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ABSTRACT
Aerodynamic Drag On Intermodal Rail Cars

Philip Donovan Kinghorn
Department of Mechanical Engineering, BYU
Master of Science

The freight rail industry is essential to the US infrastructure and there is significant motiva-
tion to improve its efficiency. The aerodynamic drag associated with transport of commodities by
rail is becoming increasingly important as the cost of diesel fuel increases. For intermodal railcars
a significant amount of aerodynamic drag is a result of the large distance between containers that
often occurs and the resulting pressure drag resulting from the separated flow that results due to
their non-streamlined shape.

This thesis reports on research that has been done to characterize the aerodynamic drag on
intermodal train builds and allow their builds to be optimized for fuel efficiency. Data was obtained
through wind tunnel testing of G-scale (1/29) models. Drag on these models was measured using
a system of isolated load cell balances and the wind tunnel speed was varied from 20 to 100 mph.

Several common intermodal scenarios were explored and the aerodynamic drag for each
was characterized. These scenarios were the partial loading of containers on rail cars, the influence
of the gap between containers, the use of a streamlined container near the front of the train, and
the inclusion of semi-trailers on railcars. For each case multiple build configurations were tested
and the drag results were compared to determine the optimal build for each scenario.

Keywords: aerodynamics, railcars, intermodal, wind tunnel, train
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CHAPTER 1. INTRODUCTION

1.1 Motivation

Freight railroads are very important to our society, which relies heavily each day on the
transportation of goods. These goods are moved around the world with an ever increasing network
of ships, planes, trains, trucks, and even drones and the rail industry is an essential part to this trans-
portation network. In the United States, natural resources, agricultural products, automobiles, and
commodities are all moved throughout the country by rail. The Association of American Railroads
refers to the rail industry as the backbone of the US economy and it is widely recognized as the
best freight rail system in the world [1]. A recent study analyzed the economic and fiscal impact
of the US rail industry. The results showed that in 2014 the rail industry supported approximately
1.5 million jobs, $88.4 billion in wages, and $273.6 billion in output to the economy [2]. Clearly
this backbone industry is essential to the US infrastructure and there is significant motivation to
improve its efficiency.

Freight locomotives are powered by diesel generators which power electric motors. Fuel

cost is one of the highest operating costs for rail companies and so variations in diesel fuel prices

Figure 1.1: Image of an intermodal train of well cars loaded with containers.



Figure 1.2: Image of two well car models with articulated trucks.

can have a significant impact on the industry. Union Pacific is one of the largest rail companies
in North American and in 2015 spent around $2 billion in fuel costs [3]. As diesel prices have
risen, rail companies have become increasingly interested in improving the fuel efficiency of their
trains. Fuel efficiency can be increased by reducing the resistant forces that act against the forward
movement of the train. The resistant forces are dominated by frictional resistance due to relative
motion between wheels and track and the aerodynamic drag. As these forces increase, there is a
direct increase in the energy and fuel required to operate the train.

The focus of this research is the resistance resulting from aerodynamic drag. At low speeds
the aerodynamic drag may only make up a small percentage of the total resistant forces. However,
the drag increases proportional to the velocity squared and so as the train velocity increases the
drag becomes more significant. Consequently, at high speeds the majority of the resistant forces
acting against the train may be from drag, with some studies reporting that it can be as high as
90% [4].

An investigation into the reduction of aerodynamic drag becomes increasingly important in
the case of intermodal rail cars. Intermodal trains are made up of some number of locomotives that
are followed by a series of flat spine cars and recessed well cars which are loaded with shipping
containers and semi-trailers as shown in Fig. 1.1. The well cars may be individual rail cars or in
a set of three or five with articulated trucks (wheel assembly). This mean that each car in the set
shares a set of trucks with the well car in front of it as seen in Fig. 1.2. This type of train travel at
greater velocities than any other type of freight train so the negative effect of aerodynamic drag is
much greater. Intermodal traffic is also the fastest growing type of freight that is being transported
[1]. Thus, a reduction in drag could result in a significant improvement in fuel efficiency and

revenue generation for intermodal traffic.



Reducing the aerodynamic drag on intermodal rail cars is challenging because there are
many constraints that severely limit what can actually be changed. The containers loaded onto
intermodal cars are standardized with the many of them required to meet standards set by the Inter-
national Organization for Standardization (ISO). This makes changing the shape or aerodynamic
profile of the containers impossible. Add-on devices like those seen on semi-trailers, which will be
discussed later, are impractical because the large number of cars in a typical train (60-100). Train
yards where trains are loaded, unloaded and put together are optimized to move the containers
as quickly as possible. Changes in the building and tearing down of a train consist to optimize
the aerodynamic drag of the completely built train set is possible. However, the build/tear down
processes must be fast enough so that increases in aerodynamics more than offset the penalty as-
sociated with slowing of the system.

This thesis reports on measurements performed in a large wind tunnel on the campus of
Brigham Young University. The purpose of the experiments is to characterize the aerodynamic
drag that exists on intermodal train cars for the most likely loading configurations that are realized.
The results provide a tabulation of aerodynamic drag data that allow optimization of the train build
process to make sure the train is built to minimize aerodynamic resistance. A typical intermodal
train may have 60-100 well cars. Each well car may have two intermodal containers, with one
stacked on the other, a single container, or it may be empty. Each of these configurations results in
a much different aerodynamic drag on this car and on the cars immediately in front of and behind it.
Further, there are three standard intermodal container sizes and all can be transported on a single
train. Thus, gap width between successive containers can show large variation and sometimes
there will be large containers stacked on small containers and vice-versa. These situations and
other similar scenarios are considered in this thesis to allow the train builder to optimize the train

build process.

1.2 Literature Review

Aerodynamics is the study of the fluid/solid interaction as an object moves through a fluid.
It can better be explained as the study of the forces that result from these interactions. Typically, the
working fluid is air and much of our knowledge of aerodynamics has come from studying aircraft

and airfoils. Understanding the aerodynamic forces of lift and drag are essential to the flight of



any aircraft. While useful, the aerodynamic principles of aircrafts cannot be directly applied to
ground vehicles such as trains and trucks. Moving so close to the ground makes the flow dynamics
of ground vehicles significantly different to the flow around an aircraft [5].

In the case of ground vehicles, the most relevant aerodynamic force is drag. The drag
opposes the forward motion of the vehicle and reduces its efficiency. Aerodynamic drag is the sum
of two component forces, pressure drag and friction drag. Friction drag is a result of the shear
stress, Ty, on an object. This occurs in the fluid boundary layer which forms on the surface of the
object as a result of the no-slip condition. Friction drag is calculated by integrating 7,, over the
surface area and it scales with Reynolds number. Pressure drag results from a pressure difference
on the front and back of an object as it moves through a fluid. At the back of the object the flow
separates which creates a low pressure region of vortices. The magnitude of the low pressure
region scales with the size of the vortices that form. [6-8]. These two components together make
up the total aerodynamic drag on an object. However when pressure drag is present it typically
makes up the majority of the drag and the friction drag has little effect.

In general ground vehicles such as trains and truck-trailers are classified aerodynamically
as bluff bodies. Bluff bodies have a blocky or rectangular shape with sharp edges. The flow profile
of bluff bodies usually causes flow separation and vortex shedding resulting in a large amount of
pressure drag [9-11]. Pressure drag is generally the dominant source of aerodynamic drag for bluff
bodies.

Many studies have been performed with the interest of reducing the aerodynamic drag on
truck-trailer vehicles [11-15]. These studies often focus on a few specific areas of the truck-trailer.
Many aim to reduce drag caused by the height difference of the trailer and cab. These suggest
a curved front faring on the top of the cab to direct the flow of air up over the trailer. The drag
reduction for the faring studies varies but one study reported a 16.6% drag reduction [12].

Another area of interest is the trailing edge of the trailer. The air coming off the back of
the trailer causes vortices and a low pressure region to form. Studies suggest that the drag could be
reduced by reducing the trailer back area with deployable fins. Experimental data showed that the
fins reduced the drag on the trailer by 19% [13]. CFD measurements of the same fins resulted in

the drag being reduced by 15% [14]. The underside of the trailer has also been studied significantly



using side skirts to prevent flow under the trailer. Trailer side skirts have been reported to reduce
the drag on the truck-trailer by 13% [15].

The desire for high speed passenger trains has led to significant train specific aerodynamic
research [16—19]. The aim with high speed trains is to avoid flow separation along the train. This is
done by streamlining the leading locomotive and closing the gaps between rail cars. While similar
streamlining would be desirable for freight trains, the current constraints of the industry make it
impractical.

Many drag reduction methods used for high speed trains and truck-trailers may not be
directly applicable to freight trains but many of the principles learned may be helpful in improving
efficiency. Although a perfectly streamlined solution for freight trains is not currently feasible,
significant progress has been made to reduce drag and improve efficiency. These studies generally
focus on small changes that can be retro fitted to existing rail cars. One study investigated coal
carrying rail cars which are similar to a box car with an open top. The open top results in high drag
which could be reduced if the cars were covered [20]. Reductions in the drag as large as 40% were
reported. Another study looked at the underside of the coal cars and the unloading mechanism.
By streamlining the underside, a drag reduction of 10-15% was observed [21]. Research on auto
carrying rail cars reported a 14% reduction in drag if the corrugated roof was replaced or covered
with a flat material. The drag was shown to be further reduced by 15% by installing a skirt to
prevent flow under the rail car [22].

A few studies have focused specifically on reducing the drag of intermodal rail cars. One
study performed by the Association of American Railroads (AAR) investigated several aspects of
intermodal rail cars in a wind tunnel. A streamlined design of an intermodal well car was tested
and showed a 14% reduction in drag compared to the non-streamlined car. The study also reported
that the drag on a well car could be reduced 16% by completely sealing all gaps in the cars floor.
A device to fill the gap between successive intermodal containers was also tested at three different
gap widths. The resulting drag reduction ranged from 14 (far spacing) to 34% (closest spacing).
The study also showed that the drag on a rail car in a unit train (a train made up of all one type
of rail car) depends on its position in the train. The drag decreases exponentially until about
the 10th car and after remained relatively constant [23,24]. Based on the findings of the AAR

another study reviewed the loading practices of intermodal rail cars and developed an algorithm



with computational data to minimize the load gaps along the train and reduce drag. The algorithm
was then used to create a system to image and evaluate the aerodynamic efficiency of passing
trains [25-28].

In this study similar methods will be explored to reduce gaps between loads and determine
optimal loading configurations for drag reduction . The aim of this research is to characterize the
drag on the central cars of an intermodal train. The drag is relatively constant along these cars and
they make up the bulk of the train. Using 1/29th scale models of intermodal rail cars allows for
wind tunnel tests to be performed on a longer train than previous studies. This will allow for a
more representative drag reading for the central cars. Further this research will examine the drag

relationship of different types of intermodal rail cars in the same train.

1.3 Contribution

The contribution of this research will be to characterize the aerodynamic drag on intermodal
train builds and allow their build to be optimized for fuel efficiency. The work will focus on

addressing the overall drag for following common scenarios:

* Empty and single-stacked well car loading cases, when these cars are surrounded by cars

with double-stacked containers
* The influence that gap distance between intermodal containers exert on the overall drag

* Reduction in the drag that can be realized by employing a streamlined shape add-on for the

first and last container carrying cars

* The drag that exists when traditional intermodal containers are replaced with semi-trailers

that are loaded onto spine cars

For all scenarios the drag will be measured on model railcars in a wind tunnel. The drag
for each test scenario will be quantified by calculating an average drag coefficient, which will be

compared to determine the most efficient intermodal configurations.



1.4 Thesis Outline

This thesis is structured in the following manner. Chapter 2 describes the methodology. It
details the wind tunnel testing protocol, the train models and all loading scenarios considered, the
instrumentation used to collect data, and a presentation of the experimental uncertainty associated
with all results. Chapter 3 presents the results and compares them to baseline conditions. The
results are discussed for all scenarios and optimal configurations are specified. Lastly, Chapter 4
provides conclusions of the research and discusses future work that should be conducted in this

arca.



CHAPTER 2. METHODOLOGY

2.1 Experimental Setup

Wind tunnels have been used for some time to study aerodynamic forces on an object
and provide a controlled environment for aerodynamic tests to be performed. However, the size
constraints of wind tunnels often necessitate the use of scale models for the experiment. The data
collected is then correlated to the full scale using non-dimensional analysis. For this experiment,
all of the data was collected using the large wind tunnel at Brigham Young University, whose test
section is shown in Fig. 2.1. The test section of this wind tunnel is approximately 5.1 m in length
with a width of 1.22 m and a height of 0.61 m.

The wind tunnel operates at 18 discrete velocity settings, nine speeds in both a high and
low gear. For this experiment only speeds 2 through 8 in the high gear were used. This created a
range of air speed between approximately 35 m/s to 50 m/s that was explored. The air velocity, U,

inside the wind tunnel is used in equation 2.1 to calculate the non-dimensional Reynolds number.

_ULp
u

L is the characteristic length, ut is the air viscosity, and p is the air density. The characteristic

Re 2.1)

length, L, used in these calculations was the height of two stacked container models. Air viscosity,
u, was found using a temperature dependent relation from the DIPPR chemical database. Air

density was calculated using the ideal gas relation shown in equation 2.2

P

== (2.2)

P

where R is the air ideal gas constant, (287 J/kg-K), and temperature was measured with a thermo-
couple mounted in the wind tunnel test section. The local atmospheric pressure, P, was recorded

from the BYU weather station before each test.



Figure 2.1: The test track and model system was constructed and secured to the wind floor. The
track was used to simulate the flow past actual rail cars and each rail car was fastened to the test
track. Force data was collected from individual intermodal rail cars with a system of load cells.

Air speed, U, was measured with a pitot probe mounted on the ceiling of the test section
near the front opening. The pitot probe was connected to a differential pressure transducer and
velocity was calculated with equation 2.3

2AP

U=,— 2.3
P (2.3)

AP is the pressure difference between the total pressure and the static pressure and was measured
by the differential pressure transducer connected to the pitot probe. Again, the air density, p, was
calculated from equation 2.2. The velocities tested resulted in Reynolds numbers ranging from

1.9 x 10° t0 2.8 x 10°. The drag coefficient, C;, was calculated using Eqn. 2.4

Fp
Co=+—— 24
d % pU2 Ap ( )
Fp is the drag force measured on the rail car model by the load cells and Ap is the drag
area. The projected frontal area of two stacked container models was used for the drag area of all

experiments.



Figure 2.2: Sections of channel aluminum were used for the rail car track. These sections could be
rearranged or replaced to accommodate different rail car lengths.

Figure 2.3: G-Scale locomotive train model. These models were purchased from a model train
manufacturer and placed at the front of the wind tunnel test track. Drag on the locomotives was
not measured in this study.

2.1.1 Test Track

One of the challenges of using a wind tunnel to study the drag on trains is that it is difficult
to simulate real world conditions. As a train travels down the track there is relative motion between
the train and the ground which results in the air flowing past the train having a uniform flow profile.

In the test section of a wind tunnel the flow is uniform except near the walls, ceiling, and floor
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Figure 2.4: Drag data was collected from rail cars fastened to test cells like the one shown here.
Each test section used three 19.6 N. load cells with the sum of the three outputs being recorded.
The load cells were regularly calibrated with a set of weights to record force measurements in
newtons.

where a boundary layer forms and reduces the velocity of the flow. If train models were mounted
on the floor of the test section for testing then the results would be affected by the boundary layer.
To remedy this, a simulated test track was constructed and fastened to the wind tunnel test section
shown in Fig. 2.1 and 2.2. The shape of the test track positioned the train models in the middle
of the wind tunnel test section where the flow profile is uniform and not affected by the boundary
layers at the walls, ceiling, or floor. Sections of aluminum channel were used as the simulated
track. Two locomotive models, similar to the one shown in Fig. 2.3, were fastened with wire at the
front of the track. Each of the intermodal rail cars were secured to the track behind the locomotives
with a 1/4” diameter bolt mounted to the cars and mounted on the channel.

The test apparatus was made by fastening three 19.6 N load cells (Transducer Techniques
LSP2) to a single section of track as shown in Fig. 2.4. Force data was recorded as the sum of the
three load cell outputs. The load cells in the test section were calibrated using a pulley and weights
system for forces between 0 N and 9.8 N. Calibration validation was performed regularly during
testing and the load cells were re-calibrated if an error in excess of 2.5% existed. The average

calibration error was approximately 0.5%.
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Figure 2.5: Three consecutive test sections were used to measure multiple rail cars in one tests.
Each test section was calibrated separately. The pulleys used in calibration can be seen in this
image.

The original test rig had a single load cell test section and would record force data for a
single rail car. It was later determined that simultaneous measurements from multiple cars was
desired so the test track was rebuilt to include three consecutive load cell test sections, each with a
separate rail car model mounted on them. The new test track, which is shown in Fig. 2.5, and this
revised system, greatly reduced the required number of tests needed to understand the aerodynamic
interaction of consecutive rail cars. The experiment error was also reduced because data for each

rail car configuration could be collected in a single test instead of multiple separate tests.

2.1.2 Train Models

There can be a lot of variation in the types and sizes of cars and containers when building
an intermodal train. For this experiment, we tested some of the most common configurations as
well as a few specialty cases. All of the tests were completed with 1/29th scale (G-scale) models
of the rail cars. These models were either purchased from a model train manufacturer or custom
built by a model maker. The following list outlines the types of model train components that were

used in these experiments.

12



¢ Well Cars and Containers

— 40 ft. models
— 48 ft. models

— 53 ft. models
* Specialty Components

— Union Pacific Arrowedge®

— 40 ft. smooth container

Foam boxes to vary gap length

Semi-Trailers on spine cars

Locomotives

Figure 2.6: Image of 48 ft. well car model. Length refers to the recessed well and not the total rail
car length.

The well car is a specific intermodal freight transportation carriage for shipping containers.
These specialized rail cars have a lowered platform between the trucks that the shipping containers
are mounted to. The size of the well car is referenced by the length of this lowered mounting
platform. Since the well car platform is lower to the tracks, it allows containers to be stacked while
maintaining a lower clearance height. Well cars may be individual rail cars or come as articulated
sets of either five or three. In articulated sets, well cars share the trucks of the car in front of them.

For this experiment three lengths of well cars were used: 40 ft., 48 ft., and 53 ft. The 40 ft.

well cars were modified at BYU from a set of five 48 ft. well cars. The 48 ft. cars were purchased
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Figure 2.7: Image of two 40 ft. articulated well car models loaded with double stacked 40 ft.
containers.

Figure 2.8: 40 ft. corrugated container model stacked on a 48 ft. container model. Actual model
lengths are approximately 42 cm and 50 cm respectively.

from USA Trains and a set of three 53 ft. well cars were purchased from a specialized model
maker.

The container models used in this experiment correspond to the lengths of the well cars
used and are three common container sizes used in the United States. The models were purchased
from USA Trains in lengths of 40 and 48 ft. The 48 ft. containers were extended in the middle to
build a set of 53 ft. containers. Figure 2.8 shows a 40 ft. container stacked on a 48 ft. container.
The 53 ft. containers are shown loaded in the 53 ft. well cars in Fig. 2.9. The actual lengths of the

model containers were 42 cm, 50 cm, and 56 cm.
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Figure 2.9: Image of a 53 ft. well car model loaded with double stacked 53 ft. containers. Actual
container model length is approximately 55 cm.

Figure 2.10: Image of the Union Pacific Arrowedge® model used to reduce the drag on the first
and last container cars. The Arrowedge® is stacked on a 48 ft. container loaded in a 48 ft. well
car.

The Arrowedge®, show in Fig. 2.10, is a container for increasing aerodynamics of stacked
intermodal shipping containers on well cars. It was designed and developed by Union Pacific and
undergraduate BYU engineering students. Its purpose is to increase fuel savings by decreasing
drag on the train. It is used on the first and last container cars, in opposing directions, in a train to
reduce the aerodynamic drag on those cars. The Arrowedge® model was purchased from a model
builder and was tested at both the front and rear of the test track with 48 ft. well cars loaded with

48 ft. double stacked containers.
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Figure 2.11: 40 ft. container model with a smooth roof and riveted sides.

Standard intermodal containers are constructed with corrugated sides which may increase
the amount of aerodynamic drag on the container. To explore the influence of container design,
a less common container design was tested and compared to the standard corrugated containers.
These containers have a smooth roof and riveted sides as seen in Fig. 2.11. A set of these container
models, in the 40 ft. length, were purchased and tested. The results were compared to tests with
the 40 ft. corrugated containers.

For this study, one scenario that was explored in testing was the influence of the gap be-
tween containers on the drag. Sets of foam containers with varying lengths were constructed and
tested. The containers were made with a hot wire CNC machine to have the same height and width
as standard double stacked container models and were loaded into the 48 ft. well cars for testing.
Six gap lengths were tested and three of these are shown in Fig. 2.12. Three sets of containers
were designed with the same dimensions as standard double stacked container sizes: 20 ft., 40 ft.,
and 48 ft. containers. The last three sets were designed to extend past the recessed well of the rail
car and test a smaller gap length. One of these is shown in the bottom panel of Fig. 2.12. The gap
length, L,, was normalized by the gap length of a 48 ft. container in a 48 ft. well car.

Semi-trailers can be shipped on a train when loaded on a Spine Car. To investigate this
scenario two semi-trailer models were purchased from a model builder. The trailers that were
tested were identical 48 ft. semi-trailers loaded onto 53 ft. spine cars. The actual length of the

trailer models, shown in Fig. 2.13, was 50 cm. The trailers and spine cars were tested with both
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Figure 2.12: Foam containers constructed to study the drag effect of the load gap. Three of the five
lengths are shown here.

the 53 ft. and the 48 ft. well cars. A semi-trailer side skirt was constructed and attached to one of
the trailer models to examine influence if side skirts are left on when a trailer is loaded on a train.
The side skirts are designed to reduce the drag on a trailer while it is driving on the road and their
drag effect on a train is unknown.

Locomotive models like the one seen in Fig. 2.3 were positioned at the front of the test
track for each wind tunnel test. The drag on the locomotives was not an aspect of this experiment
and was not measured. They were used only to condition the flow and better simulate the flow of
air past rail cars trailing a locomotive. The models were standard G-scale models purchased from

USA Trains.
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Figure 2.13: Side images of a semi-trailer on a 53’ spine car model. The top panel shows a semi-
trailer without a side skirt and the bottom panel shows a semi-trailer with a side skirt.

2.2 Experimental Procedure

Locomotive rail car models were secured to the track using a small gage wire and the
intermodal rail car models were bolted to the track with 1/4 in. bolts. Container models were
secured to the well cars using a small steel rod which was inserted through holes drilled in the
sides of the well car and the container. When two stacked containers were needed the containers
were bolted together. The bolts were placed through the inside of both containers so they did not
interrupt the air flow. Models were checked thoroughly to insure that they were aligned correctly.

A level was used to check vertical alignment and the models were inspected visually for horizontal
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alignment. Once the rail car models were secured the wind tunnel was closed and the load cells
from each test section were zeroed.

As stated before, the load cells were regularly calibrated using a weight and pulley sys-
tem. A set of known weights were hung from the load cells and the resulting sensor output was
measured. The force-voltage data was fit to a linear curve and the slope of the line provided the
constants to scale the load data. Weights ranging from 100g to 1000g were used in either 100g or
200g increments. This range of weights exceeded the range that was measured during any of the
experiments. Load cells were calibrated in both increasing and decreasing increments to determine
if any hysteresis existed. The calibration results showed no sign of hysteresis in the load cells.

All of the data and measurements for the experiments were recorded with a National Instru-
ments data acquisition system and then data was processed using the LabView software package.
For each test the wind tunnel was run twice through speeds 2 through 8 in the high gear and in ran-
dom order. At each speed setting all measurements were sampled at 1 kHz and an average over 30
second was recorded. After all data had been recorded the drag coefficient, Cy4, and the Reynolds

number, Re, were calculated with Eqns. 2.1 and 2.4.

2.3 Uncertainty Analysis

Uncertainty for a set of experimental data is a measure of the error associated with the data
measurements. Experimental uncertainty is a combination of systematic and random error [29].
Systematic error is introduced by the measurement devices in an experiment and their inability
to measure the true value of a parameter. All measurement devices will show some variability
when measuring a parameter. This variability is seen in the form of elemental errors, e, such as
hysteresis or non-linearity. A given instrument may show multiple elemental errors and these need
to be combined to determine the total systematic uncertainty, ug, for the instrument. Elemental
errors are combined using the root-sum-squares method or RSS method. The RSS method is

shown in Eqn. 2.5.

uszi\/e%—i—e%—k...—ke,% (2.5)
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Random error is a result of experimental conditions and is evidenced by a scattering of the
collected data. Experimental procedures, variations in the test environment, and the repeatability
of the experiment may all contribute to the random error of a data set. These types of errors are
often unavoidable but the overall effect or random error on a data set may be reduced by averaging
over a large set of data point and by collecting multiple sets of data for each experiment. The

random uncertainty for a set of data, u,, is calculated using Eqn. 2.6.

Uy =ty Oy (2.6)

Where o, is the standard deviation of the data set, #y . is the Students t-score which is
based on the degrees of freedom, v, and the confidence level, c. Generally, a confidence level of
95 percent is used, which is the case for this study.

To find the total uncertainty, U,, for a given measured parameter the systematic uncertainty,
ug, and random uncertainty, u,, for parameter need to be combined. This can be done by again using

the RSS method as shown in Eqn. 2.7

Uy =+ u2 +u? 2.7)

U, is the total uncertainty for a single parameter and this method may be used to find the
uncertainty of all the parameters that are measured directly in the experiment. When the desired
parameter is the result of an equation that contains several measured parameters, then additional
statistical methods must be used to determine the uncertainty of the calculated value. The goal
of this study was to measure the aerodynamic drag coefficient, C;, for intermodal rail cars which
cannot be measured directly. The drag coefficient is calculated using Eqn. 2.4. The equation may
be modified so that it only contains parameters that were measured directly in the experiment. The

result is shown in Eqn. 2.8.

Fp

C; =
4™ APAp

(2.8)

Fp is the drag force on the rail car models measured in newtons. AP is the differential
pressure measured from the pressure transducer in pascals. Ap is the drag area which was the

frontal area of two stacked container models.
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To calculate the systematic uncertainty for, C;, the systematic uncertainty for each of the
parameters in Eqn. 2.8 are combined using a method similar to the RSS method. This method
requires the calculation of an absolute sensitivity coefficient for each parameter along with that
parameter’s systematic uncertainty, us,. The absolute sensitivity coefficient, ®,, is the partial

derivative of the C; equation with respect to the parameter x, as shown in Eqn. 2.9.

agy

0, =24
ox

(2.9)

After ug  and O, are calculated for each measured parameter in the drag coefficient equa-

tion, then the systematic uncertainty for Cd can be calculated using Eqn. 2.10.

UsCy = \/(®FDMS7FD)2 + (®aptsaP)? + (Oapits 4, )? (2.10)

The random error for the result calculated from multiple datasets can be calculated by

modifying Eqn. 2.6 to calculate the random error for multiple data sets instead of a single set of
data points. This is shown in Eqn. 2.11

U, =y o 2.11)

where

v=n—1 (2.12)

The Student’s t is based on the degrees of freedom, v, and a confidence level of 95%. o,
is the standard deviation of the means.
The total uncertainty for Cp can be calculated by modifying Eqn. 2.7, substituting u c,, for

ug and u,c,, for u,. The result is shown in Eqn. 2.13

Ucp = /U2, +u? (2.13)

5,Cp rCp

In each experimental test case for this study a mean C,; was calculated from the data for
each speed at which the wind tunnel was operated. These mean C,; values were then averaged to

find a mean C; for the entire dataset. Multiple datasets were obtained for every test case in the
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study and the C; values were averaged resulting in an absolute mean C, for a given test scenario.
Uncertainty analysis was performed for both the single test section track and the three test section
track using a Student’s t score based on a confidence interval of 95%. The average total uncertainty
of the C; values for the single test section track was shown to be approximately 0.85%. The
average uncertainty of the C,; values for the three test section track were 0.74%, 0.88%, and 1.3%;
or an average of 0.98%. The measured data was also shown to be very repeatable. Similar test
configurations were tested on both the single test section track and the three test section track with

several months of time between tests. These tests resulted in C; values that were nearly identical.
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CHAPTER 3. RESULTS AND DISCUSSION

In this chapter the results of the wind tunnel tests will be presented and discussed. Shown
in Fig. 3.1 are test results where the drag coefficient was measured for a central car in a set
of five intermodal 48 foot well car models. Each well car was loaded with two stacked 48 foot
containers. This configuration was used as a baseline for comparison with many of the other tests
that were conducted. The graph provides the drag coefficient(C,) plotted as a function of Reynolds
number(Re) for two repeat wind tunnel tests. Each test consisted of seven discrete speeds run

through two times, for a total of four measurements at each nominal speed.

0.29 |
0.28 |
0.27 |
0.26 |
0.25 |
0.24 | o
023 %

022 |

0.21

1.8 2 2.2 24 2.6 2.8

Re x10°

Figure 3.1: Average drag coefficient as a function of Reynolds number for a representative test
case of a centrally placed well car in a set of five well cars.
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The data shows very little variation in C; with varying Re (speed). In this case the maxi-
mum variation is approximately 3% compared to the average value across all Reynolds numbers.
Since the Cjy is relatively constant across the range of Re tested it was determined that these data
points could be averaged resulting in a single C; value for a given test configuration. From here
on, averaging over a similar number of data points will be presented to describe the results for the

various test configurations.

3.1 Baseline Tests

The first few sets of tests with the 48 foot well cars were conducted using the first test
track described in chapter 2. Force measurements were recorded on a single rail car in each test.
The track setup was generally the same for each test case with two locomotive models at the front
followed by the set of five 48 foot well cars. The third and central well car of the set (5th car in the
train) was placed on the test section for all the tests.

The goal of the first set of tests with the 48 foot (model length of 19.9 in.) well car models
was to explore three different sized and types of containers that are commonly used and to quantify
how the drag on the car is changed for these scenarios. These tests were performed using the single
test section track described in chapter 2. All data was collected in the wind tunnel using a set
of five 48 foot well cars with two leading locomotives as described previously. Three container
configurations were tested and these are shown in Fig 3.2.

The height and width for all container models was the same at 4 in. and 6.5 in., respectively.
The length of the 48 foot container models was 19.9 in. and the length of the 40 foot models was
16.6 in. In the first case, each well car was loaded with two stacked 48 foot containers with standard
corrugation on the top and sides. In the next case, the cars were loaded with two stacked 40 foot
containers with standard corrugation. In the third case, the cars were loaded with two stacked 40
foot containers of a different and much less common type. These last containers have a smooth
roof and riveted sides rather than the corrugation seen on most shipping containers. An average
drag coefficient was calculated for each of these cases and the results are presented in Table 3.1.

In comparing the measured C,; values for the three scenario, we see the importance of
container matching. Container matching is a process of matching the length of the container with

the length of the well car. When 40 foot containers are placed in a 48 foot well cars the resulting
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Figure 3.2: Images of container models utilized in the 48 foot well car models. Corrugated 40 foot
containers are shown in the top panel; smooth 40 foot containers are shown in the middle panel;

corrugated 48 foot containers are shown in the bottom panel.

Table 3.1: Average drag coefficient results for tests run with 48 foot well car
models loaded with 40 foot and 48 foot containers.

Container Type | Average Drag Coefficient | Percent Drag Reduction
40 foot Corrugated 0.28 Baseline
40 foot Smooth 0.26 7.14 %
48 foot Corrugated 0.23 17.9 %

drag coefficient is 0.28. The drag coefficient is reduced by 17.9% to a C; value of 0.23 when 48

foot containers are loaded into the 48 foot well cars. Reducing the distance between the loads

reduces the size of the vortices at the point of separation which reduces the pressure drag on the
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rail cars. This was further explored in other parts of the research. The containers with the smooth
roof resulted in 7.1% less drag than the standard corrugated containers. This is due to the elevated

drag caused by flow separation off of the corrugation.

3.2 Partial Loads

Loading configurations on an intermodal train are dynamic and changing due to loading
and unloading of containers at each train yard. This sometimes results in single stacked containers
or empty well cars interspersed with double stacked cars. Such loading results in an increase in
aerodynamic drag on the train. Since several configurations of empty loads are possible, it becomes
important to understand which configurations incur the greatest and least amount of drag. This will
allow operators to choose the optimal configuration for a given situation. In order to investigate
this, wind tunnel tests were conducted on various partial load configurations using three different
lengths of well cars.

Tests were conducted with 40, 48, and 53 foot length (model lengths of 16.6, 19.9, and 21.9
in.) well cars with containers of corresponding length. All of these tests were conducted using the
three car test section track. A set of five well cars with two leading locomotives was used with
the 40 and 48 foot cars. Only a set of three 53 foot well cars was available and so these cars were
placed on the three car test section track with a 48 foot well car placed in front of and behind the
53 foot cars, in a similar configuration to the 40 and 48 foot cars. In all cases the drag coefficient
was measured for each of the three cars mounted on the test sections. A container weighted drag

coefficient was calculated using Eqn. 3.1.

(Cdl +Cp+... +Cd,,)
C

Can = (3.1)

Where n is the number of cars in the system and c is the total number of containers loaded.
For each car length a baseline was established with all cars loaded with two stacked con-
tainers. Varying configurations were then tested in which one, two, three, or four containers were

removed. This resulted in a total of ten tested configurations as shown in Fig. 3.3.
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3.2.1 40 foot well cars

The drag coefficient results for the 40 foot well car tests are shown in Fig. 3.3. The drag
coefficient for each of the three cars is shown, however in some cases this does not represent the
change in drag for the whole set of five cars. In cases where an empty load is adjacent to the first
or last car in the set, the drag on those cars would also be affected. In order include the drag on the

first and last car in the analysis the following assumptions were made:

1. The set of five cars is centrally placed in a unit train of similar fully loaded well cars.

2. The drag on a rail car is only affected by its own configuration and that of the cars directly

in front of and behind it.

3. The drag coefficient for the first or last car can be estimated using results from one of the
configurations shown in Fig. 3.3. For example when a single container is removed directly
in front of an untested car the C; of the untested car would be equivalent to C; value for the

third car in configuration number 1.

The validity of these assumptions can be shown with closer examination of the data in Fig.
3.3. In the baseline configuration (configuration 0) the C, values for the three test cars are nearly
uniform. If assumption two were not true and the drag on a rail car is affected by more than the
cars directly in front of and behind it then a higher C; value would be expected for test cars one
and three.

Using the above assumptions, a container weighted drag coefficient was calculated for the
entire set of five well cars for these partial load configurations and is shown in Fig. 3.4. The
weighted drag coefficient for each configuration was compared to the baseline case to calculate a
percent increase of Cy ,. For the 40 foot well car results several trends were observed. As expected
the Cy , increased as more containers were removed. When only one container is removed the car
location is irrelevant. When two containers are removed there are three possible configurations.
The results show that configuration number two has the lowest Cy ,, of the three, with an increase
of 30%. Configurations three and four increase Cy , by 45% and 47% respectively. This suggests
that if two containers are to be removed they should not be removed from the same car but from

two adjacent cars. When three containers are removed, configuration five, with an increase of
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. Five-pack of 40 ft. intermodal well cars loaded with 40 ft containers
Configurations Cy C, C,
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Figure 3.3: Average drag coefficients for partial load configurations with a set of five 40 foot well
cars.
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27% is very favorable over configurations six and seven, which show increases of 51% and 59%.
In the case of four removed containers, configuration number nine increases Cy , by 84%, which
is significantly better than the 120% increase of configuration number eight. All of these results
show that a single long gap between loads is favorable to multiple gaps of shorter length. When
a container is removed leaving and empty slot this increases the size of the vortices at points of
flow separation which increases the pressure drag on the rail car. Some configurations also result
in new regions of flow separation. The flow separates each time the it has to move up or down
in configurations 6 or 7. This results in more low pressure vortices and a significant increase in

pressure drag.
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Container weighted drag coefficient for a set of five 40 ft. well cars
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Figure 3.4: Container weighted drag coefficients for a set of five 40 foot well cars in several partial

load configurations.

3.2.2 48 foot well cars

The drag coefficient results for the 48 foot well cars tests are shown in Fig. 3.5. The same
assumptions used with the 40 well cars were used to calculate a container weighted Cy ,, for the set
of five 48 foot well cars. These results are shown in Fig. 3.6. The same trends were observed in
these results as with the 40 foot well car results. Configurations number one, two, five, and nine

remained the most favorable for their respective number of missing containers (one, two, three,
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and four). However, while the trends remained the same, the magnitudes of the Cy ,, values were
greater for nearly all of the 48 foot well car results. This suggests that partial loads have a greater

influence on the drag of the longer 48 foot well cars.

. Five-pack of 48 ft. intermodal well cars loaded with 48 ft containers
e -- ---
Configurations Cy C, C,
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Figure 3.5: Average drag coefficients for partial load configurations with a set of five 48 foot well
cars.
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3.2.3 53 foot well cars

The drag coefficient results for the 53 foot well cars tests are shown in Fig. 3.7. Since
only a 3-pack of 53 foot well cars was available, assumptions 1 and 3 could not be used. For
this reason a 5-pack analysis similar to the 40 and 48 foot well car tests could not be conducted.
Instead the container weighted Cy , could only be applied to the three test cars. For this reason, the

trends differ greatly from those of the 40 and 48 foot well cars. For example, configurations 3, 5
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Container weighted drag coefficient for a set of five 48 ft. well cars
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Figure 3.6: Container weighted drag coefficients for a five-pack of 48 foot well cars in several
empty load configurations.

and 7 have the lowest container weighted C, ,, for their respective number of missing containers.
However, due to the limits of the 53 foot configurations, the drag effect on the car in front and
behind the set of three was not included in this analysis. If a test were conducted with a set of
five 53 foot well cars, it is predicted that the same trends would be observed as with the other car

lengths.
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Three-pack of 53 ft. intermodal well cars loaded with 53 ft. containers between 48 ft. well cars
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Figure 3.7: Average drag coefficients for partial load configurations with a three-pack of 53 foot
well car models. The last column shows the container weighted drag coefficients for the three-pack
of well cars.

3.3 Container Gap Experiment

This experiment was conducted using the single test car section track and a set of five 48
foot well cars. In place of the container models that were used in other testing, sets of foam models
were constructed as described in chapter 2 and shown in Fig. 3.8. Six sets of five foam models
were built at six different lengths. The height and width of each model was equivalent to the height
and width of two double stacked container models. The length of the first three sets corresponded
to the lengths of 20, 40, and 48 foot (8.28, 16.6, and 19.9 in. model dimensions) containers. The
remaining three sets had lengths of 21.1, 22.7, and 24.2 inches

The six sets of containers resulted in container gap lengths of 40, 20, 12, 9, 5, and 1 cm. The
40, 20, and 12 cm cases corresponded to the gap width of a 20 ft, 40 ft, and 48 ft containers. Three

of the six gap lengths are shown in Fig. 3.9. The 12 cm gap was chosen as the baseline because
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Figure 3.8: Foam containers constructed to study the effect of the container gap on the drag.

this 1s the resulting gap when 48 foot containers are loaded into 48 foot well cars. A normalized
gap length, Lg, was calculated by dividing each gap length by the baseline length. The average C,
values based on the normalized gap length are shown in Table 3.2. The percent deviation from the
baseline for each case is also shown. The data was then graphed and fit to a curve as shown in Fig.

3.10. The equation of the curve is shown in Eqn. 3.2.

Table 3.2: Average C; value with
normalized gap width. The third
column shows the percent
deviation from the
baseline.

Lg | Cy % from baseline
3.33 1 0.403 | 38%

1.67 | 0.348 | 19%

1 0.292 | Baseline

0.75 1 0.279 | -4.5%

0.42 | 0.245 | -16%

083 | 0.139 | -52%

Cy = 0.4115¢001152Le _ () 22940674418 (3.2)

The graph and trend line show that as the container gap length is reduced shorter than the
baseline the drag on the rail car is reduced at an increasing rate. This suggests that even small

reductions in the container gap would result in favorable drag reduction. This is because reducing
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Figure 3.9: Foam containers constructed to study the effect of the container gap on the drag. Three
of the six lengths tested are shown above.

the gap distance between loads reduces the size of the vortices at the points of flow separation
which reduces the pressure drag on the rail car. The following section focuses on a practical way

to reduce the container gap length by using a longer container for the top container in a stack.
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Figure 3.10: Average C,; as a function of normalized container gap width Lg, for containers loaded
on 48 foot well cars.

3.4 Mixed Loading

. Set of five 40 ft. intermodal well cars loaded with 40 ft. containers
Locomotives

C,=0225  C,=0239  C,=0226

C,=0227  C,=019%  C,=0.171

. s T T

C,=0185  C,=0.18  C,=0.188

Figure 3.11: Average C; values for configurations where a 53 ft. container is loaded onto a 40 ft.
container in a set of 40 ft. well cars.

To reduce the gap distance between loads, 53 foot containers can be stacked on top of 40
foot containers loaded into 40 foot well cars. To test the effect that this has on the drag of the

railcars, 53 foot containers were tested with a set of five 40 foot well cars in two configurations
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as shown in Fig. 3.11. Configuration 1 used only one 53 foot container on the third and central
well car and configuration 2 used 53 foot containers on the second and fourth well cars. This
test utilized the three car test section track and the average C; values for the three test cars for

configurations 1, 2, and a baseline case are shown in Fig. 3.11.

Average drag coefficient for a centrally located set of five 40 ft. well cars

-l == == = = = .-

AverageC,;=023 1 Baseline

-~ N = . .-

Average C,;=0211 8.3 % reduction

-l T .-

AverageC,;=0.191 1 17 % reduction

Figure 3.12: Average C, values for a set of 40 ft. well cars with mixed loading. The percent
deviation from the baseline is shown for each case.

The same assumptions used in the partial loads section were applied to this data to then
calculate an average C; for the set of five 40 foot well cars in these configurations. These results
along with the percent deviation from the baseline are shown in Fig. 3.12. The results show that
adding a single 53 foot container to a set of well cars reduces the average drag on the set by 8.3%.
Configuration 2 with two 53 foot containers reduces the average C; of the well car set by 17%. If
configuration 2 was applied to each well car set in a unit train of 100 well cars the potential drag

reduction for the whole train could be approximately 17%.

3.5 Arrowedge®

The first well car in an intermodal train (directly following the leading locomotives) has
a higher drag than any of the following well cars. This is due in large part to the height of two
double stacked containers in a well car being significantly higher than the height of the leading
locomotives. This height difference incurs a large amount of pressure drag on the first well car. To
reduce drag on the first well car a streamlined faring called the Arrowedge® was developed by the

rail company Union Pacific in 2013. The streamlined profile aimed to reduce the amount of drag
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caused by the height transition. A scale model of the Arrowedge® was tested in this research to
quantify the drag reduction of this design. These tests were performed with the 48 foot well cars
and the single test section track, as shown in Fig. 3.13. The Arrowedge® was tested at both front
and the rear of the train mounted on top of a 48 foot container. The drag on the car behind the
Arrowedge® was also measured to determine what, if any, effect the Arrowedge® has on trailing

rail cars. Average C, results for the Arrowedge® in both configurations are shown in Table 3.3.

! Air Flow °|*

Figure 3.13: Image of the model that was tested at both the front(top panel) and the rear of the
train(bottom panel).

Table 3.3: Average drag coefficient results for tests run with the Arrowedge® model.

Car Position First well car Last well car
Container Type Standard container | Arrowedge® | Standard container | Arrowedge®
Average Cy 0.56 0.27 0.32 0.23
% Reduction in Drag 51.7 % 30.1%
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Tests with the Arrowedge® at the front of the train resulted in 52% drag reduction com-
pared to the case where the leading container car consisted of a double stack of 48 foot containers.
When tested at the rear of the train, mounted in the reverse direction, the drag on the last well
car was reduced by 30% compared to a car with double stacked 48 foot containers. Interestingly
the effect on the drag for the 2nd car from the front was negligible. These results show that the
Arrowedge® can significantly reduce the drag on the first well car, but that it has little to no effect
on other cars in the train. The Arrowedge® is a great example of how streamlining an object can
result in a large drag reduction. The streamlined shape reduces the pressure drag by reducing the
frontal area where the pressure is highest and reducing flow separation. It should be noted that
further research by a different team at BYU redesigned the Arrowedge® to significantly reduce

production costs but keep similar drag reduction [30].

3.6 Trailers

Semi trailers are often transported on intermodal trains. They are loaded onto spine cars
that are coupled to other types of intermodal rail cars. They also contribute to the aerodynamic
drag of the train, so studies were conducted to determine the affects of common trailer loading
configurations. Tests were conducted using the three car test section track with 53 foot well cars
in the configuration shown in Fig. 3.14. Two semi trailers were tested in four configurations
which varied whether each trailer was facing forwards(<=) or backwards(=-). For example the
trailer configuration shown in Fig. 3.14, with two trailers facing forwards, would be represented
with <=<«. Results for this study are shown in the top half of Table 3.4. Configuration 2 <=-
gave the smallest C;, while configuration 3 =< showed the highest C;. This suggests that when
two trailers are loaded onto rail cars, they should be configured so that the wheel assembly of the
trailers are adjacent to one another. The wheel assembly of the trailers disturbs the flow and causes
flow separation which increase the pressure drag. In configurations where the wheel assemblies of
the two trailers are far apart two separate regions of separation occur. In the optimal case the two
wheel assemblies are close together and result in a single region of separation which reduces the
pressure drag on both trailers.

Semi trailers are often equipped with side skirts to reduce drag when they are driven on

the road but the effect side skirts exert on drag when these trailers are loaded onto rail cars has
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Testing configuration used for semi-trailers

Locomotive 53 ft. well cars with one 53 ft. container

Figure 3.14: Diagram of the testing setup for semi-trailers among 53 foot well cars.

Table 3.4: Average drag coefficients for
semi-trailer in multiple configurations
with 53 foot well cars.

Configuration | Cyg Ca Average
l <= 0.400 0.344 0.372

2 &= 0.389 0.330 0.360
3=« 0.488 0.367 0.428

4 == 0.470 0.353 0412
With skirting

Is <=« 0.396 0.322 0.359
28 == 0.383 0.314 0.349
3s =<« 0.489 0.333 0411
4s == 0.467 0.324 0.396

not been explored. To examine this in a preliminary way, semi trailers with side skirts were tested
in identical configurations as described above. The results of these tests are shown in the bottom
half of Table 3.4. Configuration 2 again had the lowest C; while configuration 3 had the highest.
All trailers with side skirts showed lower average C,; values than those without skirts in the same
loading configuration. This shows that when trailers are loaded onto a train the side skirts should
not be removed but remain attached. In general the side skirts decreased the C,; values by 3.1 to

4.0%, depending on the combined trailer positions.
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CHAPTER 4. CONCLUSION

The objective of this research was to characterize the aerodynamic drag on intermodal
train builds and allow their build to be optimized for fuel efficiency. The results presented in the
previous chapter illustrate that the drag can be optimized in many ways. Four scenarios were
investigated, the partial loading of well cars, the influence of the gap between containers, use of
the Arrowedge® addition, and the inclusion of semi trailers among well cars.

The results for partial loading of well cars shows that close attention should be paid to
container configurations whenever containers are removed. Partial loads will always result in an
increase of drag but that increase can be minimized by choosing the best loading configuration.
With the 40 foot well cars, when two containers were removed the drag increase ranged from 30-
47%. When three containers were removed the increase ranged from 27-59%. When four container
were removed the increase ranged from 84-120%. Similar results were observed with the 48 foot
well cars. These results showed that when containers are removed for a set of well cars the best
option is to remove them from adjacent cars, creating one large gap as opposed to several smaller
ones.

The influence of the container gap length was illustrated in several of the results. First, the
baseline results highlight the importance of container matching. Here a 17.9% reduction in drag
occurred when 48 foot containers were loaded into 48 foot well cars instead of 40 foot containers.
The data from the container gap experiment showed that the drag coefficient relates to the gap
length with an exponential function; as the gap width increases the C; value increases as well.
Three gap lengths shorter than a baseline width were explored and resulted in reductions in the
drag of 4.5%, 16%, and 52%.

The test data for the mixed loading of 40 and 53 foot containers in 40 foot well cars showed
possibilities for significant reductions in drag. With the addition of just one 53 foot container

placed on one 40 foot container, the average drag on a set of five well cars was reduced by 8.3%.
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When two 53 foot containers were placed on two 40 foot containers, the average drag on a set of
well cars was reduced by 17%.

The data from the streamlined Arrowedge® shows that it has a significant effect on the
drag of the car it is loaded onto, but negligible influence on surrounding cars. At the front of the
train the Arrowedge® showed a 51.7% reduction in the drag on the leading well car and a 30.1%

reduction for the drag on the well car at the rear of the train.

4.1 Future Work

There remain several aspects of intermodal trains that could be investigated to reduce aero-
dynamic drag. This research focused mainly on the gap distance between loads and on partial
loading configurations and very little on design changes to containers or rail cars. The results from
the Arrowedge® highlight the benefit of streamlining and new more streamlined designs could be
applied to well cars a containers. Other modifications could be added to existing well cars like side
skirts or covers to make the rail cars more aerodynamic.

The results from the partial loads tests gives insight into how and in what configuration
containers should be loaded and unloaded. This could be further expanded to examine the interac-
tion between multiple sets of well cars with partial loads. Ultimately an aerodynamic model could
be developed for the loading configuration of an entire intermodal train. This would aid controllers
in maintaining the most aerodynamic container configuration possible.

The gap length between containers is a large contributor to the drag on well cars. Reducing
the container gap may significantly reduce drag but introduces several logistical problems. Time
required to attach and remove a gap filling device to a 100 car train could outweigh the potential
aerodynamic benefit. The use a mixed loading is one solution to this but future research could

investigate a practical gap filling device.
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APPENDIX A. DATA TABLES

Baseline Results

40 foot Corrugated Test: 1 Test: 2

Dabs) T(K) Vims) pkgm’)  Re C, | Dabs) T® Vims) pkgm’)  Re c,
133 302 472 0.983  2.61E+05 0276 1.60 300  50.1 0.990  2.80E+05 0.299
173 304 524 0.980  2.87E+05 0292 1.07 301 417 0.989  2.33E+05 0.289
036 301 249 0988  1.38E+05 0.260| 128 302 454 0.986  2.52E+05 0.291
162 304 519 0979  2.85E+05 0278| 0.69 301  33.8 0.987  1.88E+05 0.282
073 303  35.1 0983  1.94E+05 0271| 1.14 302  43.0 0.985  2.38E+05 0.289
141 304 486 0980  2.67E+05 0276 1.69 303  50.4 0.982  2.77E+05 0315
096 303 402 0981  221E+05 0274 031 302 240 0.984  133E+05 0.256
120 303 447 0.981  2.46E+05 0277 091 303 387 0.982  2.13E+05 0.286
108 303 426 0.981  234E+05 0273| 136 304 468 0.979  2.56E+05 0.294

40 foot Smooth Test: 1 Test: 2

D(bs) Tk Vms) pkgm’)  Re  C, | Dabsy T(K Vms) pkgm’)  Re — C,
123 297 460 1003 2.63E105 0269 120 303 454 0081  2.49E+05 0.248
091 298 398 1000  226E+05 0267| 1.08 304  43.0 0.979  2.36E+05 0.247
111 298 439 0.999  2.49E+05 0.267| 0.87 304 383 0.979  2.10E+05 0.246
100 298 420 0998  2.38E+05 0.264| 0.64 304 326 0979  1.78E+05 0.245
147 298 50,0 0.997  2.83E+05 0274 157 305 504 0.975  2.74E+05 0.265
129 299 474 0.995  2.67E+05 0268| 097 305  40.8 0.974  2.22E+05 0.247
0.66 299 346 0.995  1.95E+05 0258| 146 306 502 0972 2.71E+05 0.250
156 299 50.0 0.995  2.82E+05 0.290| 032 305 225 0.974  122E+05 0.241
031 299 248 0.994  1.40E+05 0236 126 306 468 0.971  2.53E+05 0.248

48 foot Corrugated Test: 1 Test: 2

Dabs) TK Vms) plegm’)  Re C. | Daps)y T®K Vs plegm’)  Re  C,
041 301 27.1 0986  151E+05 0222| 040 298 282 0.998  1.60E+05 0.235
028 301 220 0.986  122E+05 0218 076 302  39.1 0.986  2.17E+05 0.236
098 302  43.1 0981  2.38E+05 0.225| 095 303 435 0.983  2.40E+05 0.236
1.06 303 453 0978  248E+05 0.223| 112 304  47.1 0.980  2.58E+05 0.239
088 304 412 0975  225E405 0.221| 027 303  24.1 0.983  133E+05 0216
130 305 504 0973  2.74E+05 0.224| 1.03 304 455 0.978  2.49E+05 0.236
141 305 507 0971  2.75E+05 0.238| 135 305 505 0976  2.75E+05 0.251
115 306 472 0970  2.55E+05 0224| 127 305 503 0.975  2.74E+05 0.238
0.78 306 387 0970  2.09E+05 0.222| 085 305 416 0.975  227E+05 0233

Figure A.1: Wind tunnel results from baseline tests. Re and C; calculated with L = 10.48cm and
Ap = 191.8cm?
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40 ft. Partial Loads Results

Configuration: 0 Test: 1 T =298 K p = 0.99 kg/m’ Test: 2 T =296 K p = 0.99 kg/m’

DI(N) D2(N) D3(N) V(ml) Re Cu Cgq Cgu |DI(N) D2(N) D3(N) V(mis) Re Cy Cp Cg
401 427 399 432 24E+05 0225 0240 0.224| 373  4.02  3.79 415 24E+05 0227 0244 0.230
461 495 462 468 2.6E+05 0222 0238 0222 4.04 434 412 432 25E+05 0227 0.243 0231
246 269 244 340 19E+05 0224 0245 0.223| 526 549 531 497 28E+05 0223 0233 0.226
523 556 527 498 2.8E+05 0.223 0237 0225 324 350 335 392 22E+05 0222 0239 0.229
366 391  3.64 416 2.3E+05 0.224 0240 0.223| 248 264 248 341 1.9E+05 0224 0238 0.224
315 341 319 389 22E+05 0221 0238 0223 476 511 490 472 2.7E+05 0224 0241 0231
428 453 423 452 25E+05 0222 0235 0219 445 463 445 453 2.6E+05 0228 0237 0.228
319 344 317 39.0 22E+05 0.222 0240 0.220| 249 263 250 339 1.9E+05 0227 0240 0.228
241 262 243 339 19E+05 0221 0241 0223 531 560 538  49.6 28E+05 0227 0.239 0.230
360 391 361 411 23E+05 0.225 0244 0225 3.18 344 326 387 22E+05 0223 0241 0.229
436 463 431 452 25E+05 0225 0239 0223| 446 467 442 451 2.6E+05 0230 0241 0.228
386 4.2 384 430 24E+05 0.221 0236 0.220| 3.70  3.89  3.67 412 23E+05 0229 0241 0.227
527 553 520  49.6 2.8E+05 0.227 0238 0.224| 470 498 470 465 2.6E+05 0228 0242 0.228
459 490 459 468 2.6E+05 0.223 0238 0.223| 4.04 424 404 430 24E+05 0230 0.241 0.230

Configuration: 1~ Test: 1 T =300K p = 0.99 kg/m’ Test: 2 T=297K p=10kgm’

DI (N) D2 (N) D3 (N) V(m/s) Re Cd] CdZ Cd3 Dl (N) D2 (N) D3 (]V) V(m/s) Re Cd] CdZ Cdg
677 174 10.14 497 2.8E+05 0.288 0.074 0430 4.17  1.10 630 388 22E+05 0289 0.076 0.436
473 121 726 415 23E+05 0289 0.074 0443 566 148 864 453 26E+05 0289 0.076 0.441
565 148 860 452 2.5E+05 0.291 0.077 0443 675 171 1037 499 28E+05 0284 0.072 0435
410  1.04 624  39.1 22E+05 0283 0.072 0430 4.66  1.17 7.9 414 23E+05 0285 0.071 0.440
503 127 765 432 24E+05 0285 0.072 0433| 511 140 790 432 25E+05 0286 0.078 0.442
315 084 476 341 19E+05 0285 0.076 0.432| 3.12 086 487 340 19E+05 0284 0.078 0.443
598 155  9.00 467 26E+05 0289 0.075 0.434| 609 164 946 468 2.7E+05 0291 0.078 0.451
547 134 834 452 2.5E+05 0.283 0.069 0431 505 140 778 431 24E+05 0.285 0.079 0.440
505 127 767 430 24E+05 0288 0.073 0.437| 399 110 617 386 22E+05 0280 0.077 0.433
466 121  7.09 412 23E+05 0291 0.076 0.442| 3.05 088 472 337 19E+05 0.280 0.080 0.434
413 1.04 639 388 22E+05 0290 0.073 0448 585  1.60  9.09 467 26E+05 0281 0.077 0.437
313 086 475 337 19E+05 0291 0.080 0.442| 550 148 845 449 26E+05 0285 0.077 0.438
673 172 1007  49.7 28E+05 0288 0.074 0.431| 457 126  7.07 409 23E+05 0287 0.079 0.444
589 146 897  46.6 2.6E+05 0287 0.071 0437| 671 177 1024 496 2.8E+05 0286 0.076 0.436
Configuration: 2 Test: 1 T =299K p = 0.99 kg/m’ Test: 2 T=297K p = 0.99 kg/m’

DI(N) D2(N) D3(N) V(mks) Re Cg4 Cgq Cg |DI(N) D2(N) D3(N) V(mls) Re Cu Cp Cu
513 128 778 412 23E+05 0315 0.078 0478 6.13 155 926 447 26E+05 0319 0.081 0.482
609 1,50 927 452 2.5E+05 0313 0.077 0477 743 185 1135 493 28E+05 0321 0.080 0.490
556 136 839  43.1 24E+05 0315 0.077 0476 560 141 850 432 24E+05 0315 0.079 0479
339 086 514 338 19E+05 0311 0.079 0472| 512 131  7.80  41.1 23E+05 0318 0.081 0.485
449 1.3 680 385 22E+05 0318 0.080 0482 341 088 518 339 19E+05 0312 0.081 0.474
652 154 981 465 26E+05 0316 0.075 0475 643 162 977 464 26E+05 0314 0.079 0477
743 179 1132 494 28E+05 0321 0.077 0488| 453 1.8 694 387 22E+05 0317 0.082 0485
334 088 512 337 19E+05 0310 0.081 0475 6.15 156 951 450 26E+05 0318 0.081 0.492
548 130 835  43.0 24E+05 0312 0.074 0476 734 182 1115 493 28E+05 0317 0.078 0.482
6.54 159 993 467 26E+05 0316 0.077 0.479| 342 091 522 336 19E+05 0318 0.084 0.485
447 111 681 386 22E+05 0316 0.079 0.481| 647 159 975 462 26E+05 0318 0.078 0.479
6.05 150 927 451 25E+05 0313 0.078 0480 507 128  7.76  41.0 23E+05 0318 0.080 0.486
504 127 770 409 23E+05 0317 0.080 0.484| 562 142 844 427 24E+05 0323 0.082 0.484
734 182 1106  49.6 28E+05 0315 0.078 0475 442 113 673 383 22E+05 0315 0.081 0.480

Figure A.2: Wind tunnel results from partial loads tests with 40 ft. well cars. Re and C; calculated
with L = 10.48cm and Ap = 191.8cm?
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40 ft. Partial Loads Results Continued

Configuration: 3 Test: 1 T =300K p = 0.99 kg/m’ Test: 2 T =298K p = 0.99 kg/m’

DI(N) D2(N) D3(N) V(mls)y Re Cu Cgu Cg |DI(N) D2(N) D3(N) V(mk) Re Cy Cup Cg
116 888  1.05 432 24E+05 0.065 0.499 0.059| 094 733 085 385 22E+05 0.066 0516 0.060
144 1156 136  49.6 28E+05 0.062 0.497 0.058| 071 554 063 337 19E+05 0.066 0513 0.058
0.87 740 085 393 22E+05 0.059 0.507 0.058| 106 898 097 427 24E+05 0.061 0515 0.056
0.69 557 064 341 19E+05 0.063 0.507 0.059| 130 1045 121 465 26E+05 0.064 0509 0.059
100 809 094 413 23E+05 0.062 0.500 0.058| 124  9.83  1.13 449 25E+05 0.064 0511 0.059
116 1052 117 469 26E+05 0.056 0.506 0.056| 1.03 824 095 409 23E+05 0.065 0517 0.060
121 967 115 452 25E+05 0.062 0.500 0.059| 139 1198 142 495 28E+05 0.060 0.515 0.061
1.01 807 092 412 23E+05 0.063 0.502 0.057| 122 1028 1.16 462 2.6E+05 0.060 0.507 0.057
129  11.89 132 495 2.8E+05 0.056 0.513 0.057| 099 808 094 409 23E+05 0.062 0.508 0.059
123 982 1.4 453 2.5E+05 0.063 0.507 0.059| 0.66 545 062  33.6 19E+05 0.061 0.508 0.058
112 885  1.08  43.1 24E+05 0.064 0.504 0.061| 1.08 881  1.02 425 24E+05 0.063 0513 0.059
117 1046 117  46.6 26E+05 0.057 0511 0.057| 1.17  9.89  1.11 445 25E+05 0062 0522 0.058
085 7.9 079 387 22E+05 0.060 0.506 0.056| 090 722 080 384 22E+05 0.064 0516 0.057
0.69 548 061 337 1.9E+05 0.064 0.508 0.057| 146 1171 139 492 28E+05 0.064 0.510 0.060
Configuration: 4  Test: 1 T=297K p=0.99 kg/m3 Test: 2 T=298K p=0.99 kgm3

DI(N) D2(N) D3(N) V(ms) Re Cuq Cu Cgq |DI(N) D2(N) D3(N) V(mk) Re Cuy Cap Cu
190 250 11.84 497 28E+05 0.081 0.106 0.504] 1.57 208 950 451 26E+05 0.081 0.107 0.489
1.60 216 1060  47.1 2.7E+05 0.076 0.103 0.504| 1.17 156  6.89 387 22E+05 0.082 0.109 0.482
121 157 734 392 22E+05 0.083 0.107 0.503| 1.58 213 1028 463 2.6E+05 0.077 0.104 0.502
140 191 888 432 24E+05 0.079 0.108 0.501| 091  1.18 534  33.6 19E+05 0.084 0.110 0.496
133 175 815 415 23E+05 0.081 0.107 0499 141 186 866 428 24E+05 0.081 0.107 0.496
159 207 979 452 26E+05 0.082 0.107 0.504| 126 170 805  41.0 23E+05 0.079 0.106 0.504
090 120 558 341 1.9E+05 0.082 0.109 0.505| 1.84 246 1148 494 28E+05 0.079 0.106 0.493
158 206 977 450 25E+05 0.082 0.107 0.507| 120 167 790  41.0 23E+05 0.075 0.105 0.494
163 217 1036 467 2.6E+05 0.079 0.105 0.500| 142  1.87 860 429 24E+05 0.081 0.107 0.493
0.87  1.17 545 339 1.9E+05 0.080 0.107 0.500| 0.85  1.15 525 334 19E+05 0.079 0.108 0.492
119 153 719 387 22E+05 0.083 0.108 0.505| 1.58  2.08  9.66 449 25E+05 0.082 0.108 0.503
136 183 893 429 24E+05 0.078 0.105 0.510| 1.62  2.17 1028 463 26E+05 0.079 0.106 0.503

131 173 794 410 23E+05 0.082 0.108 0497| 1.16 155 691 384 22E+05 0.083 0.110 0.492
1.86 248 1191  49.8 28E+05 0.079 0.105 0.507| 1.89 248 1133 493 2.8E+05 0.082 0.107 0.490
Configuration: 5 Test: 1 T =298 K p = 0.99 kg/m’ Test: 2 T=297K p=1.0kgm’

DI(N) D2(N) D3(N) V(mis) Re Cg4 Cu Cgu |DI(N) D2(N) D3(N) V(mi) Re Cuy Co Cu
147 226 158 433 2.5E+05 0.082 0.126 0.088] 148 233 162 430 25E+05 0.083 0.131 0.092
152 243 171 452  2.6E+05 0.078 0.124 0.088| 1.16 191 129 388 22E+05 0.081 0.133 0.090
172 280 199  49.6 2.8E+05 0.074 0.120 0.085| 092 145 096 339 19E+05 0.084 0.133 0.087
1.63 260 189 469 2.6E+05 0.078 0.124 0.090| 1.67 2.68 190 467 2.6E+05 0.081 0.129 0.092
1.17 183 127 390 22E+05 0.080 0.126 0.088| 1.52 249 172 451 25E+05 0079 0.128 0.089
128 205 141 414 23E+05 0.079 0.126 0.086| 1.34 214 147  41.1 23E+05 0.084 0.133 0.091
092 142 098 339 1.9E+05 0.085 0.130 0.090| 1.84 297 212 494 28E+05 0.079 0.128 0.091
171 264 191 468 2.6E+05 0.082 0.127 0.092| 127  2.09 146  41.1 2.3E+05 0.079 0.130 0.091
117 1.84 128 388 22E+05 0.082 0.129 0.090| 147 233 163 428 24E+05 0.084 0.133 0.093
153 229 160  43.0 2.4E+05 0.087 0.130 0.091| 1.92  3.07  2.17  49.8 2.8E+05 0.081 0.130 0.092
1.60 249 178 452 2.5E+05 0.082 0.128 0.092| 1.60 2.64 185 464 26E+05 0077 0.128 0.089
092 142 097 337 19E+05 0.085 0.132 0.090| 1.11  1.87 125 386 22E+05 0.078 0.131 0.088
127 201 138 409 23E+05 0.080 0.126 0.086| 0.87 143 095 337 19E+05 0.080 0.132 0.087
1.80 293 213 497 28E+05 0.077 0.125 0.091| 1.64 256 180 449 25E+05 0.085 0.133 0.094

Figure A.3: Wind tunnel results from partial loads tests with 40 ft. well cars. Re and C; calculated
with L = 10.48cm and Ap = 191.8cm?
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40 ft. Partial Loads Results Continued

Configuration: 6 Test: 1 T =298 K p=0.99 kg/m3 Test: 2 T =299 K p=0.99 kg/m3

DI (N) D2(N) D3(N) V(m/s) Re Cy Cuqu Cgu |DI(N) D2(N) D3(N) V(mss) Re Cu Ca Cys
428 1.82 1.45 38.9 2.2E+05 0.294 0.125 0.100| 4.17 1.74 1.40 38.8 22E+05 0.290 0.121 0.097
6.07 2.52 2.09 46.9 2.7E+05 0.288 0.120 0.099| 6.80 2.81 2.39 49.6 2.8E+05 0.291 0.120 0.102
5.20 2.12 1.72 432 2.4E+05 0.292 0.119 0.096| 3.12 1.34 1.05 338 1.9E+05 0.288 0.124 0.097
3.19 1.34 1.08 34.0 1.9E+05 0.289 0.122 0.098| 5.55 2.29 1.92 45.1  2.5E+05 0.286 0.118 0.099
6.84 2.79 2.41 49.7  2.8E+05 0.290 0.118 0.102| 5.97 2.49 2.02 46.5 2.6E+05 0291 0.121 0.098
5.69 2.32 1.92 452  2.6E+05 0.292 0.119 0.099| 4.69 1.92 1.59 41.1  23E+05 0292 0.119 0.099
4.72 191 1.62 412 2.3E+05 0.291 0.118 0.100| 5.03 2.17 1.74 429 24E+05 0283 0.124 0.100
5.12 2.08 1.75 43.0 2.4E+05 0.291 0.118 0.099| 5.65 231 1.91 45.0 2.5E+05 0293 0.120 0.099
5.65 2.33 1.95 452 2.6E+05 0.290 0.120 0.100| 4.04 1.65 1.35 38.7 22E+05 0.285 0.116 0.095
6.08 2.46 2.06 464  2.6E+05 0.297 0.120 0.100| 3.09 1.33 1.03 33.6 1.9E+05 0.289 0.124 0.097
4.60 1.89 1.60 41.1  2.3E+05 0.286 0.118 0.100| 5.98 2.49 2.09 464  2.6E+05 0292 0.122 0.102
4.15 1.67 1.41 38.7 2.2E+05 0.292 0.117 0.099| 6.68 2.79 2.36 494  28E+05 0.289 0.121 0.102
6.84 2.68 2.29 49.6  2.8E+05 0.291 0.114 0.098| 4.61 1.90 1.53 41.0 23E+05 0290 0.119 0.096
3.09 1.31 1.07 33.7 1.9E+05 0.286 0.121 0.099| 5.05 2.15 1.78 42.8  2.4E+05 0291 0.124 0.103

Configuration: 7 Test: 1 T =296 K p=10kg/m’ Test: 2 T =299 K p = 0.98 kg/m’

DI(N) D2(N) D3(N) V(mks) Re Cgq Cg Cg |DI(N) D2(N) D3(N) V(mk)  Re Cuy Co  Cg
129 346 981 456 26E+05 0.065 0.173 0.490| 1.04 289 800 413 23E+05 0.064 0.178 0.494
0.92 251 721 392 22E+05 0.062 0.170 0.487| 1.08 298 878  43.1 24E+05 0.061 0.170 0.499
144 399 1202 499 29E+05 0.060 0.167 0.503| 147 413 1172 498 28E+05 0063 0.177 0.502
136 369 1048 469 27E+05 0.064 0.174 0496 089 243  7.03 389 22E+05 0.063 0.170 0.492
100 278 821 413  24E+05 0.061 0.170 0.500| 122 357 996 467 2.6E+05 0.059 0.173 0483
112 304 909 432 25E+05 0.063 0.170 0.508| 1.16 324 938 452 25E+05 0.060 0.168 0.486
071 192 551 340 19E+05 0.064 0.174 0.497| 0.68  1.90 528 337 19E+05 0.063 0.177 0.492
0.89 250 732 387 22E+05 0.062 0.174 0.509| 091 252 7.03 387 22E+05 0.065 0.179 0.498
101 276 816 412 24E+05 0.062 0.170 0.502| 121 326 973 450 2.5E+05 0.063 0.171 0510
117 322 971 451 26E+05 0.060 0.165 0.497| 1.07 293 858 428 24E+05 0062 0.170 0.496
129 361 1022 464 27E+05 0.062 0.175 0495 0.66 186 533 337 19E+05 0.062 0.174 0.499
133 386 1199 494 28E+05 0.057 0.165 0.514| 123 356 1026 466 26E+05 0.060 0.174 0.501
070 194 549 338 19E+05 0.065 0.178 0.503| 142 405 1133 495 28E+05 0062 0.175 0.490
1.09  3.07 898 428 24E+05 0.062 0.175 0.511] 0.94 282 792 410 23E+05 0.059 0.178 0.499
Configuration: 8 Test: 1 T =298 K p =0.99 kg/m’ Test: 2 T=297K p =10kgm’

DI(N) D2(N) D3(N) V(mks) Re Cq Cg Cg |DI(N) D2(N) D3(N) V(mk)  Re Cy Co  Cg
1.65 1333 174 497 28E+05 0.070 0.569 0.074] 1.60 1335 1.68 492 28E+05 0.069 0.574 0.072
1.04 836  1.05 389 22E+05 0.072 0.584 0.073| 135 1157 141 452 26E+05 0.069 0.591 0.072
139 1141 145 451 25E+05 0.072 0591 0.075| 1.09 951 1.0 413 23E+05 0067 0.584 0.068
149 1171 149 466 26E+05 0.073 0569 0.072| 144 1199 142 465 26E+05 0.070 0580 0.069
115 922 116 410 23E+05 0.072 0577 0.073| 129 1022 127 431 24E+05 0.073 0577 0.072
076 627 077 337 19E+05 0.071 0583 0.072| 075 634 077 339 19E+05 0.068 0.578 0.070
127 997 130 428 24E+05 0.073 0.576 0.075| 1.04 828  1.03 386 22E+05 0073 0.581 0.072
1.00 810  1.04 385 22E+05 0.071 0.575 0.074| 1.16  9.08 1.2  41.0 23E+05 0072 0.566 0.070
155 1310 164 493 28E+05 0.068 0.570 0.071| 1.01 811 102 386 22E+05 0.071 0571 0.072
132 1093 139 449 25E+05 0.069 0572 0.073| 123  10.04 123 427 24E+05 0070 0.575 0.070
120 1012 130 429 24E+05 0.069 0.582 0.075| 142 1164 140 464 26E+05 0.069 0567 0.068
146 1176 147 465 26E+05 0.071 0576 0.072| 156 1293 160 493 28E+05 0.067 0559 0.069
106 913 111 410 23E+05 0.067 0.576 0.070| 133  11.06 130 449 25E+05 0.069 0575 0.068
073 616 072 335 19E+05 0.069 0.579 0.068] 074 616 075 337 19E+05 0.068 0.569 0.069

Figure A.4: Wind tunnel results from partial loads tests with 40 ft. well cars. Re and C,; calculated
with L = 10.48cm and Ap = 191.8cm?
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40 ft. Partial Loads Results Continued

Configuration: 9 Test: 1 T =299 K p =0.99 kg/m’ Test: 2 T =298K p =0.99 kg/m’

DI(N) D2(N) D3(N) Vmks) Re Cg4 Cu Cg |DI(N) D2(N) D3(N) V(mls) Re Cuy Cp Cg
165 233 1280 498 28E+05 0.070 0.099 0.541| 143 202 1094 452 26E+05 0074 0.104 0563
120 177  9.63 432 24E+05 0.068 0.100 0.543| 1.70 233 1307 49.6 2.8E+05 0.073 0.100 0.561
107 149 799  39.1 22E+05 0.074 0.103 0.553| 1.03 148 800 392 22E+05 0.070 0.102 0.550
133 189 1058 451 2.5E+05 0.069 0.098 0.547| 1.5 160  9.10 413 23E+05 0.071 0.099 0.562
146 205 1130 468 26E+05 0.070 0.099 0.544| 121 173 995  43.1 24E+05 0.069 0.099 0.567
116 163 888 413 23E+05 0.072 0.101 0.549| 1.52 208 11.61 467 2.6E+05 0.074 0.101 0.565
075 107 594 341 19E+05 0.068 0.098 0.540| 079  1.10 6.0 340 19E+05 0.073 0.101 0.559
1.03 144 800 387 22E+05 0.072 0.101 0.561| 1.60 229 1294 494 28E+05 0.069 0.099 0.560
118 169 946 429 24E+05 0.068 0.097 0.542| 134 196 1082 453 25E+05 0.069 0.101 0557
074 107 592 337 19E+05 0.069 0.100 0.551| 1.09 157 888 413 23E+05 0.067 0.098 0.552
133 191 1066 453 2.5E+05 0.068 0.098 0.549| 122 178 971  43.0 24E+05 0.070 0.102 0.556
160 226 12.64 496 28E+05 0.069 0.097 0.542| 142 207 1150 46.6 26E+05 0.069 0.101 0.559
110 155 859 411 23E+05 0.069 0.097 0.537| 101 148 796 387 22E+05 0071 0.104 0561
145 203 1136 466 26E+05 0.071 0.099 0553 072 109 595 338 19E+05 0067 0.102 0552

Figure A.5: Wind tunnel results from partial loads tests with 40 ft

with L = 10.48cm and Ap = 191.8cm?
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48 ft. Partial Loads Results

Configuration: 0 Test: 1 T =299K p =1.0kg/m’ Test: 2 T =299 K p =0.99 kg/m>

D1(N) D2(N) D3(N) V(m/s) Re Cg4 Cg Cg |DI(N) D2(N) D3(N) V(m/s) Re Cagu Cq Cas
4.02 3.98 3.77 41.9 2.4E+05 0.237 0.235 0.223| 3.96 3.93 3.77 419  2.4E+05 0.237 0.235 0.225
3.79 3.66 3.50 402  2.3E+05 0.245 0.237 0.226| 5.30 5.27 4.89 482  2.7E+05 0.240 0.238 0.221
2.41 2.39 2.26 331 1.9E+05 0.230 0.229 0.216| 3.80 3.69 3.47 403 2.3E+05 0.247 0.239 0.225
5.30 531 4.97 48.4  2.7E+05 0.237 0.237 0.222| 4.61 4.64 4.25 455  2.6E+05 0.234 0.236 0.216
3.21 3.17 2.96 37.7  2.1E+05 0.236 0.233 0.218| 4.46 4.41 4.12 440  2.5E+05 0.243 0.240 0.224
4.37 4.34 4.09 439  2.5E+05 0.237 0.236 0.222| 2.55 2.49 2.35 332 1.9E+05 0.244 0.238 0.224
4.67 4.63 436 453  2.6E+05 0.237 0.235 0.222| 3.25 3.22 3.02 37.8  2.1E+05 0.239 0.237 0.222
4.26 432 4.05 439  2.5E+05 0.231 0.234 0.220| 4.79 4.68 4.40 454  2.5E+05 0.245 0.239 0.225
3.33 3.19 3.04 37.6  2.1E+05 0.245 0.235 0.224| 3.23 3.23 3.06 37.8  2.1E+05 0.238 0.238 0.226
464  4.63 438 45.0  2.6E+05 0.239 0.239 0.226| 2.47 2.43 2.27 329  1.8E+05 0.239 0.236 0.220
3.67 3.58 3.39 39.9  2.3E+05 0.241 0.235 0.223| 3.58 3.59 3.39 40.0  2.2E+05 0.236 0.237 0.223
5.36 5.26 491 48.0 2.7E+05 0.243 0.239 0.223| 4.28 435 4.01 440  2.5E+05 0.234 0.238 0.219
2.47 2.46 2.29 32.9  1.9E+05 0.239 0.237 0.221| 5.32 5.24 4.88 483  2.7E+05 0.241 0.237 0.221
4.05 3.95 3.75 416 2.4E+05 0.244 0.238 0.225| 3.88 3.93 3.68 419  2.3E+05 0.234 0.237 0.222

Configuration: 1 Test: 1 T =298K p =1.0kg/m’ Test: 2 T =298K p =1.0 kg/m?

D1(N) D2(N) D3(N) V(m/s) Re C4 Cg Cg |DI(N) D2(N) D3(N) V(m/s) Re Cq Cq Cuas
5.54 1.38 8.98 438 2.5E+05 0301 0.075 0.487| 6.09 159 1001 452 2.6E+05 0.307 0.080 0.505
4.83 1.18 7.71 40.0  2.3E+05 0.315 0.077 0.502| 5.66 1.44 9.03 437  2.5E+05 0.306 0.078 0.488
3.09 0.73 4.96 33.0  1.9E+05 0.296 0.070 0.475| 4.00 1.00 6.47 37.8  2.2E+05 0.290 0.072 0.468
6.80 169 1078 480 2.7E+05 0.307 0.076 0.487| 3.16 0.78 5.14 329  1.9E+05 0.301 0.075 0.491
5.94 1.47 9.56 452  2.6E+05 0.304 0.075 0.490| 4.64 1.22 7.63 39.8  2.3E+05 0.303 0.080 0.497
4.04 1.01 6.66 37.7  2.1E+05 0.296 0.074 0.488| 5.06 1.28 8.13 417  2.4E+05 0.301 0.076 0.484
4.98 1.24 8.09 417  2.4E+05 0.300 0.074 0.486| 6.86 177 1110 482  2.8E+05 0.305 0.079 0.494
5.76 1.41 9.05 437  2.5E+05 0.315 0.077 0.495| 4.73 1.23 7.55 39.9  2.3E+05 0.308 0.080 0.491
6.02 1.45 9.61 451  2.6E+05 0.309 0.075 0.494| 5.76 1.50 9.34 450  2.6E+05 0.294 0.076 0.477
4.94 1.17 8.06 415  2.4E+05 0.299 0.071 0.489| 6.84 1.80  11.06  47.9 2.7E+05 0.309 0.081 0.500
6.68 165  10.67 480 2.7E+05 0.302 0.075 0.483| 3.86 0.97 6.39 374  2.1E+05 0.285 0.071 0.472
3.08 0.73 5.05 32.8  1.9E+05 0.299 0.071 0.489| 5.61 1.46 9.19 435  2.5E+05 0.306 0.080 0.502
4.59 1.21 7.68 39.8  2.3E+05 0.302 0.079 0.504| 3.04 0.77 4.93 327  1.9E+05 0.295 0.074 0.478
4.07 0.97 6.51 374  2.1E+05 0303 0.072 0.485| 5.05 1.29 8.20 41.4  2.4E+05 0.305 0.078 0.495

Configuration: 2 Test: 1 T =297K p =1.0kg/m’ Test: 2 T =298 K p =1.0kg/m’

D1(N) D2(N) D3(N) V(m/s) Re Cg4 Cg Cg |DI(N) D2(N) D3(N) V(m/s) Re Cagu Caq Cas
6.80 182 1061 452 2.6E+05 0.342 0.092 0.534] 553 1.49 8.93 419  2.4E+05 0.326 0.088 0.527
5.75 1.59 9.21 42.0 2.4E+05 0.337 0.093 0.540| 5.09 1.41 8.39 40.1  2.3E+05 0.329 0.091 0.542
7.61 2.5 1230 482  2.8E+05 0.339 0.096 0.547| 4.53 1.25 7.30 37.8  2.2E+05 0.329 0.091 0.531
5.22 1.44 8.45 40.1  2.3E+05 0.336 0.093 0.544| 5.99 1.62 9.55 43.6  2.5E+05 0.327 0.088 0.521
4.47 1.23 7.15 37.6  2.2E+05 0.327 0.090 0.523| 3.34 0.92 5.51 331 1.96+05 0.317 0.087 0.523
6.08 1.80 9.88 436 2.5E+05 0.330 0.098 0.537| 6.39 173 1048 451  2.6E+05 0.326 0.088 0.535
3.45 0.99 5.56 32.9  1.9€+05 0.330 0.095 0.531| 7.37 206 1218 483  2.7E+05 0.331 0.093 0.546
5.56 1.55 8.94 41.4  2.4E+05 0335 0.094 0.539| 5.00 1.41 8.09 40.0  2.3E+05 0.325 0.092 0.525
6.14 1.73 9.97 437  2.5E+05 0.333 0.094 0.541| 7.42 208  11.88 481 2.7E+05 0.334 0.094 0.535
7.48 208 1190  47.8 2.7E+05 0.339 0.094 0.539| 6.68 1.87 1089 451  2.6E+05 0.342 0.096 0.557
5.15 1.46 8.27 39.9  2.3E+05 0.336 0.095 0.539| 6.18 174 1014 435  2.5E+05 0.340 0.096 0.557
3.40 0.94 5.39 32.8  1.9E+05 0.327 0.091 0.518| 3.27 0.92 5.49 329  1.9E+05 0.314 0.088 0.527
4.48 1.23 7.20 374  2.1E+05 0.333 0.091 0.535| 5.43 1.52 8.92 415  2.4E+05 0.327 0.092 0.538
6.54 181 1061 450 2.6E+05 0.335 0.093 0.542| 4.35 1.26 7.22 37.5  2.1E+05 0.323 0.093 0.535

Figure A.6: Wind tunnel results from partial loads tests with 48 ft. well cars. Re and C,; calculated
with L = 10.48cm and Ap = 191.8cm?
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48 ft. Partial Loads Results Continued

Configuration: 3 Test: 1 T =297K p =1.0kg/m’ Test: 2 T =299K p =1.0kg/m*

D1(N) D2(N) D3(N) V(m/s) Re Caq Cgq Ca3|DI(N) D2(N) D3(N) V(m/s) Re Cag Cq Cgs
0.88 7.91 1.13 37.7 2.2E+05 0.064 0.575 0.082| 0.96 8.81 1.30 40.1 2.3E+05 0.062 0.568 0.084
1.17 10.64 1.59 43.9 2.5E+05 0.063 0.573 0.086| 1.44 13.28 2.04 48.5 2.7E+05 0.064 0.589 0.090
0.66 6.05 0.87 32.8 1.9E+05 0.063 0.583 0.084| 0.94 9.50 1.39 42.0 2.4E+05 0.056 0.562 0.082
1.30 11.27 1.74 45.2 2.6E+05 0.066 0.570 0.088( 0.81 7.70 1.20 37.7 2.1E+05 0.059 0.563 0.088
1.48 12.86 1.96 48.1 2.8E+05 0.066 0.575 0.088( 1.27 11.55 1.78 45.0 2.6E+05 0.065 0.594 0.092
1.04 9.58 1.46 41.7 2.4E+05 0.062 0.573 0.088| 0.55 5.91 0.84 329 1.9E+05 0.053 0.569 0.081
0.95 8.87 1.33 39.8 2.3E+05 0.062 0.580 0.087| 1.12 10.55 1.65 43.8 2.5E+05 0.061 0.575 0.090
0.63 5.76 0.88 32.7 1.9E+05 0.061 0.559 0.085| 1.20 11.26 1.73 45.2 2.6E+05 0.061 0.574 0.088
1.02 8.65 1.33 39.6 2.3E+05 0.067 0.570 0.088| 0.86 8.58 1.32 39.9 2.3E+05 0.056 0.562 0.087
1.64 13.04 1.99 48.0 2.7E+05 0.074 0.591 0.090| 1.00 9.35 1.43 41.6 2.4E+05 0.060 0.564 0.086
0.88 7.62 1.17 37.4  2.1E+05 0.066 0.566 0.087| 1.16 10.45 1.60 43.6 2.5E+05 0.064 0.576 0.088
1.10 9.64 1.47 41.5 2.4E+05 0.067 0.582 0.089| 1.41 12.70 1.95 47.7 2.7E+05 0.065 0.582 0.089
1.25 11.03 1.65 44.9 2.6E+05 0.064 0.567 0.085| 0.80 7.58 1.16 37.5 2.1E+05 0.060 0.564 0.086
1.18 10.43 1.62 43.6 2.5E+05 0.065 0.569 0.088| 0.57 5.70 0.82 32.7 1.8E+05 0.055 0.558 0.080

Configuration: 4 Test: 1 T =298K p =1.0kg/m’ Test: 2 T =298K p =1.0kg/m*
D1(N) D2(N) D3(N) V(m/s) Re Cag Cgq Ca3|DI(N) D2(N) D3(N) V(m/s) Re Cag Cg Cgs
2.00 2.40 12.75 49.8 2.8E+05 0.085 0.101 0.539 1.58 1.97 10.69 45.4 2.6E+05 0.080 0.100 0.539

1.59 1.92 10.51 44.3 2.5E+05 0.085 0.103 0.564 1.77 2.24 11.88 48.3 2.7E+05 0.079 0.100 0.532
1.37 1.67 8.89 42.3 2.4E+05 0.081 0.098 0.524 0.76 0.99 5.60 33.0 1.9E+05 0.073 0.095 0.536
1.19 1.44 7.60 38.2 2.1E+05 0.086 0.104 0.550 1.22 1.53 8.51 40.1 2.3E+05 0.079 0.099 0.551
1.66 2.01 10.91 45.7 2.6E+05 0.084 0.101 0.550 1.04 1.33 7.63 37.6 2.1E+05 0.077 0.098 0.563
0.86 1.03 5.72 33.3 1.9E+05 0.082 0.097 0.543 1.47 1.84 10.25 43.7 2.5E+05 0.080 0.100 0.558
1.29 1.52 8.15 40.3 2.3E+05 0.083 0.099 0.529 1.27 1.64 8.91 41.5 2.4E+05 0.076 0.099 0.537
0.86 1.02 5.57 33.1 1.9E+05 0.083 0.099 0.537 1.48 1.84 10.02 43.6 2.5E+05 0.081 0.101 0.550
1.14 1.36 7.63 37.8 2.1E+05 0.085 0.100 0.563 0.73 0.97 5.35 32.8 1.9E+05 0.071 0.094 0.518
1.32 1.66 8.88 41.8 2.3E+05 0.080 0.100 0.535 1.80 2.21 12.12 48.1 2.7E+05 0.081 0.100 0.546
1.28 1.53 8.59 40.1 2.3E+05 0.084 0.100 0.561 1.12 1.48 8.33 39.9 2.3E+05 0.073 0.097 0.547
1.60 1.89 10.24 44.1 2.5E+05 0.087 0.103 0.557 1.31 1.66 9.13 41.5 2.4E+05 0.079 0.101 0.553
1.87 2.25 12.03 48.4 2.7E+05 0.084 0.101 0.541 1.58 1.94 10.69 45.0 2.6E+05 0.081 0.100 0.550
1.70 2.03 10.69 45.5 2.5E+05 0.087 0.104 0.545 1.00 1.32 7.11 37.4 2.1E+05 0.074 0.098 0.529
Configuration: 5 Test: 1 T =297K p =1.0kg/m’ Test: 2 T =299 K p =1.0 kg/m?

Di1(N) D2(N) D3(N) V(m/s) Re Cys Cg Cg3 | DI(N) D2(N) D3(N) V(m/s) Re Cyi Cap Cg
1.65 2.39 1.82 456  2.6E+05 0.082 0.119 0.091| 1.65 2.42 191 455  2.6E+05 0.083 0.122 0.096
0.85 1.21 0.93 33.2 1.9E+05 0.081 0.114 0.088| 1.25 1.87 1.44 40.5  2.3E+05 0.079 0.119 0.092
1.93 2.72 213 483  2.8E+05 0.086 0.121 0.095| 0.86 1.26 0.96 33.3  1.9E+05 0.081 0.119 0.090
1.47 2.05 1.60 42.1  2.4E+05 0.087 0.121 0.094| 1.44 2.03 1.58 42.1  2.4E+05 0.085 0.120 0.093
137 191 1.50 40.2  2.3E+05 0.089 0.123 0.097| 1.90 2.73 213 48.0  2.7E+05 0.087 0.125 0.097
1.53 2.24 1.77 440  2.5E+05 0.083 0.121 0.095| 1.49 2.20 1.74 44.0  2.5E+05 0.081 0.119 0.094
111 1.62 1.25 37.8  2.2E+05 0.081 0.118 0.091| 1.15 1.66 1.27 37.9  2.1E+05 0.084 0.121 0.093
131 1.86 141 399  2.3E+05 0.085 0.121 0.092| 1.33 1.88 1.44 40.1  2.3E+05 0.087 0.123 0.094
1.12 1.63 1.22 37.6  2.1E+05 0.083 0.120 0.090| 1.13 1.65 1.28 37.8  2.1E+05 0.083 0.121 0.093
1.82 2.68 2.05 479  2.7E+05 0.083 0.122 0.093| 0.83 1.24 0.95 33.0 1.9E+05 0.080 0.119 0.092
1.73 2.45 1.88 453  2.6E+05 0.088 0.125 0.096| 1.65 2.35 1.83 45.4  2.6E+05 0.084 0.120 0.093
0.88 1.25 0.90 32.8 1.9E+05 0.085 0.121 0.087| 1.82 2.62 2.03 48.1  2.7E+05 0.083 0.119 0.092
1.61 2.24 1.73 43.7  2.5E+05 0.088 0.123 0.095| 1.36 2.02 1.56 419  2.4E+05 0.081 0.120 0.093
1.41 2.04 1.54 41.6 2.4E+05 0.085 0.123 0.093| 1.59 2.26 1.74 43.8  2.5E+05 0.087 0.123 0.095

Figure A.7: Wind tunnel results from partial loads tests with 48 ft. well cars. Re and C; calculated
with L = 10.48¢cm and Ap = 191.8cm?
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48 ft. Partial Loads Results Continued

Configuration: 6  Test: 1 T =297K p =1.0kg/m’ Test: 2 T =295K p =1.0kg/m’
DI(N) D2(N) D3(N) V(m/s) Re Cuq Cg Cgs|DI(N) D2(N) D3(N) V(m/s) Re Cg Cq Cus
416 157  1.00 378 22E+05 0.301 0.114 0.072| 427 158 096 380 2.2E+05 0.305 0.113 0.068
5.77 2.25 1.49 43.8 2.5E+05 0.312 0.122 0.080 5.29 2.06 1.32 42.0 2.4E+05 0.310 0.121 0.077
3.19 1.21 0.73 32.9 1.9E+05 0.306 0.116 0.070 7.08 2.74 1.74 48.2 2.8E+05 0.316 0.122 0.077
4.69 1.86 1.24 39.9 2.3E+05 0.306 0.121 0.081 6.22 241 1.57 45.4 2.6E+05 0.312 0.121 0.079
6.06 2.39 1.52 45.2 2.6E+05 0.308 0.122 0.078 5.72 2.26 1.46 43.9 2.5E+05 0.308 0.122 0.079
5.02 2.02 1.33 41.7 2.4E+05 0.301 0.121 0.079 3.22 1.22 0.75 33.1 1.9E+05 0.303 0.115 0.071
690 274  1.80 480 2.7E+05 0311 0.123 0.081| 474 184  1.16 401  2.3E+05 0.305 0.118 0.075
498 195 132 417 2.4E+05 0.298 0.117 0.079| 618 246  1.59 452  2.6E+05 0.314 0.125 0.081
555 220 146 436 2.5E+05 0304 0.120 0.080| 671 264 172 47.5  2.7E+05 0.309 0.122 0.079
453 182 1.14 39.8  2.3E+05 0.297 0.120 0.075| 573 221 1.39 43.8  2.5E+05 0.310 0.120 0.075
402 159 105 374 2.1E+05 0.298 0.118 0.078| 4.83 1.91 124 401 2.3E+05 0.312 0.123 0.080
661 260 170 481 27E+05 0.298 0.117 0.077| 3.14 119 068 329 1.9E+05 0.301 0.114 0.065
296 117 071 326 19E+05 0.289 0.114 0.069| 529 208 133 417 2.4E+05 0.316 0.125 0.080
582 229 154 449 2.6E+05 0.300 0.118 0.079| 4.09 160  0.99 37.5  2.2E+05 0.300 0.118 0.073
Configuration: 7 Test: 1 T =300K p =0.99 kg/m’ Test: 2 T =298K p =1.0 kg/m?
DI(N) D2(N) D3(N) V(m/s) Re Cgq Cg Cgq |DI(N) D2(N) D3(N) V(m/s) Re Cg Cq Cgs
149 393 1222 481 2.7E+05 0.068 0.179 0.557| 0094 244  7.47 378  2.2E+05 0.068 0.176 0.540
096 268 844 403 2.2E+05 0.062 0.175 0.550| 1.04 270 855 401  2.3E+05 0.067 0.174 0.549
090 245  7.64 378  2.1E+05 0.067 0.181 0.565| 122  3.07 950  41.8 2.4E+05 0.072 0.182 0.563
129 346 1082 454  2.5E+05 0.066 0.178 0.555| 148 361  10.87 451 2.6E+05 0.075 0.184 0.553
101 291 883 417  23E+05 0.061 0.176 0.535| 1.63  4.09 1234 481 2.7E+05 0.073 0.183 0.553
129 335 1020  43.8 2.4E+05 0.071 0.185 0.563| 0.69 187 567 331  1.9E+05 0.065 0.178 0.538
062 186 575 331  1.8E+05 0.060 0.179 0556 1.32 323  10.03 437 2.5E+05 0.071 0.175 0.544
122 336 1032 438 2.4E+05 0.068 0.186 0.571| 1.15 284 858 40.0  2.3E+05 0.074 0.184 0.556
082 238  7.47 377 2.1E+05 0.061 0.177 0.555| 159 375  11.15 452  2.6E+05 0.081 0.191 0.568
1.47 3.98 12.15 48.3 2.7E+05 0.067 0.181 0.553 0.96 2.43 7.65 37.7 2.1E+05 0.070 0.177 0.558
1.00 2.88 8.86 41.8 2.3E+05 0.061 0.175 0.538 0.71 1.91 5.78 32.9 1.9E+05 0.068 0.183 0.555
059 179 555 33.0 1.8E+05 0.057 0.174 0539| 126 323  9.98 437 2.5E+05 0.069 0.176 0.542
1.24 3.45 10.45 45.3 2.5E+05 0.064 0.178 0.541 1.63 4.07 12.70 48.0 2.7E+05 0.073 0.183 0.572
094 260 801 39.9  2.2E+05 0.063 0.173 0.534| 121 297 932 417 2.4E+05 0.073 0.178 0.559
Configuration: 8 Test: 1 T =299K p =1.0kg/m’ Test: 2 T =300K p =0.99 kg/m>
DI(N) D2(N) D3(N) V(m/s) Re Cuq Cg Cgq|DI(N) D2(N) D3(N) V(m/s) Re Cg Cq Cus
096 866 076 376 2.2E+05 0.071 0.635 0.056| 1.80  14.66  1.52 480 2.7E+05 0.082 0.670 0.070
1.83 14.89 1.55 48.0 2.7E+05 0.083 0.672 0.070 1.48 12.61 1.27 45.4 2.5E+05 0.076 0.646 0.065
1.46 12.16 1.20 43.8 2.5E+05 0.079 0.660 0.065 1.33 10.99 1.15 41.9 2.3E+05 0.080 0.660 0.069
1.57 12.65 1.24 45.1 2.6E+05 0.080 0.648 0.064 1.46 11.92 1.21 43.7 2.4E+05 0.081 0.659 0.067
073 675 066 331  1.9E+05 0.069 0.641 0.063| 1.14  9.85 1.00 401 2.2E+05 0.075 0.648 0.065
123 1021  1.06 39.7  2.3E+05 0.081 0.672 0.070| 099 875  0.82 377  2.1E+05 0.074 0.652 0.061
130 1088 112 417  2.4E+05 0.078 0.653 0.067| 078  6.86  0.68 329  1.8E+05 0.076 0.667 0.066
105 880 097 375  2.1E+05 0.078 0.649 0.071| 166 1406  1.42 480 2.7E+05 0.076 0.644 0.065
076 665 067 327 19E+05 0.073 0.644 0.065| 156 1272  1.38 449  2.5E+05 0.082 0.669 0.072
150 1203 124 434 2.5E+05 0.082 0.662 0.068| 1.01 872  0.90 376  2.1E+05 0.075 0.650 0.067
119 1017  1.02 39.7  2.3E+05 0.079 0.672 0.068| 076 673  0.67 328  1.8E+05 0.075 0.660 0.066
179 1463 151 48.0 2.7E+05 0.081 0.661 0.068| 1.38  11.90  1.19 437  2.4E+05 0.076 0.659 0.066
130 1087 112 416 2.3E+05 0.078 0.657 0.067| 1.09  9.80  1.02 39.8  2.2E+05 0.073 0.654 0.068
153 1253 124 451 2.6E+05 0.078 0.640 0.063| 123 1055 110 414  2.3E+05 0.076 0.651 0.068

Figure A.8: Wind tunnel results from partial loads tests with 48 ft. well cars. Re and C,; calculated
with L = 10.48cm and Ap = 191.8cm?
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48 ft. Partial Loads Results Continued

Configuration: 9 Test: 1 T =295K p =1.0kg/m’ Test: 2 T =303K p =0.99 kg/m>

DI(N) D2(N) D3(N) V(m/s) Re Cg4 Cgq Cg |DI(N) D2(N) D3(N) V(m/s) Re Cugu Cg Cus
167 211 1210 452 2.6E+05 0.084 0.107 0.611| 1.01 138  7.82 375  2.1E+05 0.075 0.103 0.581
1.26 167 958 404  23E+05 0.080 0.106 0.607| 1.17 157 9.8 39.9  2.2E+05 0.077 0.104 0.600
1.09 142 823 381  2.2E+05 0.078 0.101 0.588| 0.74 1.01 583 328  1.8E+05 0.072 0.099 0.571
0.85 109 628 331 1.9E+05 0.080 0.103 0.594| 1.34 171 9.82 417 2.3E+05 0.082 0.104 0.596
1.95 246 1420 485 2.8E+05 0.086 0.109 0.627| 1.85 229 1344 483  2.7E+05 0.084 0.103 0.608
1.47 193  11.05 440 2.5E+05 0.079 0.103 0.590| 1.46 191 1115  43.8  2.4E+05 0.080 0.105 0.612
1.39 1.80 1012 421  2.4E+05 0.081 0.105 0.592| 1.59 204 1193 453  2.5E+05 0.082 0.105 0.615
206 244 1428 483  2.8E+05 0.091 0.108 0.635| 1.27 172 1004 417  2.3E+05 0.077 0.105 0.609
174 211 1187 453  2.6E+05 0.088 0.107 0.598| 1.54  2.04 1159 451  2.5E+05 0.080 0.106 0.600
136 176 9.99 419 2.4E+05 0080 0.104 0590 174 227 1312 484 2.7E+05 0.078 0.102 0.591
0.76 107 627 33.0 1.9€+05 0.072 0.101 0.596| 1.13 156  9.00 399  2.2E+05 0.075 0.103 0.598
1.05 137 786 37.5  2.2E+05 0.077 0.101 0.577| 1.42 189 1096  43.6 2.4E+05 0.078 0.104 0.606
1.26 156 916 39.8  2.3E+05 0.083 0.102 0.599| 1.04 141 7.99 374 2.1E+05 0.079 0.106 0.601
151 194 1123 438 2.5E+05 0.081 0.105 0.608| 0.84 108 628 326 1.8E+05 0.083 0.107 0.623

Figure A.9: Wind tunnel results from partial loads tests with 48 ft. well cars. Re and C,; calculated
with L = 10.48cm and Ap = 191.8cm?
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50 ft. Partial Loads Results

Configuration: 0 Test: 1 T=29K p=10 kg/m3 Test: 2 T=297K p=1.0 kg/m3

DI (N) D2(N) D3(N) V(m/s) Re Cy Cugu Cugi |DI(N) D2(N) D3(N) V(m/s) Re Cuy Cupn Cgu
5.47 3.59 3.66 37.8 2.2E+05 0.390 0.255 0.261 5.52 3.65 3.75 37.7 2.2E+05 0.397 0.262 0.269
6.72 4.43 4.65 42.0 2.4E+05 0.390 0.257 0.270 7.45 4.98 5.20 44.0 2.6E+05 0.394 0.264 0.275
7.38 4.96 5.09 44.0 2.6E+05 0.390 0.262 0.269 6.18 4.13 4.30 40.2 2.3E+05 0.395 0.264 0.274
4.13 2.68 2.89 32.8 1.9E+05 0.392 0.255 0.275 7.94 5.21 5.40 45.4 2.6E+05 0.396 0.260 0.269
8.99 6.05 6.28 48.4 2.8E+05 0.393 0.264 0.274 4.10 2.68 2.86 32.8 1.9E+05 0.391 0.256 0.273
6.23 4.11 4.37 40.2 2.3E+05 0.395 0.261 0.277 8.88 6.03 6.17 48.3 2.8E+05 0.391 0.265 0.272
7.89 5.29 5.56 45.5 2.6E+05 0.392 0.263 0.276 6.66 4.46 4.64 42.0 2.4E+05 0.388 0.260 0.271
6.14 4.07 4.32 40.1 2.3E+05 0.393 0.261 0.277 8.85 5.96 6.17 48.4 2.8E+05 0.389 0.262 0.271
8.98 5.94 6.17 47.9 2.8E+05 0.399 0.264 0.274 4.07 2.67 2.85 32.8 1.9E+05 0.390 0.256 0.274
5.32 3.57 3.82 37.6 2.2E+05 0.385 0.258 0.277 7.37 4.87 5.12 43.9 2.5E+05 0.395 0.261 0.274
4.16 2.74 2.98 32.7 1.9e+05 0.399 0.263 0.286 5.38 3.49 3.79 37.6 2.2E+05 0.392 0.254 0.276
7.30 4.87 5.12 43.7 2.5E+05 0.391 0.261 0.274 6.55 4.33 4.63 41.8 2.4E+05 0.387 0.256 0.274
6.59 4.39 4.70 41.7 2.4E+05 0.390 0.260 0.278 6.03 3.98 4.22 40.1 2.3E+05 0.388 0.256 0.271
7.83 5.20 5.42 45.2 2.6E+05 0.393 0.261 0.272 7.72 5.11 5.47 45.5 2.6E+05 0.385 0.255 0.272

Configuration: 0 Test: 1 T=300K p=10 kg/m3 Test: 2 T=29K p=1.0 kg/m3

DI(N) D2(N) D3(N) V(m/s) Re Cyu Cyp Cyu|DI(N) D2(N) D3(N) V(m/s) Re Cuy Cup Cys
7.65 1.65 8.83 41.9 2.4E+05 0.449 0.097 0.519 9.26 1.98 10.83 45.7 2.6E+05 0.457 0.098 0.535
7.13 1.53 8.20 40.3 2.3E+05 0.456 0.098 0.525 7.24 1.52 8.43 40.6 2.3E+05 0.457 0.096 0.532
9.08 1.93 10.60 45.5 2.6E+05 0.457 0.097 0.533 6.52 1.34 7.59 38.0 2.2E+05 0.465 0.096 0.542
4.74 1.01 5.53 33.1 1.9E+05 0.448 0.096 0.523 4.78 0.97 5.66 33.1 1.9E+05 0.451 0.091 0.533
6.34 1.31 7.45 37.8 2.2E+05 0.460 0.095 0.540 7.66 1.66 9.06 42.1 2.4E+05 0.447 0.097 0.529
10.24 2.20 11.94 48.5 2.7E+05 0.453 0.098 0.529 10.24 2.23 11.98 48.5 2.8E+05 0.451 0.098 0.528
8.37 1.88 9.80 44.0 2.5E+05 0.449 0.101 0.526 8.45 1.79 10.04 44.2 2.5E+05 0.448 0.095 0.533
6.13 1.29 7.20 37.8 2.1E+05 0.445 0.094 0.524 10.19 2.08 11.89 48.5 2.7E+05 0.450 0.092 0.525
7.02 1.48 8.14 40.1 2.3E+05 0.454 0.096 0.527 9.12 1.92 10.62 45.6 2.6E+05 0.455 0.096 0.530
8.31 1.80 9.76 43.8 2.5E+05 0.449 0.097 0.527 8.44 1.71 9.90 43.9 2.5E+05 0.453 0.092 0.532
8.97 1.95 10.43 45.4 2.6E+05 0.454 0.099 0.527 7.21 1.49 8.53 40.3 2.3E+05 0.461 0.095 0.545
4.75 0.99 5.54 33.0 1.9E+05 0.454 0.095 0.530 7.48 1.57 8.92 41.8 2.4E+05 0.443 0.093 0.528
7.54 1.60 8.79 41.7 2.4E+05 0.451 0.096 0.526 4.76 0.92 5.66 33.0 1.9E+05 0.455 0.088 0.540
10.24 2.17 11.90 48.4 2.7E+05 0.456 0.097 0.530 6.18 1.23 7.27 37.7 2.2E+05 0.449 0.089 0.528

Configuration: 0 Test: 1 T =298K p=10 kg/m3 Test: 2 T =300K p=1.0 kg/m3

DI(N) D2(N) D3(N) V(m/s) Re Cyu Cyu Cu|DI(N) D2(N) D3(N) V(mls) Re Cuy Cup Cys
10.75 1.36 13.14 48.6 2.8E+05 0.467 0.059 0.571 6.66 0.84 8.04 37.8 2.2E+05 0.480 0.061 0.579
8.11 0.99 9.99 42.1 2.4E+05 0.472 0.058 0.581 7.49 0.94 8.93 40.3 2.3E+05 0.478 0.060 0.570
9.50 1.17 11.52 45.5 2.6E+05 0.474 0.058 0.575 9.61 1.22 11.54 45.5 2.6E+05 0.481 0.061 0.578
7.54 0.91 9.22 40.3 2.3E+05 0.480 0.058 0.586 10.86 1.36 12.98 48.3 2.7E+05 0.485 0.061 0.580
8.91 1.05 10.76 43.9 2.5E+05 0.478 0.056 0.577 8.21 1.02 9.76 42.1 2.4E+05 0.484 0.060 0.576
6.65 0.79 8.12 37.9 2.2E+05 0.478 0.057 0.584 5.00 0.61 6.08 33.1 1.9e+05 0.475 0.058 0.577
5.06 0.58 6.19 32.9 1.9e+05 0.480 0.055 0.587 8.81 1.07 10.46 43.9 2.5E+05 0.475 0.058 0.564
9.50 1.19 11.56 45.5 2.6E+05 0.473 0.059 0.575 8.16 1.03 9.82 41.9 2.4E+05 0.484 0.061 0.582
6.59 0.78 8.15 37.7 2.2E+05 0.478 0.057 0.591 9.36 1.18 11.23 45.3 2.6E+05 0.475 0.060 0.570
5.02 0.58 6.20 32.7 1.9e+05 0.485 0.056 0.598 10.90 1.38 13.05 48.3 2.7E+05 0.485 0.061 0.580
10.82 1.32 13.22 48.3 2.8E+05 0.478 0.058 0.584 7.53 0.92 8.98 40.2 2.3E+05 0.485 0.059 0.579
7.31 0.87 8.90 39.9 2.3E+05 0.473 0.056 0.576 6.55 0.82 7.99 37.7 2.1E+05 0.480 0.060 0.586
8.08 0.96 9.83 41.8 2.4E+05 0.477 0.057 0.580 5.03 0.61 6.08 32.9 1.9E+05 0.482 0.059 0.583
8.80 1.08 10.77 43.8 2.5E+05 0.474 0.058 0.580 9.00 1.08 10.79 43.8 2.5E+05 0.490 0.059 0.587

Figure A.10: Wind tunnel results from partial loads tests with 53 ft. well cars. Re and C; calculated
with L = 10.48cm and Ap = 191.8cm?
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50 ft. Partial Loads Results Continued

Configuration: 0 Test: 1 T=29K p=10 kg/m3 Test: 2 T=301K p=1.0 kg/m3

DI(N) D2(N) D3(N) V(m/s) Re Cu Cyzp Cu|DI(N) D2(N) D3(N) V(m/s) Re Cyu Cup Cys
2.28 9.59 1.46 40.3 2.4E+05 0.143 0.601 0.092 2.79 11.97 1.85 45.4 2.6E+05 0.139 0.599 0.093
2.81 11.63 1.82 44.1 2.6E+05 0.147 0.611 0.096 2.65 11.25 1.77 44.2 2.5E+05 0.142 0.602 0.095
3.27 13.63 2.14 48.5 2.8E+05 0.142 0.594 0.094 2.23 9.58 1.50 40.4 2.3E+05 0.143 0.613 0.096
2.01 8.74 1.42 38.0 2.2E+05 0.142 0.619 0.101 2.45 10.42 1.62 42.0 2.4E+05 0.145 0.617 0.096
2.46 10.34 1.67 42.1 2.4E+05 0.143 0.601 0.097 3.26 13.73 2.10 48.4 2.7E+05 0.145 0.611 0.093
3.01 12.25 2.00 45.6 2.6E+05 0.149 0.605 0.099 1.99 8.31 1.35 38.0 2.1E+05 0.143 0.600 0.097
2.01 8.30 1.38 37.9 2.2E+05 0.144 0.593 0.098 1.50 6.24 1.06 33.0 1.9E+05 0.143 0.598 0.102
2.48 10.26 1.67 41.9 2.4E+05 0.145 0.600 0.098 2.64 11.41 1.80 43.8 2.5E+05 0.143 0.620 0.098
3.33 13.98 2.19 48.4 2.8E+05 0.146 0.615 0.096 3.15 13.51 2.14 48.4 2.7E+05 0.141 0.604 0.096
2.90 12.40 1.97 45.5 2.6E+05 0.144 0.617 0.098 2.23 9.42 1.52 40.2 2.2E+05 0.145 0.610 0.098
2.74 11.28 1.88 43.9 2.5E+05 0.146 0.602 0.100 1.48 6.29 1.05 33.0 1.9E+05 0.142 0.603 0.100
1.51 6.21 1.09 32.8 1.9E+05 0.144 0.594 0.104 2.74 11.96 1.89 45.3 2.5E+05 0.140 0.608 0.096
2.23 9.50 1.53 39.9 2.3E+05 0.144 0.615 0.099 1.97 8.35 1.37 37.8 2.1E+05 0.144 0.613 0.100
1.93 8.18 1.37 37.5 2.2E+05 0.142 0.600 0.101 2.39 10.04 1.62 41.7 2.3E+05 0.144 0.603 0.097

Configuration: 0 Test: 1 T=298K p = 1.0kgm’® Test: 2 T=299K p=10kgm’

Dl (]\7) D2 (N) D3 (]\7) V(m/s) Re Cd] Cdg Cdj DI (]\’) D2 (N) D3 (]\7) V(m/s) Re Cd] Cdg Cdj
2.95 244 12.00 44.2 2.6E+05 0.155 0.128 0.630 2.94 245 11.87 44.3 2.6E+05 0.154 0.128 0.621
3.21 2.61 13.03 46.0 2.6E+05 0.156 0.127 0.635 2.66 2.19 10.91 42.3 2.4E+05 0.154 0.127 0.633
2.51 2.04 10.30 40.5 2.3E+05 0.159 0.128 0.650 2.44 1.99 10.24 40.5 2.3E+05 0.154 0.125 0.645
3.60 2.92 14.88 48.5 2.8E+05 0.158 0.128 0.652 2.24 1.79 8.91 38.0 2.2E+05 0.160 0.128 0.638
1.68 1.34 6.66 33.3 1.9E+05 0.156 0.125 0.620 3.50 2.90 14.62 48.5 2.8E+05 0.154 0.128 0.644
2.64 2.15 10.99 41.9 2.4E+05 0.155 0.126 0.645 3.01 2.53 12.94 45.6 2.6E+05 0.150 0.126 0.645
2.12 1.71 8.87 37.8 2.2E+05 0.153 0.124 0.641 1.70 1.33 7.04 33.3 1.9E+05 0.159 0.124 0.657
2.69 217 10.71 42.1 2.4E+05 0.157 0.127 0.626 3.51 2.89 14.24 48.8 2.8E+05 0.153 0.126 0.621
3.14 2.60 12.65 45.6 2.6E+05 0.156 0.129 0.630 2.16 1.75 9.11 38.0 2.2E+05 0.155 0.126 0.654
1.64 1.30 6.88 33.0 1.9E+05 0.156 0.123 0.653 2.94 2.36 12.19 44.1 2.5E+05 0.157 0.126 0.651
2.45 1.99 9.87 40.2 2.3E+05 0.157 0.128 0.633 3.21 2.57 12.95 45.6 2.6E+05 0.160 0.128 0.645
2.13 1.65 8.94 37.6 2.2E+05 0.156 0.121 0.654 2.63 2.13 10.81 42.0 2.4E+05 0.155 0.125 0.636
3.52 2.83 15.07 48.6 2.8E+05 0.155 0.124 0.662 1.67 1.32 6.75 33.2 1.9e+05 0.157 0.124 0.635
2.95 2.32 12.26 44.0 2.5E+05 0.157 0.124 0.654 2.39 1.93 9.75 40.1 2.3E+05 0.153 0.124 0.627

Configuration: 0 Test: 1 T=297TK p = 1.0kgm’® Test: 2 T=301K p=10kgm’

Dl (]V) D2 (]V) D3 (]\’) V(m/s) Re Cd] Cdg C[13 Dl (]\’) D2 (]V) D3 (]\’) V(m/s) Re Cd] Cdg C[13
8.46 2.52 1.73 44.0 2.6E+05 0.446 0.133 0.091 8.67 2.58 1.72 44.3 2.5E+05 0.456 0.136 0.091
10.12 3.14 2.10 48.4 2.8E+05 0.443 0.137 0.092 7.20 2.13 1.48 40.6 2.3E+05 0.453 0.134 0.093
8.81 2.68 1.86 45.5 2.6E+05 0.438 0.133 0.092 10.35 3.04 2.07 48.7 2.8E+05 0.455 0.134 0.091
6.27 1.89 1.36 37.9 2.2E+05 0.450 0.136 0.098 9.06 2.65 1.87 45.8 2.6E+05 0.452 0.132 0.093
6.96 211 1.56 40.1 2.3E+05 0.444 0.134 0.099 4.89 1.40 1.05 33.3 1.9E+05 0.459 0.132 0.099
7.68 2.30 1.66 41.9 2.4E+05 0.450 0.135 0.097 7.81 2.26 1.61 42.3 2.4E+05 0.455 0.132 0.094
4.73 1.41 1.09 32.8 1.9E+05 0.450 0.134 0.104 6.25 1.81 1.34 38.0 2.2E+05 0.451 0.131 0.097
7.62 2.28 1.65 41.8 2.4E+05 0.450 0.134 0.098 10.27 2.92 2.08 48.6 2.8E+05 0.453 0.129 0.092
4.57 1.38 1.05 32.7 1.9e+05 0.440 0.133 0.101 4.84 1.35 1.06 33.0 1.9E+05 0.462 0.128 0.101
10.19 311 212 48.4 2.8E+05 0.447 0.136 0.093 7.68 2.23 1.64 42.0 2.4E+05 0.455 0.132 0.097
8.89 2.64 1.90 45.5 2.6E+05 0.444 0.132 0.095 6.32 1.77 1.36 37.8 2.1E+05 0.461 0.129 0.099
6.97 2.07 1.53 40.0 2.3E+05 0.449 0.133 0.099 8.51 2.45 1.77 44.1 2.5E+05 0.458 0.132 0.095
8.29 2.50 1.82 43.9 2.5E+05 0.443 0.133 0.098 8.84 2.64 1.86 45.5 2.6E+05 0.446 0.133 0.094
6.01 1.77 1.35 37.5 2.2E+05 0.442 0.130 0.099 6.98 1.99 1.49 40.1 2.3E+05 0.453 0.129 0.097

Figure A.11: Wind tunnel results from partial loads tests with 53 ft. well cars. Re and C; calculated
with L = 10.48cm and Ap = 191.8cm?
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50 ft. Partial Loads Results Continued

Configuration: 0 Test: 1 T =300K p=10 kg/m3 Test: 2 T =300K p=10 kg/m3

DI(N) D2(N) D3(N) V(m/s) Re Cy4y Cgu Cgy |DI(N) D2(N) D3I(N) V(m/s) Re Cyu Cup Cg
1.63 3.81 10.96 42.2 2.4E+05 0.094 0.221 0.634 1.60 3.75 10.85 42.0 2.4E+05 0.093 0.219 0.634
1.46 3.49 10.12 40.4 2.3E+05 0.093 0.223 0.645 0.97 231 6.70 33.0 1.9E+05 0.092 0.219 0.635
0.96 2.30 6.79 33.1 1.9E+05 0.091 0.218 0.642 1.30 3.01 8.94 37.8 2.2E+05 0.094 0.218 0.647
2.10 4.92 14.00 48.6 2.8E+05 0.092 0.216 0.613 1.44 3.47 10.13 40.0 2.3E+05 0.093 0.225 0.656
1.92 4.43 12.85 45.5 2.6E+05 0.096 0.223 0.645 2.11 5.01 14.69 48.5 2.7E+05 0.093 0.222 0.650
1.69 4.12 11.94 44.0 2.5E+05 0.091 0.221 0.641 1.76 4.15 11.99 44.1 2.5E+05 0.094 0.222 0.642
1.26 2.98 8.86 38.1 2.2E+05 0.090 0.214 0.636 1.88 4.47 13.26 45.5 2.6E+05 0.094 0.224 0.665
2.12 5.05 14.72 48.4 2.8E+05 0.094 0.223 0.651 1.46 3.43 10.15 40.0 2.3E+05 0.094 0.222 0.657
1.70 4.10 12.13 44.0 2.5E+05 0.091 0.220 0.651 2.15 5.07 14.92 48.3 2.7E+05 0.096 0.226 0.664
1.47 3.52 10.03 40.4 2.3E+05 0.094 0.225 0.640 1.73 4.06 11.88 44.0 2.5E+05 0.093 0.219 0.640
0.97 231 6.81 33.1 1.9E+05 0.092 0.219 0.645 1.58 3.67 10.55 41.8 2.4E+05 0.094 0.219 0.630
1.85 4.35 12.76 45.3 2.6E+05 0.093 0.219 0.642 1.29 3.01 8.80 37.8 2.1E+05 0.094 0.219 0.640
131 3.09 9.09 37.7 2.1E+05 0.096 0.226 0.664 1.79 4.33 12.80 45.2 2.6E+05 0.091 0.220 0.649
1.61 3.75 10.94 42.0 2.4E+05 0.095 0.222 0.646 0.98 2.28 6.71 33.0 1.9E+05 0.094 0.218 0.642

Configuration: 0 Test: 1 =299 K p=10 kg/m3 Test: 2 T'=299K p=10 kg/m3

DI (]V) D2 (]V) D3 (N) V(m/s) Re C,j] C,jg Cd} DI (]V) D2 (N) D3 (]V) V(m/s) Re Cd] Cdg Cd3
1.88 13.95 1.41 45.7 2.6E+05 0.093 0.690 0.070 1.91 13.98 1.31 45.6 2.6E+05 0.095 0.691 0.065
1.02 7.39 0.80 33.2 1.9E+05 0.095 0.692 0.075 1.06 7.65 0.76 33.3 1.9E+05 0.098 0.711 0.071
1.32 9.85 1.02 38.0 2.2E+05 0.095 0.707 0.073 1.34 9.90 0.96 38.0 2.2E+05 0.096 0.708 0.069
1.70 12.93 1.29 44.0 2.5E+05 0.091 0.690 0.069 1.64 12.03 1.13 42.1 2.4E+05 0.096 0.701 0.066
2.11 15.59 1.54 48.4 2.8E+05 0.093 0.691 0.068 2.16 16.09 1.51 48.4 2.8E+05 0.095 0.712 0.067
1.49 10.92 1.13 40.2 2.3E+05 0.096 0.700 0.072 1.76 13.09 1.29 44.3 2.5E+05 0.093 0.692 0.068
1.60 11.88 1.22 41.9 2.4E+05 0.094 0.702 0.072 1.52 10.95 1.08 40.3 2.3E+05 0.097 0.701 0.069
0.99 7.26 0.81 33.0 1.9E+05 0.094 0.690 0.077 1.34 9.88 0.98 37.8 2.2E+05 0.097 0.716 0.071
131 9.65 1.03 37.7 2.2E+05 0.096 0.703 0.075 1.61 11.89 1.15 41.9 2.4E+05 0.095 0.702 0.068
1.63 11.87 1.23 41.7 2.4E+05 0.097 0.705 0.073 1.95 14.28 1.38 45.4 2.6E+05 0.098 0.717 0.069
1.90 14.03 1.40 45.3 2.6E+05 0.096 0.709 0.071 1.52 10.98 1.08 40.0 2.3E+05 0.098 0.709 0.070
2.17 15.85 1.58 48.4 2.8E+05 0.096 0.701 0.070 1.00 7.28 0.74 33.0 1.9E+05 0.095 0.692 0.071
1.78 13.20 1.36 43.8 2.5E+05 0.096 0.710 0.073 2.15 15.91 1.45 48.5 2.8E+05 0.095 0.701 0.064
1.49 10.91 1.14 40.0 2.3E+05 0.097 0.708 0.074 1.82 13.16 1.29 43.9 2.5E+05 0.098 0.710 0.069

Configuration: 0 Test: 1 T =300K p=1.0kg/m’ Test: 2 T =296K p=1.0kgm’

DI (N) D2 (N) D3 (N) V(m/s) Re Czl] C,[z C,]3 DI (N) D2 (N) D3 (N) V(m/s) Re C,]] Cdg Cd3
1.62 1.26 9.29 37.9 2.2E+05 0.116 0.091 0.667 1.64 1.26 9.28 38.0 2.2E+05 0.115 0.089 0.653
1.27 0.95 7.04 33.0 1.9E+05 0.121 0.090 0.669 2.39 1.85 13.61 45.7 2.7E+05 0.117 0.091 0.668
2.37 1.85 13.68 45.6 2.6E+05 0.118 0.092 0.683 1.80 1.40 10.61 40.4 2.3E+05 0.113 0.088 0.667
2.19 1.72 12.79 44.0 2.5E+05 0.117 0.092 0.684 2.23 1.72 12.70 44.2 2.6E+05 0.117 0.090 0.667
1.86 1.43 10.68 40.2 2.3E+05 0.119 0.092 0.687 1.23 0.94 7.13 33.1 1.9E+05 0.116 0.088 0.669
2.67 2.06 15.30 48.5 2.7E+05 0.118 0.091 0.677 2.01 1.53 11.37 42.0 2.4E+05 0.116 0.089 0.659
2.08 1.59 11.80 42.3 2.4E+05 0.122 0.093 0.689 2.59 2.00 15.04 48.3 2.8E+05 0.114 0.088 0.662
1.23 0.94 7.05 33.0 1.9E+05 0.117 0.090 0.673 1.76 1.38 10.57 40.2 2.3E+05 0.112 0.088 0.672
2.23 1.76 13.64 45.4 2.6E+05 0.112 0.089 0.687 1.98 1.51 11.41 41.8 2.4E+05 0.117 0.089 0.671
1.99 1.55 11.63 41.9 2.4E+05 0.118 0.092 0.689 2.63 2.03 15.30 48.4 2.8E+05 0.115 0.089 0.672
1.61 1.25 9.25 37.9 2.1E+05 0.117 0.091 0.672 1.22 0.93 7.09 33.0 1.9E+05 0.115 0.088 0.670
1.89 1.42 10.70 40.2 2.3E+05 0.122 0.091 0.690 1.60 1.23 9.31 37.6 2.2E+05 0.116 0.089 0.674
2.70 2.08 15.43 48.6 2.7E+05 0.119 0.092 0.679 2.35 1.78 13.47 45.4 2.6E+05 0.117 0.089 0.672
2.20 1.67 12.64 44.0 2.5E+05 0.119 0.090 0.681 2.13 1.66 12.56 43.8 2.5E+05 0.114 0.089 0.673

Figure A.12: Wind tunnel results from partial loads tests with 53 ft. well cars. Re and C; calculated

with L = 10.48cm and Ap = 191.8¢cm?
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Load Gap Results
40 cm gap 20 cm gap
Fp(lbs) T(K) U(mbs) p(kem’) Re  C, |Fp@bs) T®K Uems) p(kg/m’) Re  C,
0.97 290  33.365983 1.0 2.0E+05 0.397 1.61 201 45.214113 1.0 2.7E+05 0.359
1.32 289  38.288845 1.0 2.3E+05 0.407 1.74 291  46.721606 1.0 2.7E+05 0.364
1.47 290  40.742238 1.0 2.4E+05 0.402 0.88 291  33.939266 1.0 2.0E+05 0.350
1.62 290  42.714987 1.0 2.5E+05 0.404 1.16 291  38.734578 1.0 2.3E+05 0.353
1.79 290 44.602169 1.0 2.6E+05 0.409 1.45 291 42.990029 1.0 2.5E+05 0.357
1.92 290 46.323982 1.0 2.7E+05 0.406 1.96 202 49.631784 1.0 2.9E+05 0.363
2.18 290  49.065677 1.0 2.9E+05 0.411 1.31 202 41.138946 1.0 2.4E+05 0.354
Fp (lbs.) T (K) U (m/s) p (kg/m 3) Re Cy | Fp (lbs) T(K) U (m/s) p (kg/m 3) Re Cy
0.97 290 33.321131 1.0 2.0E+05 0.398 1.15 288  39.13511 1.0 2.3E+05 0.343
1.28 291  38.294389 1.0 2.3E+05 0.397 1.30 289  41.577594 1.0 2.5E+05 0.342
1.49 290  40.840066 1.0 2.4E+05 0.405 1.42 289  43.359995 1.0 2.6E+05 0.345
1.62 290  42.640982 1.0 2.5E+05 0.404 1.90 289  50.011764 1.0 3.0E+05 0.346
1.77 290  44.550818 1.0 2.6E+05 0.406 1.67 2900 47.159632 1.0 2.8E+05 0.344
1.90 291  46.133793 1.0 2.7E+05 0.406 1.57 290 45.525014 1.0 2.7E+05 0.346
2.16 291  49.218756 1.0 2.9E+05 0.407 0.84 290 33.783108 1.0 2.0E+05 0.336
Fp(lbs) T(K) Umis) p (kg/m 3) Re C, | Fpbs) T(E  U@ms) p (kg/m 3) Re Cy
098 290  33.500984 1.0 2.0E+05 0399 1.59 290 45.716322 1.0 2.7E+05 0.348
1.31 291 38.449619 1.0 23E+05 0.403| 170 290 47.144918 1.0 2.8E+05 0.350
147 291  40.851161 1.0 24E+05 0403| 131 291  41.669599 1.0 2.4E+05 0.346
1.61 291 42.663945 1.0 2.5E+05 0.402| 1.92 291 50.130896 1.0 2.9E+05 0.351
179 291 44771545 1.0 2.6E+05 0.407| 141 291 43.335578 1.0 2.5E+05 0.345
190 290 46251321 1.0 27E+05 0.404| 085 291 34.011732 1.0 2.0E+05 0.336
2.16 291 49.301665 1.0 2.9E+05 0.405| 1.11 291 38.906851 1.0 2.3E+05 0.337

Figure A.13: Wind tunnel results from container gap tests. Re and C,; calculated with L = 10.48cm
and Ap = 191.8cm?
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Load Gap Results
12 cm gap 9 cm gap
Fp (bs) T(K) U (m/s) p (kg/m 3) Re Cy, | Fp (Ibs.) T(K) U (m/s) p (kg/m 3) Re Cy
1.20 297  44.331667 1.0 2.5E+05 0.284 1.11 300 44.011517 1.0 2.5E+05 0.268
1.65 297  50.841457 1.0 2.9E+05 0.297 0.64 301  34.579094 1.0 1.9E+05 0.253
1.44 297  47.951807 1.0 2.7E+05 0.292 1.05 301 42.028274 1.0 2.3E+05 0.281
1.33 298  46.330055 1.0 2.6E+05 0.288 1.57 301 50.652575 1.0 2.8E+05 0.289
0.97 297  40.052748 1.0 2.3E+05 0.281 1.38 301 47.566823 1.0 2.6E+05 0.288
0.73 297  34.865771 1.0 2.0E+05 0.279 0.92 301 39.540544 1.0 2.2E+05 0.277
1.11 297  42.271998 1.0 2.4E+05 0.289 1.27 302 45.972328 1.0 2.5E+05 0.285
Fp (lbs) T(K) U(msis) p (kg/m 7) Re Cy | Fp (lbs) T(K) U@msis) p (kg/m ?) Re Cy
1.10 297  42.469845 1.0 2.4E+05 0.284 1.11 300 44.011517 1.0 2.5E+05 0.268
0.98 298  39.845981 1.0 2.3E+05 0.287 0.64 301 34.579094 1.0 1.9E+05 0.253
1.34 298  46.20954 1.0 2.6E+05 0.292 1.05 301  42.028274 1.0 2.3E+05 0.281
0.72 298  34.641225 1.0 2.0E+05 0.280 1.57 301 50.652575 1.0 2.8E+05 0.289
1.41 298 47.718116 1.0 2.7E+05 0.290 1.38 301  47.566823 1.0 2.6E+05 0.288
1.19 298  43.946131 1.0 2.5E+05 0.288 0.92 301 39.540544 1.0 2.2E+05 0.277
1.61 299  50.83338 1.0 2.9E+05 0.291 1.27 302 45.972328 1.0 2.5E+05 0.285
Fp(bs) T(K) U(ms) p (ke/m’) Re C, | Fpbs) T(K) Umss) o (ke/m’) Re C,
1.45 298  47.681962 1.0 2.7E+05 0.295 1.33 300 47.869181 1.0 2.7E+05 0.274
0.73 297  34.548372 1.0 2.0E+05 0.283 1.03 301  42.243072 1.0 2.4E+05 0.273
0.98 297  39.360156 1.0 2.2E+05 0.291 1.55 301 50.691549 1.0 2.8E+05 0.284
1.20 298  43.721889 1.0 2.5E+05 0.291 1.30 301 45.972232 1.0 2.6E+05 0.289
1.33 298  45.843901 1.0 2.6E+05 0.294 1.15 301 43.788236 1.0 2.4E+05 0.283
1.09 298  41.719493 1.0 2.4E+05 0.290 0.94 301 39.497318 1.0 2.2E+05 0.283
1.61 299  50.749017 1.0 2.9E+05 0.291 0.67 301 34.454088 1.0 1.9E+05 0.265

Figure A.14: Wind tunnel results from container gap tests. Re and C; calculated with L = 10.48cm
and Ap = 191.8¢cm?
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Load Gap Results
5 cm gap 1 cm gap

Fp(lbs) T(K) Umis) p (kg/m 3) Re C, | Fp(bs) T((K) Umsis) p (kg/m 3) Re Cy
0.66 292 39.355807 1.0 2.3E+05 0.198 0.81 291  50.654474 1.0 3.0E+05 0.145
0.48 292 34.027819 1.0 2.0E+05 0.190 0.71 292 47.773072 1.0 2.8E+05 0.144
0.91 292 45.771949 1.0 2.6E+05 0.202 0.59 292 44.006805 1.0 2.6E+05 0.140
1.12 293 50.28558 1.0 2.9E+05 0.205 0.53 292 42.110955 1.0 2.4E+05 0.137
0.83 293  43.58529 1.0 2.5E+05 0.203 0.46 292 39.447743 1.0 2.3E+05 0.135
0.75 293 41.62742 1.0 2.4E+05 0.201 0.68 293 45.930297 1.0 2.7E+05 0.149
1.00 293 47.178356 1.0 2.7E+05 0.209 0.34 202 34.211063 1.0 2.0E+05 0.132
Fp(bs) T(K) U(ms) p(kgm’) Re  C, |Fp@bs) T®EK Ums) pkem’) Re  C,
0.61 295  34.09665 1.0 2.0E+05 0.240 0.66 290 46.2555 1.0 2.7E+05 0.142
0.86 293 39.328227 1.0 2.3E+05 0.256 0.35 291 34.69428 1.0 2.0E+05 0.135
1.04 295  41.666823 1.0 2.4E+05 0.275 0.80 291  50.749482 1.0 3.0E+05 0.143
1.17 295  43.577136 1.0 2.5E+05 0.283 0.47 292 39.799678 1.0 2.3E+05 0.136
1.26 294 45.788671 1.0 2.7E+05 0.276 0.54 292 42.033453 1.0 2.4E+05 0.141
1.32 295  47.212673 1.0 2.7E+05 0.273 0.70 292 47.722584 1.0 2.8E+05 0.143
0.58 292 43.988254 1.0 2.6E+05 0.139

Fp(lbs) T(K) U(ms) p(kg/m’) Re  C, |Fp(bs) T(K Ums) pkem’) Re  C,
0.65 295  34.137601 1.0 2.0E+05 0.258 0.58 290 44.240441 1.0 2.6E+05 0.137
0.88 296  39.32161 1.0 2.3E+05 0.265 0.70 290 47.867923 1.0 2.8E+05 0.140
1.04 296  41.877119 1.0 2.4E+05 0.274 0.35 291  34.694401 1.0 2.0E+05 0.133
1.10 294 43.739429 1.0 2.5E+05 0.265 0.79 291  50.680158 1.0 3.0E+05 0.142
1.18 296  45.732945 1.0 2.6E+05 0.261 0.54 291  42.157054 1.0 2.5E+05 0.139
1.36 296  47.040241 1.0 2.7E+05 0.285 0.47 291  39.561485 1.0 2.3E+05 0.137
1.52 296 50.266191 1.0 2.9E+05 0.278 0.65 291  46.001951 1.0 2.7E+05 0.141

Figure A.15: Wind tunnel results from container gap tests. Re and C,; calculated with L = 10.48cm
and Ap = 191.8cm?
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Mixed Loading Results

Configuration: 0 Test: 1 T=298K p=0.99 kg/m3 Test: 2 T=296K p =099 kg/m3
DI(N) D2(N) D3(N) V(ms) Re C4 Cu Cg |DI(N) D2(N) DI(N) V(mk) Re Cq Cq Cg
401 427 399 432 24E+05 0225 0240 0224] 373 402 379 415 2.4E+05 0227 0.244 0230
461 495 462 468 2.6E+05 0222 0238 0222 404 434 412 432 25E+05 0227 0.243 0231
246 269 244 340 19E+05 0224 0245 0223 526 549 531  49.7 2.8E+05 0.223 0.233 0.226
523 556 527  49.8 2.8E+05 0.223 0.237 0.225| 324 350 335 392 22E+05 0.222 0.239 0.229
3.66 391  3.64  41.6 23E+05 0.224 0.240 0.223| 248  2.64 248 341 1.9E+05 0.224 0.238 0.224
315 341 319 389 22E+05 0.221 0.238 0.223| 476 511 490 472 2.7E+05 0.224 0.241 0.231
428 453 423 452 25E+05 0222 0235 0219| 445 463 445 453 2.6E+05 0.228 0.237 0.228
319 344 3.7 39.0 22E+05 0.222 0.240 0.220| 249 263 250  33.9 1.9E+05 0.227 0.240 0.228
241 262 243 339 1.9E+05 0221 0241 0223| 531 560 538  49.6 2.8E+05 0.227 0.239 0.230
3.60 391 361 411 23E+05 0.225 0244 0225 3.18 344 326 387 22E+05 0.223 0.241 0.229
436 463 431 452 25E+05 0225 0239 0.223| 446 467 442 451 2.6E+05 0.230 0.241 0.228
3.86 412  3.84  43.0 24E+05 0.221 0.236 0.220| 3.70  3.89  3.67 412 23E+05 0.229 0.241 0.227
527 553 520  49.6 2.8E+05 0.227 0.238 0.224| 470 498 470  46.5 2.6E+05 0.228 0.242 0.228
459 490 459 468 2.6E+05 0.223 0238 0.223| 404 424 404  43.0 24E+05 0.230 0.241 0.230
Configuration: 0 Test: 1 T =298K p = 0.99 kg/m’ Test: 2 T =296K p = 0.99 kg/m’
DI(N) D2(N) D3(N) V(ms) Re Cu4u Cu Cg |DI(N) D2(N) D3I(N) V(mks) Re Cq Cq Cg
492 419 365 472 27E+05 0231 0.196 0.171] 4.46  3.85 334 454 2.6E+05 0.225 0.195 0.169
335 293 259 393 22E+05 0.227 0.199 0.175| 255 222 191 341 1.9E+05 0.229 0.199 0.171
249 221 189 341 1.9E+05 0.224 0.199 0.170| 4.85  4.09  3.61  46.8 2.7E+05 0.231 0.195 0.172
544 464 415  50.0 2.8E+05 0.228 0.194 0.174| 327 283 248 392 22E+05 0.222 0.193 0.169
382 326 283 41.6 23E+05 0.231 0.197 0.172| 546 459 407  49.7 2.8E+05 0.231 0.194 0.172
400 353 3.09 432 24E+05 0224 0.198 0.173| 373  3.19 280  41.5 23E+05 0.226 0.193 0.170
451 391 341 455 26E+05 0228 0.198 0.173| 4.05 348  3.03 432 24E+05 0.228 0.195 0.171
528 452 401 49.6 2.8E+05 0.226 0.193 0.171| 324 280 244 389 22E+05 0.224 0.194 0.169
251 226 194 341 1.9E+05 0226 0.204 0.175| 537 449 398  49.6 2.8E+05 0.228 0.191 0.169
325 291 251 389 22E+05 0.225 0202 0.174| 475 399 353 469 2.6E+05 0.227 0.191 0.169
444 389 340 454 2.6E+05 0226 0.198 0.173| 3.69 3.1 273  41.2 2.3E+05 0.228 0.192 0.169
3.68 327 281 413 23E+05 0226 0201 0.172| 435  3.68 331 451 2.5E+05 0.225 0.190 0.171
397 346  3.01 429 24E+05 0226 0.197 0.171| 242 213 186  33.7 1.9E+05 0.224 0.197 0.171
470 410 353 467 2.6E+05 0.226 0.197 0.170] 4.04 349 305 429 24E+05 0.230 0.198 0.174
Configuration: 0 Test: 1 T =298K p = 0.99 kg/m’ Test: 2 T =296K p = 0.99 kg/m’
DI(N) D2(N) D3(N) V(mls) Re Cu Cu Cg4 |DI(N) D2(N) D3(N) V(mss) Re Cuy Cup Cu
3.92 389 400 472 27E+05 0.183 0.181 0.187] 265 263 274  38.6 2.2E+05 0.185 0.184 0.192
450 442 447 499 28E+05 0.188 0.185 0.187| 391  3.79 397  46.8 2.7E+05 0.186 0.180 0.188
206 214 213 344 2.0E+05 0.181 0.188 0.188] 329 327 339 432 2.5E+05 0.184 0.183 0.189
385  3.67 374 457 2.6E+05 0.192 0.184 0.187| 199 200 206  33.6 1.9E+05 0.184 0.185 0.191
307 3.03  3.08  41.6 24E+05 0.185 0.183 0.185| 439 422 439 494 28E+05 0.187 0.180 0.187
277 272 274 39.0 22E+05 0.190 0.186 0.188] 3.60  3.56  3.70 453 2.6E+05 0.183 0.181 0.188
340 333 336 433 25E+05 0.190 0.186 0.188| 3.0  3.01  3.08  41.1 23E+05 0.185 0.186 0.190
439 427 441 497 28E+05 0.186 0.181 0.187| 326 325 332 429 2.4E+05 0.185 0.184 0.188
335 330 336 433 24E+05 0.187 0.185 0.188| 3.67 358  3.67  45.1 2.6E+05 0.188 0.184 0.188
272 272 275 39.0 22E+05 0.187 0.187 0.189| 3.84 380 390  46.7 2.6E+05 0.184 0.182 0.187
400 394 398  47.0 2.7E+05 0.189 0.186 0.188] 293 295 301  41.1 2.3E+05 0.181 0.182 0.186
3.04 304 305 414 23E+05 0.186 0.186 0.187| 255 263 267 385 2.2E+05 0.179 0.185 0.188
200 205 203 338 1.9E+05 0.183 0.187 0.185| 434 431 447  49.6 2.8E+05 0.184 0.183 0.189
371 364 372 453 2.6E+05 0.189 0.185 0.189] 1.94 202 201  33.6 1.9E+05 0.180 0.187 0.187

Figure A.16: Wind tunnel results from mixed loads tests. Re and C; calculated with L = 10.48cm
and Ap = 191.8cm?
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Arrowedge Results
First Well Car without the Arrowedge First Well Car with the Arrowedge
Fo(N) T() U@ms) plkem’) Re  Cy, |Fo®N) T(K) Ummis) plem’) Re  C,
13.09 301 49.1 0.98 2.7E+05 0.574( 5.39 300 45.8 0.98 2.5E+05 0.242
14.01 301 50.3 0.98 2.8E+05 0.587| 6.17 301 49.0 0.98 2.7E+05 0.245
2.66 301 23.8 0.99 1.3E+05 0.497( 2.70 300 31.9 0.98 1.8E+05 0.238
10.78 301 44.8 0.98 2.5E+05 0.570( 1.31 300 21.8 0.98 1.2E+05 0.232
11.47 302 46.2 0.98 2.6E+05 0.570| 5.03 301 44.1 0.98 2.4E+05 0.244
8.82 302 40.8 0.98 2.3E+05 0.563| 4.49 300 41.6 0.98 2.3E+05 0.242
9.59 302 42.5 0.98 2.3E+05 0.565| 6.69 301 50.1 0.98 2.8E+05 0.255
5.70 302 33.2 0.98 1.8E+05 0.548| 4.10 301 40.0 0.98 2.2E+05 0.239
7.56 302 38.0 0.98 2.1E+05 0.557( 3.61 301 37.2 0.98 2.1E+05 0.241
Fp(N) Tk U(ms) plgm’) Re  C, |Fo (N T®K Ums) phgm’) Re  Cy,
3.11 299 23.7 0.99 1.3E+05 0.580| 2.21 301 27.7 0.99 1.5E+05 0.303
11.17 300 44.7 0.99 2.5E+05 0.589( 6.54 302 493 0.98 2.7E+05 0.285
8.17 301 38.5 0.99 2.1E+05 0.582| 4.04 302 384 0.98 2.1E+05 0.292
9.19 301 40.6 0.99 2.3E+05 0.588| 1.68 302 23.7 0.98 1.3E+05 0.316
13.21 301 49.2 0.99 2.7E+05 0.578( 7.01 303 50.4 0.98 2.8E+05 0.294
6.06 301 333 0.99 1.9E+05 0.578| 5.44 303 44.8 0.98 2.5E+05 0.288
9.74 301 424 0.99 2.4E+05 0.573| 4.89 303 42.5 0.98 2.3E+05 0.288
14.24 302 50.3 0.98 2.8E+05 0.596| 5.73 303 46.1 0.98 2.5E+05 0.287
11.61 302 46.0 0.98 2.5E+05 0.582| 4.43 303 40.6 0.98 2.2E+05 0.286
Fp(N) T(K) U(ms) plegm’) Re  C, |Fo (N T®K Ums) plgm’) Re  Cy,
10.98 300 43.6 0.98 2.4E+05 0.532] 5.69 298 46.6 0.99 2.6E+05 0.275
13.19 301 48.4 0.98 2.7E+05 0.529( 3.86 298 38.8 0.99 2.2E+05 0.270
14.29 302 49.8 0.98 2.7E+05 0.544| 6.76 299 50.1 0.99 2.8E+05 0.283
8.86 301 39.6 0.98 2.2E+05 0.516 5.24 299 45.0 0.99 2.5E+05 0.273
11.58 302 45.2 0.98 2.5E+05 0.530( 4.71 300 42.8 0.99 2.4E+05 0.271
7.80 302 36.8 0.98 2.0E+05 0.521 1.39 299 23.9 0.99 1.3E+05 0.255
5.81 301 31.2 0.98 1.7E+05 0.523| 6.36 300 49.4 0.99 2.8E+05 0.274
9.67 302 41.1 0.98 2.3E+05 0.528| 4.29 300 41.0 0.99 2.3E+05 0.270
2.93 301 21.4 0.98 1.2E+05 0.516| 2.83 300 33.6 0.99 1.9E+05 0.265

Figure A.17: Wind tunnel results from Arrowedge tests. Re and C; calculated with L = 10.48cm
and Ap = 191.8cm?
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Trailers Results
Configuration: 1 Configuration: 2

Test: 1 T=300K p=0.99 kg/m” Test: 1 T=300K p=0.99 kg/m’

Fpr (N Fp, (N) U (mls) Re Cy Cp |Fp (N Fp, (N U(mss) Re Cu Ca
9.08 7.71 492  2.7E+05 0.396 0.336] 6.49 5.56 425  2.4E+05 0379 0.325
6.51 5.60 41.0  23E+05 0.409 0.352| 5.36 4.57 384  2.1E+05 0.386 0.329
5.69 4.94 38.5  2.1E+05 0.406 0.353| 7.26 6.05 44.4  2.5E+05 0.390 0.325
420 3.70 33.7  1.9E+05 0.392 0.345| 4.10 3.46 332 1.8E+05 0.393 0.331
8.06 7.00 46.4  2.6E+05 0.398 0.346| 8.16 6.57 459  2.5E+05 0.411 0.331
6.74 5.84 42.6  2.4E+05 0393 0.341| 8.92 7.37 49.0 2.7E+05 0.394 0.325
7.33 6.43 44.6  2.5E+05 0390 0.342| 5.92 5.11 405  2.3E+05 0.382 0.329
5.47 4.84 38.6  2.1E+05 0.390 0.345| 7.57 6.46 458  2.5E+05 0.382 0.325
8.80 7.71 492  2.7E+05 0.385 0.338| 6.43 5.49 423 23E+05 0.380 0.324
6.20 5.46 40.9 2.3E+05 0.393 0.346| 7.17 5.94 444  2.5E+05 0.386 0.320
436 3.76 33.5  1.9E+05 0.412 0.355| 6.07 5.14 403 22E+05 0.395 0.334
7.69 6.88 46.1 2.6E+05 0.383 0.342| 5.4 453 38.0  2.1E+05 0.385 0.333
6.92 6.00 427 24E+05 0.404 0.350| 8.72 7.40 49.0  2.7E+05 0.386 0.327
7.30 6.34 44.6  2.5E+05 0.390 0.339

Test: 2 T=300K p =099 kg/m’ Test: 2 T=300K p =099 kg/m’

Fp, (NN Fp, (N) U(ms) Re Cuq Cao |Foy (N) Fpo (N) U(mls) Re  Cuy  Cu
7.03 5.80 43.0 2.4E+05 0.400 0.330] 7.60 6.55 46.1 2.6E+05 0.376 0.324
9.17 7.65 494  2.8E+05 0.398 0.332| 6.05 5.07 40.8  2.3E+05 0.385 0.322
438 3.74 34.1 1.9E+05 0.399 0.340| 5.64 471 383 2.1E+05 0.405 0.338
8.27 6.95 46.5 2.6E+05 0.405 0.340| 8.84 7.57 49.1  2.7E+05 0.388 0.332
6.51 5.55 412  23E+05 0405 0.345| 4.06 351 334 1.9E+05 0.383 0.331
5.66 478 38.6  2.2E+05 0.400 0.338] 7.39 6.23 445  2.5E+05 0.394 0.332
8.10 6.59 449  25E+05 0.426 0.347| 6.75 5.60 424 24E+05 0397 0.330
5.68 4.82 38.6  2.2E+05 0.403 0.341| 4.20 3.55 334 1.9E+05 0.398 0.337
7.58 6.47 448  2.5E+05 0.400 0.341| 7.18 6.06 444  25E+05 0.386 0.325
429 3.67 33.6  1.9E+05 0.401 0.343| 8.92 7.55 49.0 2.7E+05 0.394 0.333
6.37 5.30 41.0  23E+05 0.402 0.335| 7.68 6.56 46.0  2.6E+05 0.385 0.329
6.83 5.77 428  24E+05 0395 0.334| 5.25 459 38.1 2.1E+05 0.382 0.333
8.20 6.69 463  2.6E+05 0.405 0.331| 6.50 5.60 425  2.4E+05 0.381 0.328
9.42 7.73 493  2.7E+05 0411 0.337| 5.89 5.13 40.5 2.2E+05 0.380 0.331
Test: 3 T=300K p =099 kg/m’ Test: 3 T=300K p =0.99 kg/m’

Fp, (N) Fp, (N) U(m/s) Re Cy Cgp | Fp (N Fp, (N U(ms) Re Cy Ca
5.54 4.68 38.5 2.2E+05 0.394 0.333] 5.49 455 38.8 2.2E+05 0.385 0.319
7.60 6.48 448  2.5E+05 0.402 0.342| 6.64 5.75 429  2.4E+05 0.382 0.331
6.89 6.08 427 24E+05 0.402 0.354| 7.96 6.73 46.6  2.6E+05 0.389 0.329
9.10 7.85 49.0 2.7E+05 0.402 0.347| 8.82 7.44 492  2.7E+05 0.387 0.327
8.03 6.96 462  2.6E+05 0.400 0.347| 6.06 5.36 41.1  2.3E+05 0381 0.337
4.19 3.86 33.6  1.9E+05 0.394 0.363| 7.21 6.27 45.1  2.5E+05 0.378 0.328
6.27 5.48 40.7 2.3E+05 0.402 0.352| 438 3.69 33.9  1.9E+05 0.406 0.342
9.11 7.77 49.1  2.7E+05 0.401 0.343| 6.60 5.40 408 2.3E+05 0.420 0.343
4.18 3.74 33.6  1.9E+05 0.394 0.353| 5.41 4.70 38.5  2.1E+05 0.388 0.337
6.94 5.99 425 23E+05 0.408 0.353| 8.97 7.61 492 2.7E+05 0.394 0.334
6.27 5.30 40.6  2.3E+05 0.404 0.341| 6.89 5.80 428  24E+05 0.399 0.336
5.63 5.00 38.4  2.1E+05 0.406 0.360| 7.36 6.21 449  2.5E+05 0.390 0.329
7.41 6.46 445  2.5E+05 0.399 0.348| 8.04 6.79 462  2.6E+05 0.401 0.338
7.82 6.86 462  2.5E+05 0.391 0.343| 4.08 3.51 33.7  1.9E+05 0.383 0.329

Figure A.18: Wind tunnel results from semitrailer tests. Re and C; calculated with L = 10.48cm
and Ap = 191.8cm?
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Trailers Results
Configuration: 3 Configuration: 4
Test: 1 T=300K p =0.99 kg/m”* Test: 1 T=300K p=0.99 kg/m’
Fp; (N) Fpy, (N U(@m/s) Re Cuy Cup | Fpr (N Fp, (N) U(mss) Re Cy Cgup
9.68 7.26 45.0 2.5E+05 0.501 0.376] 9.28 7.11 46.1 2.6E+05 0.462 0.354
7.57 5.83 41.1  23E+05 0471 0362| 6.52 4.94 38.6  2.1E+05 0.465 0.352
5.13 4.02 33.8  1.9E+05 0.471 0370| 5.14 3.86 335  1.9E+05 0.486 0.365
8.23 6.28 42.8  24E+05 0.472 0360| 10.73 7.87 49.0 2.7E+05 0.474 0.348
6.77 5.20 384 22E+05 0.481 0370| 7.89 6.03 425  24E+05 0462 0.353
9.85 7.38 46.1  2.6E+05 0.487 0.365| 7.38 5.47 40.6  2.2E+05 0.475 0.352
10.86 8.41 489  2.7E+05 0.478 0.370| 8.76 6.56 447  2.5E+05 0.466 0.349
7.03 5.36 383 2.1E+05 0.503 0.383| 7.39 5.57 40.6  2.3E+05 0.474 0.358
10.90 8.52 492  2.8E+05 0.474 0370 6.58 4.86 382 2.1E+05 0.477 0.353
10.22 7.48 46.1  2.6E+05 0.506 0.371| 8.81 6.47 444  2.5E+05 0.474 0.349
8.04 6.35 428  24E+05 0.464 0.366| 10.53 7.83 49.0  2.7E+05 0.466 0.346
7.45 5.89 40.7  2.3E+05 0.474 0375 9.17 6.92 46.0  2.5E+05 0.462 0.349
5.18 4.04 335 1.9E+05 0.487 0.380| 7.87 5.88 423 23E+05 0.466 0.348
8.90 6.77 445  2.5E+05 0474 0360| 4.92 3.63 33.4  1.8E+05 0.469 0.345
Test: 2 T=300K p =099 kg/m’ Test: 2 T=300K p =099 kg/m’
Fpi (N)  Fpy, (N) U(m/s) Re Cy Caq | Fpi (N) Fpy, (N) U(mss) Re Cy Cap
9.70 7.18 46.1 2.6E+05 0.479 0355 6.39 4.79 38.4 2.1E+05 0.457 0.342
11.30 8.14 488  2.7E+05 0.501 0.361| 10.30 7.94 492 2.7E+05 0.451 0.347
6.67 5.21 384  2.1E+05 0476 0372| 9.52 6.93 462 2.5E+05 0.474 0.345
7.95 573 405 2.3E+05 0.511 0368 4.90 3.80 33.7  1.9E+05 0.458 0.355
5.09 3.76 332 1.9E+05 0.487 0.360| 7.91 6.02 42.6  2.4E+05 0.462 0.352
9.48 6.90 442  2.5E+05 0.510 0.372| 8.83 6.52 445  2.5E+05 0.473 0.350
8.21 591 423 24E+05 0483 0347 7.64 5.63 40.8  2.3E+05 0.485 0.357
11.40 8.04 489  2.7E+05 0.505 0.356| 9.18 6.95 46.0  2.5E+05 0.460 0.348
9.79 7.09 459  2.6E+05 0.490 0.355| 10.75 7.93 492 2.7E+05 0.473 0.349
9.45 6.87 444  25E+05 0.506 0.368| 8.04 6.11 425  2.4E+05 0.472 0358
6.60 4.96 382 2.1E+05 0.478 0359 6.40 4.99 383 2.1E+05 0.462 0.360
8.11 6.03 423 24E+05 0479 0356 8.59 6.67 443 2.4E+05 0.465 0.360
5.06 3.71 332 1.9E+05 0.484 0.356| 4.89 3.75 333 1.8E+05 0.467 0.358
7.67 5.54 403 2.2E+05 0499 0360| 721 531 40.5  2.2E+05 0.468 0.344
Test: 3 T=300K p =0.99 kg/m”* Test: 3 T=300K p=0.99 kg/m’
Fp, (N) Fp, (N) U(m/s) Re Cy Caq | Fpi (N) Fpy, (N) U(mss) Re Cy Cup
8.46 6.29 42.6 2.4E+05 0.492 0366 9.79 7.12 462  2.6E+05 0.485 0.353
10.02 7.24 462  2.5E+05 0.499 0.360| 8.97 6.61 449  2.5E+05 0.473 0.348
7.63 5.72 41.0 2.3E+05 0.482 0361 6.70 491 38.6  2.1E+05 0.478 0.350
5.26 4.06 33.6  1.9E+05 0.494 0381 10.53 8.00 492 2.7E+05 0.463 0.352
6.82 5.14 38.5  2.1E+05 0.487 0.367| 7.48 5.68 409 2.3E+05 0.475 0.360
9.07 6.99 447  2.5E+05 0.482 0371 5.05 3.89 33.6  1.9E+05 0.473 0.364
10.91 8.41 492  2.7E+05 0478 0.368| 8.04 6.14 425 2.4E+05 0.472 0.360
7.79 5.85 40.9 2.3E+05 0.494 0371 11.17 7.92 49.1  2.7E+05 0.492 0.349
8.23 6.25 42.4  2.4E+05 0.484 0367 7.22 5.58 40.7  2.2E+05 0.463 0.358
11.28 8.39 49.0  2.7E+05 0.498 0.371| 881 6.53 447  2.5E+05 0.470 0.349
9.81 7.44 46.0 2.5E+05 0.493 0.374| 5.15 3.88 33.5  1.8E+05 0.487 0.367
6.74 533 38.5  2.1E+05 0.483 0.382| 8.0l 5.84 423 23E+05 0.475 0.346
9.15 6.89 44.4  2.5E+05 0492 0370 939 6.96 46.1  2.5E+05 0.472 0.350
5.29 4.11 33.6  1.9E+05 0.498 0.386| 6.39 4.89 38.4  2.1E+05 0.461 0353

Figure A.19: Wind tunnel results from semi-trailer tests. Re and C, calculated with L = 10.48cm
and Ap = 191.8cm?
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Trailers With Side Skirts Results
Configuration: 1s Configuration: 2s
Test: 1 T=300K p =099 kg/m’ Test: 1 T=300K p =099 kg/m’
Fpy(N) Fpy(N) U(ms) Re Cy Cu |Fpy(N) Fp, (N) U@m/s) Re Cuy Cou
5.41 4.50 382 22E+05 0.385 0.321] 7.46 6.09 449  2.6E+05 0384 0.313
4.15 3.39 334 1.9E+05 0.389 0.317| 4.15 3.44 33.8  1.9E+05 0.379 0.314
9.14 7.35 489 2.8E+05 0.399 0.321| 5.54 4.45 38.5  2.2E+05 0.389 0.313
8.02 6.61 46.1  2.6E+05 0.395 0.326] 6.21 4.95 408  2.3E+05 0.388 0.309
6.80 5.68 425  2.4E+05 0395 0.330| 6.55 5.24 42.6 2.4E+05 0.376 0.300
6.22 5.10 405  23E+05 0.397 0325 9.15 7.26 494  2.8E+05 0392 0.311
7.52 6.15 444  25E+05 0.400 0.327| 8.16 6.60 463  2.6E+05 0397 0.321
8.42 6.58 459 2.6E+05 0.419 0.327| 6.78 5.50 426 2.4E+05 0.390 0316
7.34 6.08 444  25E+05 0391 0.324| 5.82 4.89 40.7  2.3E+05 0367 0.308
6.22 5.07 40.5  23E+05 0.398 0.324| 7.94 6.48 459  2.6E+05 0394 0.321
6.90 5.54 421  24FE+05 0.409 0.329] 5.51 4.50 382 2.2E+05 0.395 0.323
421 3.46 33.1  1.9E+05 0.402 0.330| 8.81 7.20 49.1 2.8E+05 0.382 0313
5.43 4.46 379  2.1E+05 0.395 0.324| 4.07 3.50 333 1.9E+05 0.383 0.329
8.85 7.33 49.1 2.8E+05 0.386 0.319] 7.26 5.95 444  25E+05 0386 0.316
Test: 2 T=300K p =0.99 kg/m’ Test: 2 T=300K p =099 kg/m’
Fp (N) Fp, (N) U(m/s)  Re Ca Ca | Fp (N Fpy (N U(mls)  Re Cua Ca
5.64 4.54 384 22E+05 0.395 0.318] 5.35 439 38.6  2.2E+05 0.373 0.306
8.11 6.55 463  2.6E+05 0.395 0.319| 7.90 6.36 463 2.6E+05 0.385 0.310
434 3.50 33.8  1.9E+05 0.397 0.320| 5.95 5.02 40.8  23E+05 0374 0316
7.06 5.54 427  24E+05 0404 0317| 7.38 6.04 447  2.5E+05 0386 0.316
6.46 5.11 409 23E+05 0.404 0.319] 8.81 7.15 489 2.8E+05 0.385 0.313
7.85 6.27 446 25E+05 0.412 0329 6.55 5.48 427  24E+05 0377 0316
9.03 727 49.1  2.8E+05 0.392 0.316| 4.09 3.44 335 1.9E+05 0.382 0.321
8.12 6.53 462  2.6E+05 0.399 0.321| 7.84 6.41 46.1  2.6E+05 0.386 0.315
6.35 5.18 408  23E+05 0.400 0.327| 7.39 5.96 445  2.5E+05 0.392 0316
424 3.42 333 1.9E+05 0.398 0.322| 5.17 4.40 382 2.2E+05 0370 0.315
7.62 6.05 445  2.5E+05 0.403 0.320] 6.62 5.45 42.6 24E+05 0382 0314
5.52 451 38.1 2.2E+05 0.397 0.324| 8.74 7.27 489 2.8E+05 0.383 0.319
6.72 5.50 424 24E+05 0391 0.320] 6.11 5.02 40.7  23E+05 0387 0318
9.03 7.22 49.0 2.8E+05 0.394 0.315| 4.09 3.38 33.4  1.9E+05 0.385 0.318
Test: 3 T=300K p =0.99 kg/m’ Test: 3 T=300K p =099 kg/m’
Fp, (N Fpy, (N) U(m/s) Re Cy Cap | Fp (N Fpy, (N Umls) Re Cy Cyp
5.93 4.78 404 23E+05 0379 0.306] 8.56 7.17 494  2.8E+05 0367 0.307
8.00 6.39 46.0 2.6E+05 0.397 0.318| 4.26 3.44 33.8  1.9E+05 0.391 0.316
6.91 5.51 423 2.4E+05 0407 0324 533 4.41 385 2.2E+05 0.378 0.312
8.78 727 49.1 2.8E+05 0.382 0.316| 6.12 5.04 40.8  23E+05 0384 0316
4.17 3.45 334  1.9E+05 0.393 0325 7.90 6.35 462  2.6E+05 0389 0.312
7.34 5.92 445  2.5E+05 0.390 0.315| 6.46 532 426 2.4E+05 0.373 0.307
5.32 435 38.0 2.1E+05 0.387 0.316] 7.38 5.94 446  2.5E+05 0.390 0.314
5.98 4.90 404  23E+05 0.384 0315 6.58 5.41 42.6 24E+05 0381 0313
6.71 5.39 421  24E+05 0.398 0.320| 4.07 3.38 335  1.9E+05 0.381 0.316
7.36 6.02 441  2.5E+05 0.397 0.325| 5.36 436 383  2.2E+05 0.384 0.313
7.93 6.34 458  2.6E+05 0.398 0.319| 845 6.78 48.1  2.7E+05 0.383 0.308
5.50 453 38.0 2.1E+05 0.400 0.330| 5.83 4.79 405 23E+05 0374 0.308
9.21 7.36 489  2.7E+05 0.405 0.324| 8.62 7.00 49.1  2.8E+05 0.377 0.306
4.00 3.38 332 1.9E+05 0.383 0.323| 7.37 6.02 445 2.5E+05 0391 0319

Figure A.20: Wind tunnel results from semi-trailer tests. Re and C,; calculated with L = 10.48cm
and Ap = 191.8cm?
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Trailers With Side Skirts Results
Configuration: 3s Configuration: 4s
Test: 1 T=300K p=0.99 kg/m’ Test: 1 T=300K p =099 kg/m’
Fpi (N) Fp, (N) U(mls) Re Cyy Ca | Fpi (N Fpy (N) U(m/s) Re Cy Cap
7.94 5.32 40.9 2.3E+05 0.494 0.331 10.51 7.22 49.0 2.8E+05 0.457 0.314
6.86 4.78 38.5 2.2E+05 0.482 0.336 5.12 3.49 33.8 1.9E+05 0.470 0.320
11.61 7.78 49.1 2.8E+05 0.503 0.337 9.46 6.55 46.0 2.6E+05 0.469 0.325
9.95 6.72 46.1 2.6E+05 0.489 0.331 6.49 4.64 38.7 2.2E+05 0.456 0.326
8.69 5.95 42.5  24E+05 0.504 0.345 7.21 5.03 40.9 23E+05 0.452 0.316
5.25 3.73 334 1.9E+05 0.490 0.348 9.00 6.10 447  2.5E+05 0.475 0.322
9.26 6.40 44.6  2.5E+05 0.487 0.336 7.83 5.48 42,7  2.4E+05 0.452 0.316
5.24 3.70 33.5 1.9E+05 0.490 0.346 6.81 4.63 38.5 2.2E+05 0.483 0.328
9.91 6.77 46.0 2.6E+05 0.489 0.335 9.55 6.49 46.2  2.6E+05 0.470 0.320
9.28 6.33 44.4  2.5E+05 0.492 0.336 8.19 5.73 42.5  24E+05 0.477 0.333
7.02 4.68 38.1 2.2E+05 0.506 0.337 9.06 6.18 44,5  2.5E+05 0.482 0.328
7.69 5.40 40.6  2.3E+05 0.488 0.343 10.68 7.28 49.0 2.7E+05 0.470 0.320
11.33 7.85 48.9  2.8E+05 0.495 0.343 7.34 5.07 40.6  2.3E+05 0.468 0.323
8.51 5.85 423 2.4E+05 0.497 0.342 5.11 3.60 334 1.9E+05 0.482 0.339
Test: 2 T=300K p =099 kg/m’ Test: 2 T=300K p =099 kg/m’
Fpr (N) Fp, (N) U(m/s) Re Cy Cap | Fpr (N Fpy, (N U(m/s) Re Cy Cgp
6.85 4.601 38.1 2.2E+05 0.491 0.330 7.19 4.99 40.5 2.3E+05 0.459 0.318
8.58 5.69 42.3  24E+05 0.502 0.333 4.74 3.38 33.4  1.9E+05 0.445 0.317
10.11 6.76 45.8 2.6E+05 0.504 0.337 7.81 5.28 424  24E+05 0.456 0.309
11.40 7.88 49.0 2.8E+05 0.495 0.342 9.41 6.53 459  2.6E+05 0.468 0.325
7.88 5.27 40.6  2.3E+05 0.500 0.335 10.89 7.20 49.0 2.8E+05 0.477 0.316
8.93 6.19 443  2.5E+05 0.477 0.331 8.78 6.12 445  2.5E+05 0.466 0.325
5.09 3.54 333 1.9E+05 0.482 0.335 6.35 445 38.1 2.1E+05 0.459 0.322
7.65 5.27 40.2  2.3E+05 0.496 0.341 4.76 3.42 332 1.9E+05 0.453 0.326
6.57 4.67 38.0 2.1E+05 0.477 0.339 10.96 7.43 49.0 2.7E+05 0.480 0.325
11.23 7.72 48.9  2.8E+05 0.492 0.338 8.22 5.57 42.4  24E+05 0.482 0.327
8.31 5.71 422 24E+05 0.490 0.337 9.32 6.42 457  2.6E+05 0.468 0.323
9.36 6.27 442  2.5E+05 0.502 0.337 7.19 5.16 40.5 2.3E+05 0.461 0.331
9.78 6.64 45.6  2.6E+05 0.494 0.335 8.55 5.89 442  2.5E+05 0.457 0.315
5.08 3.58 32.9 1.9E+05 0.490 0.346 6.19 4.38 38.0 2.1E+05 0.452 0.320
Test: 3 T=300K p =099 kg/m’ Test: 3 T=300K p =099 kg/m’
Fp, (N) Fp, (N) U(m/s) Re Cyy Ca | Fpi (N Fpy (N) U(m/s) Re Cy Cap
6.64 4.48 38.5 2.2E+05 0.466 0.314 9.25 6.41 459  2.6E+05 0.459 0.318
9.36 6.39 46.2  2.6E+05 0.458 0.312 6.45 4.48 38.0 2.1E+05 0.467 0.325
8.05 5.48 42.4  24E+05 0.468 0.319| 10.71 7.50 48.7  2.7E+05 0.474 0.332
7.41 5.01 40.6  2.3E+05 0.470 0.318 9.29 6.35 443  2.5E+05 0.496 0.339
5.17 3.44 333 1.9E+05 0.488 0.325 7.15 5.06 40.4  2.3E+05 0.459 0.325
9.08 6.05 443  2.5E+05 0.484 0.323 7.76 5.54 422 24E+05 0.457 0.326
11.62 7.70 48.8 2.8E+05 0.510 0.338 5.02 3.54 33.2  1.9E+05 0.478 0.337
6.46 4.46 38.1 2.1E+05 0.466 0.322 7.60 5.39 42.1  2.4E+05 0.450 0.319
5.09 341 33.2  1.9E+05 0.485 0.325 9.06 6.48 45.8 2.6E+05 0.454 0.325
10.19 6.69 45.8 2.6E+05 0.508 0.334 7.43 5.11 40.4  2.3E+05 0.479 0.329
7.56 5.10 40.4  2.3E+05 0.486 0.328| 11.01 7.50 48.9 2. 7E+05 0.485 0.330
9.00 6.08 44,1  2.5E+05 0.484 0.327 6.43 4.57 38.0 2.1E+05 0.467 0.332
8.29 5.53 42.1  2.4E+05 0.490 0.327 4.73 3.46 33.2  1.9E+05 0.451 0.330
10.78 7.32 48.9  2.7E+05 0.474 0.322 9.00 6.00 442  2.5E+05 0.485 0.323

Figure A.21: Wind tunnel results from semi-trailer tests. Re and C, calculated with L = 10.48cm
and Ap = 191.8cm?
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