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1 Introduction
Transportation of goods by rail continues to be a vital component of the United States 
freight distribution system. In 2011, the U.S. railroad and trucking industries moved 
1729 and 2644 billion ton-miles of freight, respectively, and the total annual fuel con-
sumption for each industry was respectively, 3.7 and 28.2 billion gallons of diesel fuel 
[1]. Fuel requirements for freight trains are directly related to their tractive resistance, 
and at cruising speed aerodynamic drag is a significant contributor to the overall tractive 
resistance [2–4]. Further, the first locomotive in a train experiences significantly higher 
aerodynamic drag than subsequent cars [2]. The total resistance is comprised of rolling 
or sliding friction between train wheels and rails, friction that prevails on rotating shafts 
and bearings, and aerodynamic drag. At steady speed the total tractive force must over-
come the combined resistances. There has been much recent research related to improv-
ing the fuel efficiency and understanding the overall performance of train systems [5].
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The total aerodynamic drag is a combination of skin friction drag and pressure drag. 
Freight locomotives are non-streamlined bluff-body shapes with many protuberances 
and discontinuities. Thus, the flow field around them is turbulent and dominated by 
regions of flow separation. Consequently, pressure drag is the largest contributor to 
the aerodynamic drag, and the locomotive drag coefficient is largely independent of 
the Reynolds number [2, 6, 7]. Golovanevskiy et  al. provide guidelines for the length 
required for both CFD modeling and wind tunnel testing of train sets with streamlined 
locomotives to determine: 1) the drag on the leading locomotive; and 2) the near con-
stant drag on the intermediate cars in the train set. They show that the drag on the 
leading locomotive becomes independent of the number of cars behind it if the total 
number of cars/locomotives is more than five [2]. Even fewer cars are needed if the 
locomotives are non-streamlines, such as freight locomotives. Golovanevskiy et al. also 
reported that drag coefficient independence for freight trains and railcars occurs at 
Reynolds numbers (based on locomotive width) as low as 6 ×  105 [2]. Pressure drag 
is especially high on the leading locomotive, and trains with more railcars exhibit less 
drag on a per car basis. As a result, freight trains are often composed of as many as 
200 railcars or more [2]. Thus, aerodynamic modifications rendered to every railcar are 
more effective at reducing the overall aerodynamic drag than modifications exclusive 
to the lead car. However, a single modification made to the lead locomotive has greater 
drag reducing potential than a single modification made to a single railcar in the middle 
of a train.

Several prior investigators have focused on modifications to the cars of freight trains 
to decrease their drag. Watkins et al. performed wind tunnel tests on 1/10th scale hop-
per and gondola cars [8]. They showed that by attaching covers the drag on unfilled cars 
decreased by approximately 25%. Condie and Maynes similarly explored attaching covers 
to coal carrying cars and showed drag reductions on individual cars of a similar amount 
[9]. Condie also considered modifications to auto-carrying railcars and identified three 
regions that contribute significantly to the aerodynamic drag: the roof, side panels, and 
underbody. In the baseline model, the roof was characterized by corrugations oriented 
perpendicular to the free stream flow, the side panels were patterned with holes for ven-
tilating exhaust, and wheel assemblies and other mechanical systems occupied the space 
beneath the undercarriage. To minimize the drag penalties from each device, Condie 
attached smooth covers to the roof, replaced the side panels with panels consisting of 
a variety of hole and slot patterns, and installed covers and skirts for streamlining the 
underbody. Ultimately, the best roof, side panel, and underbody modifications predicted 
20%, 5%, and 15% drag savings, respectively. Kinghorn performed wind tunnel tests on 
articulated well car sets loaded with intermodal containers to identify drag penalties 
associated with leaving some wells empty [10] and Lai and Barkan employed wind tunnel 
data and a computational tool to explore strategies for more effective loading of inter-
modal cars [11]. They showed the overall tractive resistance of a train could be reduced 
by as much as 27% when voids in loading of intermodal containers are eliminated.

There have been many prior studies aimed at decreasing drag and improving effi-
ciency of semi-truck tractors and trailers. The flow around heavy trucks and trailers is 
unsteady, three dimensional, and due to the boxy shape and many sharp corners is domi-
nated by flow separation and correspondingly high drag. Attention has been given to 
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forebody drag (tractor), base drag (due to flow separation on the rear of the trailer), and 
underbody drag [12]. Much work has focused on the implementation of cab fairings on 
tractor-trailer combinations [13–16]. These fairings act to minimize drag by preventing 
air from stagnating on the front of the trailer. Chowdhury et al. performed wind tunnel 
tests on a 1/10th scale model truck to determine the drag-reducing potential for two 
such add-on cab fairings [17]. The first was a fairing with gap extenders, and the second 
was a fairing without. The gap extenders acted to fill the tractor-trailer gap. Their results 
showed that the overall drag on the tractor-trailer combination was reduced by 18% and 
26%, respectively, when the two fairings were added. Base drag reduction methods have 
also been explored by implementing roof rounding, rear flaps, vortex generators, and 
boat tail shapes. Much less attention has been devoted to underbody drag, although the 
implementation of side flaps is widely adopted [12].

In contrast to heavy road vehicles or freight trains, high speed trains may operate at 
speeds in excess of 180 mph, more than three times faster than a typical freight train 
[12]. Consequently, they are highly streamlined and flow separation effects and pressure 
drag represent a much smaller portion of the overall drag, compared to freight trains 
where pressure drag is dominant. While drag reduction is important for high speed 
trains, pressure waves in tunnels, dynamics associated with two trains passing, impacts 
of crosswind and aerodynamic noise are also important issues that arise from the ele-
vated speed and that have received significant attention in the literature [18, 19].

There have been significant prior efforts to explore drag reduction by streamlining pas-
senger trains and engines, and all modern high-speed trains employ streamlined engines 
[20–23]. Kwak et al. performed an optimization using CFD to improve the geometry of 
a high-speed passenger train [24]. They considered aerodynamic effects at both ends 
of the train, modeling the entire length of the train. They showed that their optimized 
geometry could provide a 23% drag reduction compared to a baseline geometry from a 
study which only considered effects at the front end. Li et al. conducted detached eddy 
simulations to explore the flow around high speed trains with different nose lengths [25]. 
Here both the leading and trailing cars had extended noses that ranged in length from 
4 to 12 m. They explored impacts of the nose length on the drag and lift forces expe-
rienced by the leading and trailing cars, the generated slipstream velocity due to train 
passing, and the instantaneous wake of the train. Their result showed that by increasing 
the length of the fairing from 4 m to 7 m, the drag on the leading car decreased by 17.6% 
and the drag on the trailing car decreased by 29.3%. Others have also implemented 
numerical modeling to investigate effects of nose geometry on slipstream velocities [26], 
drag reduction caused by implementation of pantograph fairings [27], and the combined 
effect of nose shape and yaw on flow structures [28].

Relative to high speed passenger trains, freight trains travel at relatively low speeds 
and aerodynamic drag is a smaller contributor to the overall tractive resistance. Con-
sequently, there have been few studies that have explored the benefit of streamlined 
locomotives for freight trains. Thus, freight trains have less streamlined profiles that are 
more disruptive to the flow and yield larger wakes than passenger trains. Nevertheless, 
some initial studies on freight train locomotives have been performed. For example, Iden 
conceptualized an array of frontal vanes, a set of rear fairings, and a pair of radiator fair-
ings for freight locomotive use [29]. Importantly, there are very few archived studies that 
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have explored the impact of fairing use on the drag reduction of freight locomotives, 
even though their implementation has resulted in notable drag reduction for both very 
streamlined high speed trains and for bluff body style vehicles. Thus, there is a signifi-
cant motivation to explore this scenario.

Origami inspired design has been utilized for many engineering scenarios where 
a combination of folded panels can morph from a compact volume in a stowed posi-
tion to a functional shape when the panels are deployed [30–32]. Tolman et al. reported 
on the design of a deployable locomotive fairing utilizing origami principles [33]. The 
focus of this paper is to report on results from a Computational Fluid Dynamic (CFD) 
study exploring the influence on locomotive drag that origami-inspired add-on fairings 
can yield to existing freight train locomotives. This work was performed in conjunction 
with the design work of Tolman et al. [33]. The work explores two fairing shapes. Within 
each general shape, a population of many fairing geometries is explored and a best per-
forming geometry is identified from each shape class. The goal is to explore a very large 
number of flat panel configurations to identify design rules to guide implementation of 
a simple and low-cost fairing that can be deployed on an existing train fleet. There have 
been few prior studies that address the impact of add-on fairings to existing freight loco-
motives, and no prior studies that have considered the origami style flat panel fairings 
described here. Thus, the present work fills an important hole in the literature related to 
fairing implementation for reducing drag on freight locomotives, and in particular for 
fairings that could be built and deployed using the flat panel requirements of origami 
inspired design.

The remainder of this paper is laid out in the following manner. First, the real-world 
constraints on the fairing shape dimensions will be presented, and the two general fair-
ing shapes will be described in terms of the important design parameters. Subsequently, 
the CFD approach will be reviewed and this will be followed by a discussion of the quali-
tative and quantitative CFD results. Finally, conclusions from the work will be presented.

2  Methodology
2.1  Constraints

In a train set, freight locomotives may be positioned and oriented in a variety of ways. 
They may be forward-facing, rear-facing, coupled to the front of the train, to the back 
of the train, or between two railcars. However, the majority of them will lead the train 
at some point in time. Clearly, these coupling requirements must be satisfied when 
add-on nose fairings are attached. Some of these requirements constrain the fairing 
differently when it is attached to a non-lead locomotive than when it is attached to 
the lead locomotive. For example, when two locomotives are joined in a nose-to-nose 
fashion, the amount of space available for the two fairings is very limited. In contrast, 
lead locomotives offer a significant amount of space for the fairing. The space availa-
ble to fairings for each configuration is illustrated by the gray shaded regions in Fig. 1. 
The need for headlights, windshields, snow plows, and walkways to serve their func-
tions also constrains the available space. Each of these devices is labeled in the fig-
ure. Note that the walkways span a width of 61 cm. Furthermore, the 6-degree taper 
shown in the lower right of Fig. 1 allows coupled locomotives to turn along curved 
tracks without interference between the two fairings. Although the headlights and 
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ditch lights must illuminate the path and objects ahead of the lead locomotive and 
be visible to neighboring and oncoming traffic, it is assumed that transparent win-
dows may be used. Thus, the headlights and ditch lights may still serve their functions 
when the fairings occupy the spaces shown.

2.2  Primary fairing shape

Due to the confined space between coupled locomotives, an origami construction as 
described by Tolman et al. was conceptualized for fairing design [33]. Thus, the fairing 
may be deployed on the lead locomotive and folded into a stowed position for non-lead 
locomotives. Such a concept requires the fairing to consist of flat and foldable panels. 
Furthermore, ease of use and a low-cost manufacture require the fairing to consist of as 
few panels as possible.

This work focuses on two origami families of fairing shape, and are denoted here as the 
primary and secondary shapes. As stated in the introduction, the primary shape has the 
appearance of a wedge. Three design variables were selected to define the primary fair-
ing shape; namely, fairing length (x1A), tip height (x2A), and tip width (x3A). These vari-
ables are shown in Fig. 2. Each geometry obeys the following design parameter bounds:

Fig. 1 Front and side views of a typical freight train locomotive. The gray regions in this figure highlight the 
space that is available for an add-on nose fairing. Due to the different spatial requirements for lead (left) and 
non-lead (right) locomotives, the available space is shown for both configurations. A top view and a front 
view are provided for each configuration. Devices on the locomotive that constrain the available space for 
the fairing are appropriately labeled
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For the most part, the aforementioned spatial constraints governed the bounds for 
each of the three design variables. Nevertheless, the bounds were also selected based 
on what was believed to perform well at reducing the aerodynamic drag. For example, it 
was believed that the side fairing panels should deflect the air outwards. Thus, the upper 
bounds for x2A and x3A were less than the overall fairing width. Note that the overall 
fairing height (202 cm), width (259 cm), and the gap between the fairing and locomotive 
(82 cm) remained fixed as the fairing changed shape. Collectively, the fairing length and 
tip height govern the slope of the top panel. Too great a value of tip height (x2A) could 
cause the top panel to direct the oncoming airflow into the windshield. As a result, the 
linear constraint,

was assigned to maintain the tip height at a value to satisfy this constraint. Finally, based 
on intuition, it was believed that a very long fairing could not sustain the resulting aer-
odynamic loads, so a 183-cm maximum was set on x1A. Within the bounded space, a 
structured array of 45 primary fairing geometries was produced.

(1)61 ≤ x1A ≤ 183 [cm],

(2)0 ≤ x2A ≤ 183 [cm],

(3)61 ≤ x3A ≤ 244 [cm].

(4)0 ≤ x2A ≤ −0.32 x1A + 202 [cm]

Fig. 2 Top, front, side, and isometric views for the primary fairing shape. The shape is governed by three 
parametric design variables: fairing length (x1A), tip height (x2A), and tip width (x3A). The overall fairing width, 
height, and the gap between the fairing and locomotive remain constant from one fairing geometry to the 
next
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2.3  Secondary fairing shape

In addition to the fairing geometries discussed in this paper, Stucki et al. explored over 
200 other shapes [34]. They found that the addition of a side wall feature yielded an 
appreciably greater reduction to the aerodynamic drag. As a result, this paper presents 
a secondary fairing shape in which the side wall feature is added to a singular geom-
etry from the primary fairing shape. Each of the geometries of the secondary shape is 
assigned the fixed values x1A = 74 cm, x2A = 0 cm, and x3A = 191 cm. However, the side 
wall feature height, x1B, varies discreetly between the following bounds:

The side wall height is defined as shown in Fig. 3. As demonstrated in the results, the 
last few increments in side wall height showed no further reductions to the aerodynamic 
drag. As a result, no greater values of side wall height were explored. The secondary fair-
ing shape consisted of fifteen geometries, and a CFD model was used to predict the drag 
performance for all 60 geometries from the primary and secondary fairing shapes.

2.4  Computational model

Shown in Fig. 4 are front and side views of the computational domain and locomo-
tive configuration employed for this study. For all scenarios considered, two loco-
motives were included in the CFD model. Additional downstream cars from the 
second locomotive were not included to provide computational efficiency. Additional 
downstream cars would alter only modestly the drag on the leading locomotive and 
neglecting them is justified since the goal of the work is to identify relative reduc-
tions in drag on the leading locomotive due to add on fairings. The domain extended 

(5)0 ≤ x1B ≤ 38 [cm].

Fig. 3 Top, front, side, and isometric views for the secondary fairing shape. The shape is governed by 
one parametric design variable: fairing side wall depth (x1B). The overall fairing width, height, and the gap 
between the fairing and locomotive remain constant from one fairing geometry to the next
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nearly six locomotive widths in front of the train set, 13 locomotive widths behind 
the trailing locomotive, and nominally 2.5 locomotive widths above and to the side. 
Minor asymmetry exists in production locomotives, however here the computa-
tional domain and locomotive were modelled as symmetric. Thus, the left plane of 
the domain was modeled as a symmetry plane. A uniform velocity was prescribed 
at the domain inlet and this same velocity was applied to the railroad tracks, sub-
grade, and ground as a translating boundary condition to simulate motion between 
the locomotives and ground. Shear-free boundaries were specified at the top and side 
boundaries, and a pressure outlet condition was specified at the outlet of the domain. 
Based on a locomotive width (Lw) of 3 m and a freestream velocity (U∞) of 22.4 m/s, 
the Reynolds number (U∞Lw/ν) was nominally 4.4 ×  106 for all simulations, where ν is 
the kinematic viscosity.

The simulations were performed using CD-ADAPCO’s Star-CCM+ code. The wall-
normal size of the cells on the surfaces is in the 30 < y+ < 50 range. A polyhedral volume 
mesh was accompanied by six prism layers at the locomotive and computational floor 
boundaries. The total number of cells for all scenarios considered varied between 3.5 
and 4 million. The primary goal of the study was to provide a rapid assessment of the 
relative changes in the drag on a locomotive due to the addition of the 200 unique fair-
ings considered (results for 60 included here). A comprehensive grid refinement study 
was thus not performed. Instead, the computational grid refinement was maintained to 
be identical for all scenarios considered, with the only variation being the grid around 
the changing fairing geometries that were attached for the different cases. In this man-
ner, the relative changes between the overall drag for each of the 200 simulations could 
be compared in a timely manner and all at the same level of CFD accuracy.

A steady segregated incompressible flow solver was employed with velocity and 
pressure under-relaxation factors of 0.7 and 0.3, respectively. Fluid properties were 

Fig. 4 Illustration of computational domain size and description of boundary conditions
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specified as air at standard conditions. Turbulence was modeled using the realizable 
k-ε RANS model with the second order convection scheme employed. Two-layer all 
y+ wall functions were utilized to resolve the boundary layer. Constant parameters in 
the k-ε model were set at the following parameters [35]: Cμ = 0.09, σk = 1.0, σϵ = 1.2, 
C1ϵ = 1.44, and C2ϵ = 1.9. In order to ensure convergence, an asymptotic criterion was 
used to shut down the solver. Convergence was specified when the drag on the lead-
ing locomotive varied by less than 0.025% over the course of 200 iterations.

2.5  Wind tunnel validation

A limited set of wind tunnel tests were also performed. The tests were conducted in a 
wind tunnel with a test section of 1.22 m in width, 0.61 m in height and 5.1 m in length. 
We summarize the experimental process here, but a detailed description is given by 
Condie and Maynes [9] and Kinghorn [10]. The wind tunnel is an open concept tunnel 
that draws air in from the surrounding room. All wind tunnel tests were conducted at a 
wind speed of nominally 44 m/s and using G-scale models, 1:29 scaled replica models 
of their full-scale counterparts. This resulted in Reynolds numbers based on the width 
of the models of 2.5 ×  105. The air speed was measured using a pitot-probe and the 
freestream pressure and temperature were measured using the static pressure port from 
the pitot-probe and a thermocouple mounted near the top wall of the wind tunnel.

The train set considered in the wind tunnel consisted of a locomotive followed by five 
freight cars. The train set was mounted onto an elevated track system, as shown in the 
top image of Fig. 5. The simulated train bed was employed to allow space for the force 
measurement instrumentation and to aid in minimizing the influence of the boundary 
layer that exists along bottom of the wind tunnel. Each car in the train set was mounted 
using very thin wire to an individual track section that was instrumented with two com-
mercial load cells as illustrated in the bottom panel of Fig. 5. Each section of the track 
was fabricated from aluminum channel and is instrumented with its own load cell sys-
tem so that the drag on each of the individual cars could be measured. The load cells 
were carefully calibrated before every test using a weight and pulley system. This calibra-
tion was repeated at the end of every test, and in all cases the calibration results were 
essentially identical. The open section of the aluminum channel was filled with foam 
insert to fill the void space and better simulate the distance between railcars and the 
track. Further, a shield was placed at the front of the aluminum channel track to block 

Fig. 5 Image of a train set in the wind tunnel (top) and a schematic of a track section, with accompanying 
load cells, on which one car from the train set was mounted (bottom)
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any air flow from interacting with the load cells under each car. This track/train arrange-
ment has been used to consider several different train scenarios, but for this present 
study the drag on only the leading locomotive is of interest.

In addition to a baseline configuration (no fairing), three fairings were tested, two 
from the primary fairing family and one from the secondary fairing family. The fairings 
were 3-D printed from a polymer material and sanded smooth. More specifics about the 
fairings tested will be given in the results section of the paper. Here we are only con-
cerned about the drag on the leading locomotive. Each fairing configuration was tested 
at least four times and the results were averaged. Measurements of drag force, air tem-
perature and pressure, and wind tunnel velocity were sampled at 1000 Hz and averaged 
over a 30 second interval for each test. All measurements were acquired by a National 
Instruments data acquisition (Model: SCXI - 1000) system. An average drag coefficient 
was then computed for each fairing scenario tested. Employing the propagation of error 
method, an uncertainty analysis was performed for all tests using the Student’s t score 
based on a confidence interval of 95%. The total uncertainty measured drag coefficient 
values was ±0.85%. In the results section that follows, the wind tunnel results will be 
presented in terms of a drag reduction parameter that is defined below, which represents 
the deviation in the leading locomotive drag for the fairing cases compared to the base-
line scenario.

3  Results
3.1  CFD drag reduction results

Drag reduction results for the 45 primary fairing geometries considered are plotted in 
Fig. 6. The dependent variable in the plots, DR, is the normalized amount of drag reduc-
tion that occurs for each locomotive-fairing combination. It is defined as

where DB is the drag on the baseline (non-fairing) locomotive and DF is the drag on 
the locomotive with a mounted fairing. Positive values of DR indicate a drag reduction, 
whereas negative values indicate the fairing yields a drag increase. DR is shown in Fig. 6 
as a function of each of the design variables discussed previously. Three values of x1A 
were explored: 61 cm, 122 cm, and 183 cm; and five values of x3A were explored: 0 cm, 
61 cm, 122 cm, 183 cm, and 244 cm. However, due to the linear constraint placed on the 
upper bound of x2A (4), there was not a common set of values explored for x2A. Instead, 
x2A was normalized to form a new variable, x2A , defined by the expression

where x2A,UB is the local upper bound of x2A. In this normalized form, a common set of 
three values of x2A was explored: 0.0, 0.5, and 1.0.

The results for the primary fairing geometries were sorted into the three series that 
are shown on each of the three panels of Fig.  6, one for each value of x1A. Each plot 
series is displayed in the legends of Fig. 6. Furthermore, each panel represents one of the 
three values of x2A noted above. Finally, DR is plotted as a function of x3A on each panel. 

(6)DR =
DB − DF

DB

,

(7)x2A =
x2A

x2A,UB
,
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The results of Fig. 6 reveal that DR is more sensitive to x2A than the other two variables, 
although all three variables exert influence on the drag reduction. With very few excep-
tions, DR increases (less drag) as x2A decreases (fairing tip height is moved lower). This 
observation is more evident as x2A decreases from 1.0 to 0.5, where for fixed values of 
x1A and x3A the average decrease in DR is approximately 0.1 (a nominal 10% rise in the 
locomotive drag).

In contrast to x2A , the effects of x1A and x3A on DR are less systematic. For all scenarios 
considered, as the fairing tip width (x3A) increases the drag reduction also increases up 
to a maximum amount, and after this point continuing to increase the tip width yields 
a decrease in DR (increased drag). The value of x3A where this happens also depends on 
the values of x1A and x2A ; however, the tip width where the drag reduction is the greatest 

Fig. 6 Drag reduction (DR) results for the primary fairing shape as a function of fairing length (x1A), 
normalized tip height ( x2A ), and tip width (x3A)
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is almost always between 150 and 200 cm. With regard to the influence of x1A, at values 
of x3A lower than 150 cm, increases in the fairing length (x1A) yield greater drag reduc-
tion. In contrast, when the fairing tip width is greater than 150 cm, increasing the fairing 
length yields less drag reduction.

The primary fairing shape that resulted in the largest drag reduction is defined by the 
following design variable values: x1A = 122 cm, x2A = 0.0 , and x3A = 183 cm. The value of 
DR for this scenario is 0.138, indicating that the total drag on the lead locomotive will be 
reduced by 13.8% when this fairing is deployed. An isometric rendering of this fairing is 
shown in the left panel of Fig. 7.

There are a few interesting findings from these results. First, although DR is clearly not 
a monotonic function of x3A, it very nearly is a monotonic increasing function of x2A . 
This may be a result of the fact that, due to the front window visibility constraint, the 
top of the fairing is further from the top of the locomotive than the sides of the fairing 
are from the sides of the locomotive. Thus, the top surface of the fairing must be steeper 
than the sides in order to compensate and direct the flow over the locomotive. Second, 
making the fairing more pointed by reducing the tip width results in increased drag. 
Indeed, in most scenarios for fixed values of x1A and x2A , the worst performing fairings 
were those with the smallest tip width (the most pointed). When the fairing is made 
more pointed, it directs the incoming airflow too far beyond the sides of the locomotive. 
This is in contrast to the best performing fairing shown in the left panel of Fig. 7 which 
gently directs the flow around the sides of the locomotive. The penalty to DR is especially 
high as the fairing becomes more pointed when the value of x2A is 1.0. This observa-
tion suggests that by increasing the tip height of the pointed fairing, even more of the 
incoming airflow gets directed far beyond the sides of the locomotive, thus contributing 
to greater drag. Based on these observations, a second family of fairings was considered 
in which the primary fairing shape was modified in order to more effectively direct the 
incoming airflow over the top of the locomotive. This was accomplished by adding the 
sidewall features that resulted in the secondary fairing geometries.

Drag reduction values for the 15 secondary fairing geometries considered are pre-
sented in Fig. 8 as a function of the sidewall height (x1B). Each of these 15 geometries had 

Fig. 7 Left Panel: Isometric rendering of the best performing geometry from the primary fairing shape family. 
The fairing is defined by the following design variable values: x1A = 122 cm, x2A = 0.0 , and x3A = 183 cm. 
Right Panel: Isometric rendering of the best performing secondary fairing shape. The fairing is defined by the 
following design variables: x1A = 74 cm, x2A = 0.0 , x3A = 191 cm, and x1B = 30 cm
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values of the other design variable values as follows: x1A = 74 cm, x2A = 0, and x3A = 191 
cm. The results show an approximately linear increase in DR as x1B is increased, up 
to x1B ≈ 30 cm. Beyond this value of side wall height, no further drag reduction was 
achieved. The best performing fairing from the secondary fairing shape yields a total 
drag reduction from the baseline locomotive of 17.3%. This represents a 25% greater 
reduction in drag relative to the best performing fairing from the primary family con-
sidered above. The sidewall height for this best case is x1B = 30 cm, and an isometric 
rendering of this fairing is shown in the right panel of Fig. 7.

3.2  CFD flow field observations

We now turn attention to the manner in which the flow field and pressure distribution 
on the front of the locomotives are altered when fairings are added. Here we consider 
plots of the pressure coefficient on the front of the locomotive and attached fairings for 
three scenarios: 1. The baseline locomotive; 2. A locomotive with the best performing 
fairing from the primary fairing family; 3. A locomotive with the best performing faring 
from the secondary fairing family. Shown in Fig. 9 are plots of the pressure coefficient, 
CP for the three scenarios, where CP is defined as

PS is the local static pressure, P∞ is the upstream pressure, ρ is the air density, and V∞ is 
the freestream velocity.

The cumulative pressure drag on an object is directly influenced by the pressure distri-
bution, and generally speaking, decreases in areas of stagnation yield an overall decrease 
in drag. Results from the simulations show that the pressure distributions on the rear 
side of the locomotives are essentially the same for all cases. Thus, differences in the 
pressure distributions on the front of the locomotive represent the primary mechanism 
for variations in drag for the different scenarios. In the contour plots of Fig. 9, blues and 
greens represent low values of CP, yellows and oranges represent intermediate values, 
and reds correspond to high values of CP.

(8)CP =
PS − P∞

1
2
ρV 2

∞

.

Fig. 8 Drag reduction (DR) results for the secondary fairing shape as a function of side wall height (x1B). 
Each secondary fairing geometry is defined by the following primary fairing shape variables: x1A = 74 cm, 
x2A = 0.0 , and x3A = 191 cm
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For all three scenarios of Fig. 9, the snow plow (bottom scoop surface) and the walk-
way platform (just below where the fairings are mounted) appear to have very similar 
CP distributions and magnitudes. With regard to the baseline locomotive, the follow-
ing behavior is evident: 1. CP ≈ 1 along the length of the four vertical stanchions and 
on the headlight and ditch light fixtures, and these are bluff shapes yielding large drag 
penalties; 2. A large vertical region of stagnation exists on the nose of the locomotive, 
with CP decreasing moving sideways from the nose; 3. Above the nose of the locomo-
tive and on the windshields, another strong stagnation zone exists. The best perform-
ing primary fairing covers the four vertical stanchions and ditch light fixtures and 
thus eliminates them as drag sources. It further yields a notable decrease in the size 
and magnitude of the stagnation that occurs near the windshields. The most notable 
difference in the CP distributions between the best performing primary and second-
ary fairings is that there is actually a larger region of high CP on the secondary fairing. 
However, this is accompanied by much lower values of CP on the cab of the locomo-
tive above the tops of the fairings and in the region surrounding the windshields.

To supplement the CP surface plots of Fig.  9, streamline plots are provided in 
Fig.  10 that further reveal and confirm the anticipated effect of adding side walls. 
The streamlines were generated for the secondary fairing shapes with 0 and 30 cm 
sidewalls. The streamline seeds come from a uniform grid of coordinates about five 
centimeters upstream of the front face of the fairing. The streamlines are colored by 
the normalized magnitude of the total fluid velocity (normalization by the freestream 
velocity). As is shown in the figure, the airflow stagnates on the middle of both fair-
ings and accelerates around the corners of them. However, when the side walls are 
present, the lateral component of the flow is smaller due to local stagnation on the 
side walls, and the resulting pressure gradient bends the streamlines upwards. As a 
result, the vertical moving flow toward the top of the locomotive is energized to a 

Fig. 9 Front-view surface plots of the static pressure coefficient, CP, on the baseline locomotive without an 
add-on nose fairing (left), with the best performing primary fairing (middle), and with the best performing 
secondary fairing (right)
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greater extent. When the sidewalls are not present (panel (a)), local stagnation on the 
front windows occurs. This stagnation causes a local region of swirling flow with a 
significant fraction of the air being redirected to move around the sides of the loco-
motive. In contrast, when the sidewalls are present (panel (b)), the recirculation zone 
near the windshields is completely eliminated, the increasingly energized streamlines 
bend smoothly over the top of the locomotive, and the amount of stagnation is greatly 
reduced.

3.3  Wind tunnel results

Wind tunnel tests were conducted for the three fairings that are shown in Fig. 11, two 
from the primary fairing family (numbers 2-3) and one from the secondary fairing family 
(number 1). Table 1 provides the values of x1A, x2A , and x3A that the fairings would have 
if they were full-scale (rather than 29th scale models). None of the five geometries were 
tested in the CFD model; however, Stucki [34] produced a second order multidimen-
sional polynomial regression model for each family that can be used to predict DR for 

Fig. 10 Streamlines colored by the ratio of local velocity magnitude to freestream velocity magnitude for 
two secondary fairing geometries as seen from in front of the train: (a) 0 cm sidewalls and (b) 30 cm sidewalls

Fig. 11 Image of three fairings tested in the wind tunnel experiments
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each of the five fairing geometries. The regression model for the primary fairing family 
was produced from CFD data from 90 primary fairing geometries, and the regression 
model for the secondary fairing family was produced from CFD data from 50 secondary 
fairing geometries. Table 1 provides the value of DR obtained for each fairing from both 
the wind tunnel tests and the CFD-based regression models. Recall that the CFD simula-
tions considered two in-line locomotives, while the wind tunnel testing considered a sin-
gle locomotive with five trailing freight cars. Also, the CFD simulations were conducted 
at a Reynolds number of 4.4 ×  106 and the experiments were conducted at Re = 2.5 ×  105. 
Furthermore, the CFD analysis considered geometries that due to practicality could not 
include all of the detailed features that exist on a production locomotive. In contrast, the 
physical model used in the wind tunnel was made by a professional model builder and 
includes many more features than the CFD model. Lastly, in the CFD model the ground 
was allowed to translate with the approaching air stream, consistent with the dynam-
ics of a train moving down a track. In the wind tunnel testing the track and ground 
remained stationary, although this affect is likely a minor contributor. Because of all four 
of the above noted important differences, it was expected that there will be differences 
in the amounts of drag reduction that exist in the CFD and testing results. Here we are 
interested in comparing the overall trends between the CFD and wind tunnel results.

The wind tunnel results show consistent trends with the CFD data described above, 
although the amount of drag reduction observed in the experiments is generally less 
than that predicted by the CFD modeling. The deviation in the results could be attrib-
uted to the differences noted above. Addition of sidewalls on the fairings increases DR 
for both the experimental and CFD cases. This is evident by comparing DR for fairing 
numbers 1 and 2. Further, increasing the tip height ( x2A ) and decreasing the tip width 
(x3A) leads to greater drag for both the CFD simulations and the wind tunnel experi-
ments. When the tip height is located at the top of the faring versus the bottom of the 
fairing, both the CFD and experimental data predict a drag increase of nearly the same 
amount.

4  Conclusions
This paper presents CFD results from a design study that considers add-on nose fairings 
for reducing drag on lead locomotives in freight trains. The study consists of 45 fairing 
geometries from a primary fairing shape and 15 fairing geometries from a secondary 
fairing shape. The primary fairing is shaped like a wedge, and the secondary fairing is 
shaped like a wedge with sidewall features. The designs for both fairing shapes consist of 
flat planar panels in order to enable a foldable origami construction to allow deployment 
when in use and to be stowed when not in use. The best performing of the 45 primary 

Table 1 Drag reduction and design variable values for the five fairings tested in the wind tunnel. 
Dimensioned variables are given in cm

Fairing # DR (CFD) DR (Exp.) x1A x2A x3A x1B

1 0.16 0.11 70 0 194 38

2 0.12 0.08 70 0 194 0

3 0.02 −0.04 70 0.797 0 0
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fairing geometries reduced drag on the lead locomotive by 13.8%. Adding side wall fea-
tures also proved to be effective at reducing drag, and the best performing of the 15 sec-
ondary fairing geometries reduced drag on the lead locomotive by 17.3%.

Qualitative analysis of the flow field confirmed that the sidewall features of the sec-
ondary fairing geometry aided in directing the incoming airflow over the top of the loco-
motive. Without the sidewall features, the flow was shown to stagnate on the locomotive 
front windows beneath the headlight fixtures, thus developing a large region of recircu-
lating flow. Results from wind tunnel tests on three of the fairings considered in the CFD 
study reveal behavior that is consistent with the CFD results; however, the magnitudes 
of observed drag reductions were smaller in the experimental testing.
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