0.0002 0.1303 

SD40 Long 49.7º 5 0.0001 0.0133 

SD40 Long 8.84º 45 0.0022 0.1192 

Table 15. Particulate Concentrations at Cab Windows of Leading and Trailing Locomotives 

Based on Upper Value of Particulate Emissions at Stack. 

Loco- 

Motive 

Hood 

Forward 

Yaw  

Angle 

Train 

Speed 

(mph) 

Concentration of  

Particulate at Cab  

Window of Lead 

Locomotive (mg/m3 ) 

Concentration of  

Particulate at Cab  

Window of Trailing 

Locomotive (mg/m3 ) 

GP38 Short 45º 5 0.0000 0.0008 

GP38 Short 21.8º 5 0.0000 0.0012 

GP38 Long 45º 5 0.0020 0.0244 

GP38 Long 21.8º 5 0.0007 0.0051 

SD40 Short 49.7º 5 0.0000 0.0078 

SD40 Short 8.84º 45 0.0003 0.2234 

SD40 Long 49.7º 5 0.0001 0.0228 

SD40 Long 8.84º 45 0.0037 0.2044 
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Results and Conclusions, Section III: Diesel Exhaust Plume Behavior 

     Calculation procedures have been developed to determine the concentrations of 

diesel exhaust components, both gaseous and particle, at the leeward-side opera-

tor’s cab window for both leading and trailing locomotives.   Exhaust concentra-

tions were obtained from CFD simulations and component concentrations were 

defined using the calculation procedures. 

 
Calculations of the exhaust concentrations and exhaust components at the lo-

comotive leeward-side windows showed several interesting results.   

a) In switchyard and low-train-speed operations, exhaust concentrations 

at the trailing locomotive window are typically 10 to 800 times 

greater than those at the leading locomotive window when both lo-

comotives have the same hood orientation. 

b) In switchyard and low-train-speed operations, exhaust concentrations 

at the leeward-side window of the leading locomotive when operated 

with the long-hood-forward are between 3 and 30 times greater than 

those at the same location when the locomotive is operated with the 

short-hood-forward. 

c) For line-haul operations, the recirculation zone on the leeward side 

of the locomotives is very strong and remains in closer proximity to 

the leeward side of the train.  Exhaust concentrations at the leading 

locomotive cab leeward-side window with the locomotives oriented 

with the long-hood-forward are 14 times greater than those at the 

same location when the locomotives are oriented with the short hood 

forward.  For the trailing locomotive, the exhaust concentrations at 

the leeward window are nearly equal for both the short-hood-forward 

and long-hood-forward orientations, again due to the strong vortex 

(recirculation zone) present in this area during high-speed operation. 

d) The same trends were seen with the concentrations of particulate 

matter. 

e) Because of the strong vortex pattern and high levels of turbulence on 

the leeward side of the locomotive, the diesel exhaust components 

are transported to the interior of the operator’s cab through open 

windows.  For high-speed line-haul operation, diesel exhaust com-

ponents are present at the operator’s cab window even when the lo-

comotive is operated with the short-hood forward.   

Conclusions and Suggestions for Future Research 

 

CFD methods have been shown to be effective at evaluating the aerodynamics of 

rail cars and locomotives.  The methods were employed to quantify the drag char-

acteristics of external railcar features including well car side-posts and inter-

platform gaps.  Simulation results were coupled with wind tunnel tests to develop 

a database of tip-over tendencies for a variety of car types.  Additionally, CFD 

models were developed for several locomotives operating under a number of am-
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bient conditions (wind speed, wind direction).  The concentration of diesel exhaust 

at the operator cab window was quantified.  Correlations of the CFD results with 

previously collected wind tunnel and field data were performed for many of the 

simulations. 

 

Additional research is suggested including: continued evaluation of rail car drag 

reduction designs using advanced CFD methods, additional wind tunnel and field 

tests to verify the various CFD models, and wind tunnel measurements of exhaust 

plume concentrations to verify simulation results.        
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