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A computational fluid dynamics (CFD) code is being combined with a genetic
algorithm (GA) to perform a two-dimensional drag minimization study on tractor trailers.
This paper involves the minimization of drag on two different parts of the tractor trailer:
the rearview mirrors and the base region. Both optimization problems were simplified to
two dimensional analyses due to the complexity of a CFD driven GA problem.
Few studies have been conducted with CFD driven by a GA due to extensive run
times the general non autonomous characteristics of meshing a suitable CFD geometry.
This study solves the Reynolds-averaged Navier-Stokes (RANS) equations to obtain a
drag calculation used by the GA. Two Fortran codes were written from scratch to handle
the meshing of the variable geometry mirror and base region for the entire design space.
The mesh generators were used as subroutines in the GA with the only input being the
v

geometric variables. The objective function for the GA consists primarily of the mesh
generator code and the CFD solver.
The mirror shape optimization involved a mirror concept consisting of transparent
flat plates extending beyond the mirror and tapering to a point similar to an airfoil. Four
geometric parameters were varied to determine a minimum drag geometry within the
design space. The resulting optimized mirror geometry was somewhat trivial due to the
impractical length of the GA chosen mirror design.
The base optimization involved placing flaps of varying size, position, and
curvature in the base region to determine a minimum drag configuration. The front of the
tractor trailer remained unchanged, but was included in the CFD analysis. The base flaps
were defined by a cubic function that required 4 variables plus one additional variable to
set the length of the flaps. Federal regulations limit length of base protuberances. For this
study the flap length was limited to a maximum of four feet aft of the trailer base. The
resulting minimum drag configuration was shown to reduce drag by over 50 percent
when compared to the CFD run with no base flaps.
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1.

INTRODUCTION

The use of genetic algorithms (GAs) as a design tool has been demonstrated in
many areas of the aerospace industry.1-22

GAs have been used in many aerospace

applications such as spacecraft controls1,2, turbines3,8,15, helicopter controls4, flight
trajectories5, wings and airfoils6,7,9,10,

inlets14, rockets16,19, missiles12,13,17,18,21,23, and

propellers22. This study uses the IMPROVE© code which is a binary encoded tournament
based GA used in References 13, 17, 18, and 21-23. The GA features many capabilities
such as a pareto option, nicheing, creep, and elitism.
Genetic Algorithms are loosely based on the theory of evolution by having
members compete with each over generations. Members that have the best survival
characteristics, or in this case geometric parameters, are more prone to survival. For these
two optimizations, fitness is determined by the computation of drag carried out by a
RANS CFD simulation. The members in each case will be different geometries based on
the selection of variable parameters within a given design space. The GA passes these
members to the objective function. The objective function consists of a mesh generator
for the given geometry and computational fluid dynamics (CFD) solver to obtain the drag
value.
GA’s have several advantages over typical gradient based optimizations. Gradient
based optimizations require an initial set of parameters which are used as a starting point
for the optimization. Gradient optimization schemes then attempt to approach an
1

optimum by feeling out derivatives and moving towards the best performing set of
parameters. Problems can arise if the initial parameter set exists near some local optimum
to which the optimization scheme will likely converge upon. Convergence to a local
optimum is more common in problems with many variables and problems with highly
coupled variables.36
Performance derivatives with respect to each parameter are very costly when
using Navier-Stokes CFD as an objective function. Geometric parameters also produce
highly coupled results in complex flowfields. These factors justify using a GA rather than
a gradient based optimization scheme for the drag minimization studies presented in this
thesis.
The Steady-state Reynolds-averaged Navier-Stokes equations were solved for
each member evaluated by the GA. A k-ε turbulence model was used for the mirror
optimization while a k-ω turbulence model was used for the base slat optimization. The
CFD solver, Fluent, uses a cell centered finite volume method for integration of the
governing equations. The segregated solver option was used to decouple continuity and
momentum equations. The energy equation was deactivated because the simulations were
conducted at low speed. A second-order upwind discretization was used for the
momentum equation while a first-order upwind discretization was used for turbulent
kinetic energy and specific dissipation rate.31
The driving force behind this study is the potential fuel cost savings of an
aerodynamically optimized tractor trailer. In 2006 tractor trailers logged 143.6 billion
miles in the United States alone at an average of 5.9 miles per gallon corresponding to
24.3 billion gallons of diesel fuel or 600 million barrels or oil.25 The direct economic
2

impact is about 40 billion dollars for a crude oil price of $70 per barrel.
Figure 1 shows the horsepower contribution of aerodynamic drag and rolling
friction resistance. For typical highway speeds, aerodynamic drag accounts for more than
half of the engine load. A drag reduction of 20% would result in approximately 10% fuel
savings. This amount of fuel savings would result in a savings of 4 billion dollars
annually for trucks in the United States. Even if drag reduction efforts can only reduce
drag by 5%, plenty of financial motivation still exists for the aerodynamic optimization of
tractor trailers.

Figure 1: Engine Loading on Tractor Trailers (Ref. 24)
Two studies were conducted using CFD driven by the GA. The first was an
optimization of a rearview mirror concept that places optically transparent surfaces which
taper to a point aft of the mirror section to reduce flow separation around the mirror. The
mirror problem was chosen for two main reasons. First, studies have shown that typical
3

rearview mirrors account for approximately 8.5 percent of drag on tractor trailers.35 Even
a small reduction in total drag from improvements in mirror aerodynamics could
potentially save a large amount of fuel. Second, the two dimensional mirror was a
relatively simple geometry to test the feasibility of a CFD driven GA solution. A simple
“C” mesh could wrap around the model in a similar manner as a typical airfoil CFD
problem.
Figure 2 shows a sketch of the proposed mirror design. Trailing edge length and
three front end curvature variables were considered in the design space. The front section
consists of four different arc sections with variable radii constrained by tangent
connecting points. Three arc sections make up the nose of the mirror followed by one
more arc section used to turn from the freestream tangent to the taper angle determined
by the length of the mirror. Only two variables exist in the three nose arc section because
one arc is simply a mirror image of the other.

4

Figure 2: Mirror Concept
The second study concentrated on the base region of the tractor trailer. The GA
was used to determine the optimal size, position, and curvature of the flaps for base drag
reduction. References 24, 28, and 29 describe previous efforts of drag reduction by using
base flaps. A front end geometry previously shown to produce no flow separation was
provided by Dr. Chris Roy and implemented in the model.30 In order to drastically reduce
CFD run times, only half of the model was meshed and the symmetry boundary condition
was used. A total of 5 variables were used for the modeling of the base region slats. Only
symmetrical flap configurations were considered. The variable design space is covered in
detail in a later section of this thesis. Figure 3 shows a schematic of the base slat
configuration.

5

Figure 3: Base Flap Concept

6

2.
2.1

MIRROR STUDY

MIRROR MODELING
The geometry chosen for this optimization process consists of four variable

parameters and a fixed mirror width of 6 inches as shown in Figure 4. L is the length of
the trailing edge. Parameters R1, R2, and R3 are all arc radii used for different arc
segments. The geometry consists of six segments and is essentially a twodimensionalized blunted ogive followed by a linear taper.

Figure 4: Mirror Parameters
The front of the mirror consists of three separate arc sections. The top and bottom
arc sections on the front are mirror images of each other and both have a radius of R1.
The nose of the mirror is a separate arc that has a radius of R2 and is tangent to the
connecting arc sections at points C and D. R3 is the radius of the arc connecting point E to
the tapering straight edge of the mirror at point F and is also tangent to its connecting
surfaces. These four parameters along with the fixed width and tangent constraints are
7

enough to completely define the geometry of the mirror.

2.2

MIRROR MESHING
The first step in a CFD simulation is to create the mesh. Ordinarily some sort of

grid generation software with a graphical user interface (GUI) is used to create the mesh.
While this approach is moderately quick and very effective, the use of a genetic
algorithm prevents any sort of user interaction with gridding software. In this study, the
entire grid generation process was done by writing two (one for each optimization)
FORTRAN subroutines from scratch that were capable of generating a mesh for any
possible geometry within the design space.
After several preliminary CFD runs the mirror mesh generating subroutine was
varied until a suitable combination of node clustering in high gradient areas was found
while minimizing the number of nodes. Grids created by the mirror meshing subroutine
typically had about 35000 nodes. The subroutine was programmed to mesh the nodes
using a hyperbolic function for the j direction (moving away from the mirror in the
surface-normal direction). Nodes in the j direction were extended perpendicular from
every surface to best capture skin friction as shown in Figure 5.

8

Figure 5: Mirror Mesh Directions
The locations of the first node points away from the wall were of importance to
accurately capture the turbulent boundary layer. To determine the distance of the first
node point away from the wall, the Near-Wall Model 31 approach was used. This method
consists of finding an approximate skin friction value that can be used to estimate the
shear stress at the wall. The friction velocity can then be found from the shear stress at
the wall. With all of these properties known, y+ (the normalized turbulence length) can
be determined as a function of the wall-normal distance y. For the Near-Wall Model
approach, setting y+ equal to unity yields a value of y which serves as a suitable distance
from the wall for the first node.31
The calculation of y+ is developed as follows. The normalized turbulence length
can be found by the following calculations. For a rough approximation of turbulent flow
9

over a flat plate, the skin friction coefficient can be written as shown below

Cf =

0.074
Re1L/ 5

(Ref. 26)

where Rec is the Reynolds number based on the chord length (or in this case, the mirror
length) and can be expressed as

Re L =

ρuLtotal
µ

(Ref. 26)

where the mirror length is a function of its geometric parameters.

Ltotal = L1 + R1 cos θ + R2 (1 − cos θ )

Here, θ is the angle measured clockwise from vertical to the line tangent to the curve at
point C in Figure 4.

 R1 − 3 

 R1 − R2 

θ = sin −1 

The shear stress at the wall can be found from
10

τw =

1
ρU e2 C f
2

(Ref. 26)

where Ue is the edge velocity, which is approximated here as the freestream velocity. The
friction velocity can then be estimated by

uT =

τw
ρ

(Ref. 31)

Finally, the expression for y+ can be written as

y+ =

uT y

ν

(Ref. 31)

where ν is the kinematic viscosity.
The mesh generating subroutine uses this process for each mesh created to set a
y+ values near unity for the first node away from the wall along all points of the wall.
Grid points are then generated in the j direction (perpendicular to the wall) with
hyperbolic tangent spacing until a distance of five chord lengths from the wall is reached.
In the case of grid lines crossing each other (this is possible for a small L1 and large R3)
the aft end of the mesh is extended until the crossover problem is resolved. Figure 6
11

shows the area where grid lines can possibly overlap.

Figure 6: Mirror Mesh Area for Possible Grid Overlap
Grid point spacing in the i direction along the mirror surface was programmed to
be fine along the curved and trailing edges due to the gradients involved in these areas. It
would be feasible to space the grid points out more over the center of the tapering
section, however, for this preliminary study the grid spacing was held nearly constant
over the entire wall. The only prominent

varying of grid spacing in the i direction
12

came aft of the trailing edge. Figure 7 shows the meshed trailing edge.

Figure 7: Mirror Trailing Edge Mesh

2.3

MIRROR CONVERGENCE CRITERIA
Due to run time constraints, the solution was only allowed to converge until the

variance in the drag coefficient was within three percent. This was determined by running
one case and allowing the continuity, x-momentum, and y-momentum residuals to
converge far past the point of any change in the drag coefficient. A suitable convergence
criterion was then found by examining the percent error of drag compared to the fully
converged value as a function of continuity,

x-momentum, and y-momentum residual
13

convergence. Convergence values were chosen around the point where the drag reached
3% of the converged drag and never diverged out of the range. Figures 8 and 9 show the
convergence history of continuity, x-momentum, and y-momentum residuals, as well as
the drag coefficient normalized by the fully resolved drag coefficient.
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Figure 8: Drag Convergence for Test Mirror
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Figure 9: Residual History for Test Mirror
From the plots above, it can be seen that the drag coefficient is within 3% for
scaled residual values between 10-4 and 10-5. For the cases run, the continuity, xmomentum, and y-momentum residuals were set to a convergence criteria of 2×10-5.
For this study, all of the cases were run as turbulent flows. A mirror with a length
of one foot in a freestream velocity of 75 mph (33.5 m/s) will have a Reynold’s number
based on length of approximately 725,000. The Reynold’s number is found by

Re L =

ρu∞ L
µ

The smallest allowable length from the GA parameter constraints is just less than one
foot with a maximum value of around three feet. This turbulent assumption is accurate
15

because the mirror is expected to have some considerable roughness to create a turbulent
boundary layer along the majority of the surface. A typical transition Reynold’s number
for a smooth flat plate is between 106 and 107, while rough surfaces have lower transition
Reynold’s numbers. 27
A two equation k-ε turbulence model was used to capture the turbulent boundary
layer effects. The inflow boundary started from the upper right corner of the mesh,
wrapped around to the left end, and ended at the bottom right corner of the mesh.
Freestream velocity was in the positive x direction. Although the top and bottom of the
grid were defined as inflow boundaries, no actual flow passed through the boundary cells
because the cells were parallel to the freestream velocity. A pressure outlet was used for
the remaining free boundary with the outlet pressure set to one atmosphere. The entire
mesh was initialized with the freestream conditions before being solved to reduce run
time.
2.4

CODE STRUCTURE AND COMPUTATIONAL EXPENSE
The initial strategy to decrease computational run times was to utilize the

parallelization capabilities of the Fluent CFD solver on Auburn University’s 30 node, 60
processor Linux cluster. The GA used was not written with parallel capabilities, but with
some effort could potentially be modified to run more than one case at a time. The
objective function, however, could easily call the CFD solver and utilize its parallel
capabilities. In this manner, only one case was run at a time, but that case would be
parallelized.
Mirror run times were found to decrease slightly by increasing the number of
16

processors from one to three; however, run times increased for any number of processors
beyond three. This was due to two factors. The first was the initialization time required
for multiple processor runs increased as processors were added. The second reason was
that the relatively small number of grid points for the mirror mesh was likely too small to
efficiently solve in parallel among many processors.
It was found that most cases took roughly five minutes to converge to the chosen
criteria when operating on two processors. With this relatively short run time, a full GA
run consisting of 20 members per generation and 15 generations could be completed in
approximately 25 hours while using two processors. For the mirror geometry, potential
computational time decrease obtained by manipulating the GA to run more than one case
at a time was not justified.
While no modifications were made to the GA for the mirror optimization,
optimizations involving more complicated geometries would almost certainly need the
ability to have several members evaluated at the same time. As will be shown in Chapter
3, parallelism within the GA was necessary for the two-dimensional optimization of base
slats on a tractor trailer.
The flow chart for the GA along with the objective function is shown in Figure
10. The GA begins by randomly selecting variables within the design space for all
members of the first generation. The GA then sends the members one at a time through
the objective function. The objective function in this case consists of the grid generator as
well as the CFD solver. Once the solver is converged, the drag is calculated and returned
to the GA for that particular member. After all members in a generation have been
evaluated, they are sorted by their performance and used to create the members of the
17

next generation. The methods used to create the new members depend on the selection of
control options from the GA input file such as creep, elitism, pareto, and nicheing. A
sample file of the GA input with the chosen options is shown in Appendix A.

Start GA Run

Create Generation
of Random
Members

Create Grid from
Variables

Call Objective
Function for
Each Member

Loop for Each
Member

Run CFD Solver in
Batch Mode
(multiple processors)

Return Drag Value

Rank / Sort
Members based
on Performance

If Not Final
Generation

Create Next Generation
from Best Performers
of Previous Generation

If Final
Generation

GA Run is
Complete!
Output Results

Figure 10: Flow Chart for Original GA and Objective Function
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2.5

MIRROR RESULTS
Post analysis on the optimized solution showed an error in values of turbulent

viscosity and turbulent dissipation rate. These errors were found to be in the inflow
boundary conditions and were corrected. Several cases were rerun to check the effect on
drag. Drag decreased some for all cases, but the best performers remained the same. The
error had no practical effect on the geometry chosen as the optimized solution. The
geometries most affected were the worst performers in the first few generations. All flow
fields shown have the correct turbulent viscosity and turbulent dissipation rate. Drag
values shown in the GA convergence plot are from the initial GA run before the changes
were made. It is important to note the values of drag are not as important for this
demonstration effort as the demonstrated ability to find an optimized solution.
The GA arrived at a nearly optimized solution for the design space tested after 15
generations. Figure 11 shows drag results by generation. For this study, drag will be
presented in coefficient form non-dimensionalized by freestream conditions and
geometric parameters. Unlike three-dimensional flowfields, two-dimensional drag is
expressed as a force per unit length rather than simply a force. The equation for the twodimensional drag coefficient is shown below

CD =

Drag / Length
1
ρ ∞ u ∞2 Lref
2

19

where ρ∞ and u∞ are freestream density and velocity. Lref is the fixed mirror width of 6
inches.
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Figure 11: GA Mirror Convergence
The best performer in the last generation only reduced the drag 10% from the best
performer of the first generation. As will be seen in Chapter 3, this is not the case for
more complicated geometries and flowfields. Due to a small number of parameters, the
GA was able to come very close to the optimized solution by the random parameter
values chosen in the first generation. The maximum drag coefficient was from a member
of the initial generation. The GA was able to drastically reduce the maximum drag after
one generation. The average drag coefficient per generation levels out around 10
generations as well as the minimum drag member. Because the GA maximized L1 and R1
for the optimal solution, it is unlikely that the GA would have been able to drastically
improve upon the winning geometry if more generations were run.
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L1 (in)
Minimum
Maximum
Optimized
Solution

R1 (in)

R2 (in)

R3 (in)

10
20

4
16

0.5
2.5

0.5
4

20.00

16.00

0.63

3.39

Table 1: Mirror Design Space and Optimized Parameter Values
Table 1 shows the optimized solution parameter values found by the GA as well
as the allowable design space for the optimization. L1 and R1 were maximized to get the
minimum drag coefficient. It is apparent that the true optimal parameter values lie outside
of the allowable design space. The general procedure would be to expand the design
space and run the GA again, however, practical factors would prohibit the use of
excessively long mirrors.

Figure 12: Streamlines for Optimized Mirror Solution
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The optimized design along with pressure contours and streamlines is shown in
Figure 12. As expected, the flow remained attached all around the body of the mirror.
One interesting detail of this GA optimization is the resemblance of the solution to an
airfoil. Since L1 and R1 were maximized, the longest, most slender possibility was found
to have the minimum drag, indicating that the pressure drag was much more dominant
than the skin friction drag.

pressure
coefficient
Optimized
Solution
Worst Performer

viscous
coefficient
0.056
0.104

total drag
coefficient

0.00738
0.00411

% viscous
drag
0.0633
0.108

11.7
3.8

Table 2: Drag Breakdown of Mirror Results

Table 2 shows the breakdown between viscous drag and pressure drag for the best
and worst performers. The optimized solution has 11.65% of its total drag coming from
skin friction forces while the worst performer only has 3.79% skin friction drag. This is
due to the large difference in wetted wall area between the two members. Pressure drag is
nearly twice as high for the worst performer. This comes from the separated flow for the
worst performer and attached flow for the optimized solution.
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Figure 13: X-Velocity for Optimized Mirror Solution

Figures 13 and 14 show the x-velocity for the front and aft sections of the mirror.
The stagnation point can be seen at the tip of the nose and the maximum velocity can be
seen at the bottom middle of the mirror. The maximum velocity is around 55 m/s and the
freestream velocity is 33.5 m/s (75 mph) giving a maximum velocity ratio of 1.64. For
reference, the maximum velocity for potential flow over a cylinder is twice the freestream
velocity. Figure 11 shows the bottom boundary layer thickness is much larger than the
top boundary layer thickness. This is due to the flow on the under side (nearest the truck)
experiencing an adverse pressure gradient.
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Figure 14: X-Velocity for Optimized Mirror Solution

The member with the maximum drag is shown in Figure 15. The short length
contributes to flow separation on the under side resulting in large drag penalties.
Although the wetted area is small causing very little skin friction, the pressure drag is
dominant and much larger than the case with no separation.
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Figure 15: Streamlines for Worst Mirror Performer

Figure 16: X-Velocity for Worst Mirror Performer
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Figure 16 shows the x-velocity for the member with the maximum drag. Once the
flow passes the bottom edge to the tapering section of the mirror, the boundary layer
grows drastically until separation occurs.
By examining the best performer’s parameters, it is apparent that a true optimum
for the mirror geometry exists outside of the design space limits by which the GA was
bounded. It is also apparent that the optimal (with respect to drag) mirror design is too
long to be practical. Much more experimentation and testing would be needed to
determine if a shorter mirror could be a viable design.
Although the results from the mirror optimization do not suggest a sensible
design, the process of combining a GA with CFD was found to be effective. The
customized grid generator was made to handle a number of parameters, and it created
grids that converged sufficiently when input into the CFD solver.
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3.

3.1

BASE SLAT STUDY

BASE SLAT MODELLING
Figure 17 illustrates the base region of the two dimensional tractor trailer model

used in this study. The dotted line represents a line of symmetry used to drastically
reduce computational expense. A cubic is used to describe the slat geometry here, hence
six variables are shown. Five of the six variables shown can completely describe the
curvature and length of the slat. β and H2 are redundant. θ1 and θ2 are initial and final
angles of the slat with respect to the horizontal. L is the length the slat extends past the
rear of the trailer. H1 is the distance from the centerline to the point of attachment of the
slat. H2 is the vertical distance from the centerline to the end of the slat. Due to federal
regulations, L will be limited to four feet.
Initially, H2 was planned to be non-dimensionalized by H1 and allowed to vary
between zero and one. After grid convergence issues arose, the variable was changed to
β, the angle between the attached end and free end of the slat. H2 and β are related by:

tan β =

H1 − H 2
L

In this manner, β could be limited to a reasonable angle to avoid CFD convergence
problems associated with large angles.
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Figure 17: Depiction of Slat Variables
H1, β, θ1, θ2, and L provide just enough information to fully define the cubic
curve. H1 and the length of the truck provide a location for the first point. H2 and L
provide a location for a second point of the curve. Finally, the initial and final angles, θ1
and θ2, are needed to define the curvature. The following process was used to convert the
variables into coefficients used for the cubic. The equation for a cubic curve can be
written as

y = Ax 3 + Bx 2 + Cx + D
Here, we seek to find the coefficients A, B, C, and D such that y can be determined for
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every x position of the slat. Taking the derivative of y with respect to x gives the slope of
the curve.

∂y
= 3 Ax 2 + 2 Bx + C
∂x
Applying the previous two equations at the known starting and ending points on the slat
gives four equations and four unknowns.

y1 = Ax13 + Bx12 + Cx1 + D
y2 = Ax23 + Bx22 + Cx2 + D
 ∂y 
2
  = tan (− θ1 ) = 3 Ax1 + 2 Bx1 + C
 ∂x 1
 ∂y 
2
  = tan (− θ 2 ) = 3 Ax2 + 2 Bx2 + C
 ∂x  2

Coefficients were then solved as functions of known values, x1, x2, y1, y2, θ1, and θ2. The
coefficients can be expressed as follows:

A=

B=

− 2 y1 + 2 y 2
tan (− θ1 ) + tan (− θ 2 )
+
x13 − 3 x12 x 2 + 3 x 22 x1 − x 23
x12 + x22 − 2 x1 x 2

3 y1 (x1 + x 2 ) − 3 y 2 (x1 + x 2 ) − tan (− θ1 )(x1 + 2 x 2 ) − tan (− θ 2 )(2 x1 + x 2 )
+
x13 − 3x12 x 2 + 3 x 22 x1 − x23
x12 + x22 − 2 x1 x 2
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C=

− 6 y1 x1 x2 + 6 y 2 x1 x 2
tan (− θ1 )(2 x1 + x 2 )x 2 + tan (− θ 2 )(2 x1 + x2 )x1
+
x13 − 3x12 x 2 + 3x 22 x1 − x23
x12 + x 22 − 2 x1 x 2

y1 (3 x1 − x 2 )x 22 + y 2 (x1 − 3x 2 )x12 − tan (− θ1 )x1 x22 − tan (− θ 2 )x12 x2
D=
+
x13 − 3x12 x 2 + 3x 22 x1 − x23
x12 + x 22 − 2 x1 x 2
Finally, the coefficients are substituted into the simple cubic expression to solve for any y
on the slat as a function of x.

3.2

BASE SLAT MESHING
Unlike the mirror problem, meshing the truck was not possible with a single zone

“c” mesh. The lack of a tapered trailing edge created a necessity for two zones in the
truck grid. Figure 18 shows how the truck mesh is broken into two zones. Indexing for
zone 1 starts at the lower right corner of the zone and extends left for the increasing i
direction and up for increasing j direction. For this problem, a typical mesh with a base
flap consists of about 90,000 to 100,000 nodes total with approximately 60,000 to 65,000
in zone 1 and 30,000 to 35,000 in zone 2. A grid refinement study (Section 3.3) was
performed to ensure that this number of grid points was sufficient. Zone 1 generally
consists of around 430 nodes in the i direction and 140 nodes in the j direction which
extends approximately two truck lengths outward from the truck surface.

30

Figure 18: Full Truck Mesh
Figures 19 and 20 show zone 2 in greater detail. The border between zones is a
horizontal line if no slats exist. With the addition of slats, the entire region aft of the
tractor trailer is shifted vertically causing a curved border between zones. Indexing starts
in the lower left corner with increasing i in moving right and increasing j moving up.
Zone 2 with a flap present typically consists of 300 nodes in the i direction and 100 nodes
in the j direction. The far right side of the grid ends approximately two truck lengths aft
of the rear of the truck.
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Figure 19: Truck Zone 2 Indexing Without Slat

Figure 20: Truck Zone 2 Indexing With Slat
Figure 21 shows a close up of the front end of the truck. Spacing in the i direction
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was held constant at just under one inch from the top of the truck’s curved corner in the
increasing i direction all the way to the line of symmetry. The primary purpose of
modeling the front end of the truck was to have an accurately developed boundary layer
flow approaching the base, therefore, one inch spacing on the front end of a full scale
truck model was deemed reasonable. Any drag error obtained by i spacing in the front
end of the truck will be present on every model tested by the GA and will not affect
which geometry is chosen as the optimal solution.

Figure 21: Front End of Truck
Spacing in the first nodes away from the walls was kept nearly constant at
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around 0.0022 inches in order to obtain y+ values of 30 to 60 on the surface and
sufficiently resolve gradients in the boundary layer. This number was calculated using the
same process as the mirror problem detailed in Section 2.2. The chord length used for
Reynold’s number calculation was the length of the truck while the desired y+ value was
between 30 and 60 rather than the y+ of 1 used for the mirror. The y+ difference is
necessary because a k-ω SST turbulence model is used in place of the two equation k-ε
turbulence model with enhanced wall treatment.31 Figure 22 shows the detail in the grid
at the upper right corner of the truck base region magnified greatly. The spacing was
carefully set up on the borders of zones 1 and 2 to prevent drastic changes in aspect ratio
in adjacent cells.

Figure 22: Upper Corner of Truck Base Region
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Figure 23 shows the base region from the centerline of the truck to the upper edge
with no slats. Note the high density of points close to the surface which extends above
and to the right of the truck past where the walls exist. This was an unavoidable scenario
due to the use of a structured grid. Figure 24 shows the base region with a slat. Note the
dense grid along both sides of the slat extending into the base flow.

Figure 23: Base Region Grid Without Slat
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Figure 24: Base Region Grid With Slat
While the grid generator produces suitable grids for most areas within the
intended design space, excessively skewed cells lead to numerical instabilities for certain
slat geometries. Large angles with respect to the horizontal anywhere on the slat create
significantly skewed cells. Figure 25 shows the area of concern for a high angled slat.
Ideally, cell boundary lines should extend perpendicular to the surface to better capture
the boundary layer aerodynamics. Slat angles were limited by the GA to avoid
excessively skewed cells.
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Figure 25: Potential Area of Highly Skewed Cells
3.3

GRID REFINEMENT STUDY
A grid refinement study was conducted on the truck model without slats to ensure

that the chosen grid spacing will give accurate results. Due to limitations on grid point
spacing near the surface of walls, it was not possible to create the coarse mesh from the
fine mesh by means of removing every other grid point in the i and j directions. The y+
value near the surface of the wall needed to be the same for both the coarse and fine
grids. The differences were mainly in the spacing of grid points in the base region and the
spacing of points running parallel to the surface wall. Table 3 presents the number of grid
points in both directions of both zones for the coarse and fine grids.
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Coarse Grid

Fine Grid

Zone 1, i direction

432

836

Zone 1, j direction

141

269

Zone 2, i direction

289

542

Zone 2, j direction

103

183

90679

324070

Total Nodes

Table 3: Coarse and Fine Grid Node Points
The spacing variables were tweaked in the grid generator routine to obtain a fine
grid that had roughly twice the number of points in each direction as the coarse grid
without changing the y+ needed to accurately capture the boundary layer. The ultimate
goal of this study was to show that no significant difference exists between the converged
drag values of both the coarse and fine grids.
Figure 26 shows the coarse and fine grids compared next to each other. The
coarse grid is on the left with the fine grid on the right. The front end and base region
close-ups show the coarse grid has roughly twice the space between nodes compared to
the fine grid in the direction parallel to the surface.
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Figure 26: Coarse and Fine Grid Comparison
The drag coefficient for both cases converged to approximately 0.296. The drag
convergence for the truck without slats is illustrated in Figure 27. The fine grid required
over 100,000 iterations to converge while the coarse grid required only about 25,000
iterations.
39

0.4

Drag Coefficient

0.35
0.3
0.25
0.2
Fine Grid

0.15

Course Grid

0.1
0.05
0
0

50000

100000

150000

Iteration

Figure 27: Drag Convergence for Grids Without Slats
Table 4 gives a breakdown of viscous and pressure drag on the truck. Both the
coarse and fine grids returned similar values for pressure and viscous drag. Viscous drag
accounted for 13.5% of the total drag on the tractor trailer model. Due to the similar
results of the coarse and fine grid, the coarse grid was determined to be sufficient for the
calculation of drag. Slatted grids for the GA run use the node spacing properties of the
coarse grid.

Coarse Grid
Fine Grid

Pressure Drag (N/m)
223.733
223.470

Viscous Drag (N/m)
34.588
34.969

Total Drag (N/m)
258.321
258.439

Table 4: Drag Breakdown for Coarse and Fine Grids
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3.4

BASE SLAT CONVERGENCE CRITERIA
Many CFD runs were conducted to determine optimal convergence criteria. Since

Fluent does not have an option to set convergence based on a drag value, a residual
convergence for continuity, x-momentum, y-momentum, k, and Ω based on where drag
was suitably converged was employed. Two test cases with the same slat and different
base spacing parameters were run to test sensitivity of the grid spacing. The drag histories
for both cases are shown in Figure 28. Both cases converged to the same drag value and
required approximately the same number of iterations, thus showing the coarser of the
two grids was sufficient.
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120000
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Figure 28: Drag Convergence for Two Test Geometries
Residuals for the coarse base spacing grid are shown in Figure 29. Continuity
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converges long before drag, but the other residuals converge just after drag. CFD residual
convergence values for X-velocity, Y-velocity, k, and ω were set to values from Figure
3.13 at 60,000 iterations. Continuity convergence was set to 1.00E-7.
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Figure 29: Residual Convergence for Test Geometry

Initial GA run attempts showed that the selected residual convergence criteria
were not universally effective throughout the entire design space. Frequently cases would
hit the residual convergence criteria long before drag converged. This resulted in the GA
choosing its best performers to be cases that had not converged and had drag values that
were increasing with iteration.
The fix for this problem involved

creating a simple subroutine to check the
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drag convergence from the outputted drag file after the case converged. If the drag was
found to vary by more than 0.5% over the last 3000 iterations, the case was “disqualified”
by setting the drag to a high number rather than taking the final drag value.
Setting the drag to a high value essentially kills off traits that cause difficulty in
drag convergence as the GA progresses through generations. The obvious downfall to
this approach is the possible elimination of a good solution just because it is ill
conditioned for drag convergence. Testing all cases that did not converge would require
additional computational expense and may or may not provide useful results. Further
investigation in this area is recommended.

3.5

CODE STRUCTURE AND COMPUTATIONAL EXPENSE
Initialization errors often occurred when attempting to solve for the flowfield

using one case with more than four processors on the cluster. Since these errors could be
prevented by running the same case with fewer processors, the problem was believed to
be related to Fluent’s ability to adequately break up the given grid among the number of
specified processors. Because of this error, the maximum number of processors allowed
for each case was capped at four. Run times for a single geometry typically ranged from
10 to 12 hours while running in parallel on four processors.
Initial GA run time calculations were found to be far too long. 15 generations
with 20 members in each generation would take approximately 3600 hours or 150 days
(15 generations * 20 members/generation * 12 hrs/member = 3600 hrs). It was necessary
to modify the GA to have the ability to run multiple cases at a time. Since the objective
function consisted of calling a script to execute Fluent, it was possible for the code to run
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more than one case at a time without using parallel computing such as MPI.
By running the script with the ampersand (Linux command to run in the
background) at the end of the command, the GA would not wait until the script finished
running before continuing with the rest of the code. In this manner, multiple cases were
started while the GA continued looking for a flag signaling the completion of a case. The
flag was a number in a file that was changed by the script after the CFD run was
complete. After the flag was changed by the script and read by the Fortran code, the drag
was read from the appropriate case file and a new case was started in the old case’s slot.
The GA was configured with five available slots for CFD runs. At the beginning
of the generation, the objective function was called five times, once for each of the five
slots. Whenever a case finished, it was replaced with another case until all 20 members
had been run through the objective function. One generation typically took two days to
complete (12 hours * 20 members / 5 at a time = 48 hours). A 15 generation GA run
would take about one month to complete on 20 processors.
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Figure 30: Revised GA Flowchart
Figure 30 shows the flowchart for the revised GA. The only changes made from
the mirror case were implemented in the subroutine where the objective function was
called. Due to shared cluster usage issues, the code was configured to change the number
of processors being used at any time during a GA run. This was accomplished by
changing the scripts which initiated Fluent. The scripts were called from the Fortran
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code, but unlike the code itself, the scripts could be edited while the code was running to
change the number of processors used to solve each case. The changes would take effect
the next time the GA loaded a case.
The design space for the slat optimization is given in Table 5. After initial CFD
testing, it was found that large angles in the slat caused the CFD solution to diverge due
to gridding issues. Conservative limitations were placed on the ranges of θ1, θ2, and β.
Finding an optimal slat within the limited design space was considered more important
than expanding the design space and potentially allowing the GA to converge on an
erroneous CFD run.

H1
β
L
θ1
θ2

maximum
0.995
15.0º
48.0 in.
15.0º
15.0º

minimum
0.3
0.0º
10.0 in.
0.0º
0.0º

increment
0.005
0.2º
0.1 in.
0.1º
0.1º

Table 5: Design Space for Slat Optimization

3.6

BASE SLAT RESULTS
The tractor trailer model without slats produced a drag coefficient of 0.296. For

comparison, reference 24 gives drag coefficients ranging from 0.277 to 0.474 depending
on the turbulence model for a simplified, streamlined three-dimensional tractor trailer.
Reference 24 also gives 0.6 as the wind averaged drag coefficient of a typical Class 8
tractor trailer.
Figures 31 and 32 show the flow field around the front of the truck. All pressures
shown in contour plots are in Pascals and are relative to freestream static pressure. Unless
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otherwise specified, all lengths are in meters with the front end of the truck having a
longitudinal coordinate of 0 meters. No flow separation occurs as expected. The
maximum velocity of 55 m/s occurs at the corner of the “nose”. Stagnation occurs as
expected at the flat portion of the nose next to the centerline.

Figure 31: Truck Front Flowfield
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Figure 32: Truck Front Velocities
After ten generations, the GA managed to reduce drag by over 50% from the twodimensional tractor trailer with no slats. The optimized member has a drag coefficient of
0.1216. By assuming the difference between the 0.6 drag coefficient from reference 24
and the 0.296 drag coefficient from the two-dimensional model without slats remains
unaffected by the addition of slats, a rough estimation of drag reduction on a threedimensional truck with protuberances can be obtained. The drag coefficient can be
estimated to drop approximately 29% from 0.6 without slats to 0.426 with slats. For
comparison, reference 29 gives wind tunnel test data for two slat configurations that
reduce the wind averaged drag coefficient by 16.4% and 18.8% from a baseline (no slats)
configuration with a 0.59 drag coefficient.
The drag reduction for this “clean” vehicle can only loosely be related to the drag
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reduction for a complete operable rig for several reasons. The “clean” vehicle is a
simplified two-dimensional model of an overhead projection of a tractor trailer. A
symmetry boundary condition was used down the centerline of the truck, creating an
unlikely wake region. No upstream protuberances exist, making the flow unrealistically
streamlined as it approaches the rear of the truck. However, it is still important to note
that even though this is just an estimate, the principle of substantial drag reduction using
slats has been clearly demonstrated.
Figure 33 shows the performance of each generation. A large drag reduction
occurred after the 2nd generation, while each successive generation only slightly
improved on the design. In looking at the geometry, this appears to be closely correlated
to the value of H1.
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Figure 33: Drag Distribution by Generation
A total of five cases did not initialize or converge properly. They are not shown in
the drag distribution plot due to the assigned penalty drag value. The five cases were
from generations 1, 2, 5, and 10. All five cases converged properly when tested as
individual runs outside of the GA. This meant the cases did not properly initialize while
the GA was running, and could have failed due to a lack of available shared Fluent
licenses on the cluster.
Figure 34 shows H1 as a function for each member of every generation. The GA
quickly learns the benefit of placing the slat close to the edge of the truck. By the 4th
generation, the GA rarely creates a member

with the slat far from the edge of the truck.
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The slat can get close to the edge but never sit on the edge due to gridding complications.
The GA input file was set to allow H1 range between 0.3 and 0.995 percent of the truck
half width, with the latter value corresponding to 0.25 inches from the edge.
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Figure 34: H1 Distribution by Generation
The H2 distribution by generation is shown in Figure 35. Initially a wide range of
H2 values exist due to the scattering of H1 values. As H1 approaches the edge of the truck,
H2 follows suit due to its dependence on H1 by the angle between end points on the slat.
Figure 36 shows how the angle between end points on the slat, β, varies with generation.
Every generation has a β of 13°, and low values of β are eliminated by the 4th generation.
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Figure 35: H2 Distribution by Generation
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Figure 36: β by Generation
Figure 37 shows that θ1 moves toward small angles as the GA progresses. With
the slat being placed on the edge of the truck, a small angle ensures that large flow
separation will not occur at the beginning of the slat. One interesting detail is the string of
larger θ1 values that survived up through the 8th generation. Nearly all of these cases had
shorter length slats. In general, slats with shorter lengths tended to perform better with a
larger θ1 values than slats with longer lengths. Flowfield illustrations with streamlines
further validate this observance.
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Figure 37: θ1 Distribution by Generation
Figure 38 shows the distribution by generation of the slat final angle, θ2. θ2
approaches its 15º limit as the GA progresses. After the 4th generation, all small θ2 values
disappear. The convergence towards the maximum θ2 allowed by the design space
indicates that there likely exists an optimal final slat angle greater than 15º. Due to CFD
convergence issues, this design area could not be examined without a significant amount
of additional work. However, in three-dimensional flows, it is unlikely that very large
final turning angles could be maintained without flow separation, particularly in cross
flow.
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Figure 38: θ2 Distribution by Generation
The slat length variable, L, does not have a strong tendency to converge to either a
short or long slat as shown by Figure 39. The last two generations indicate a shift towards
a longer slat, but more generations are needed to determine whether this trend would
continue. Because pressure drag is much more dominant than the viscous drag, common
intuition suggests the optimal member would have a large slat length. This would allow
the slat to slow the flow down as much as possible without flow separation, thereby
raising the base pressure. The GA converges to a range between 25 and 40 inches after
the 4th generation.
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Figure 39: Slat Length Distribution by Generation
The GA optimized slat is shown in Figure 40 with its variables in Table 6. The
slat is connected to the truck 0.816 inches from the edge and extends out with an initial
angle of 1.5°. The total slat length is 36.5 inches.
The importance of the Coanda effect is illustrated by the geometry of the best
performing slat. The Coanda effect is the tendency of a fluid to remain attached to a
curved surface.26 The airflow directly above the slat remains attached to the slat due to
the pressure differential between the airflow above the slat and the vacuum that would be
created on the slat if the flow were to become detached. Ultimately, the GA attempts to
find a slat that keeps the flow attached to the surface while the slat curves toward
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the centerline and increases the static pressure of the flow. Previous studies have shown
that two-dimensional RANS CFD solutions with a k-ω turbulence model perform fairly
well when predicting certain aspects (primarily separation point) of Coanda effects.37

Figure 40: GA Optimized Slat
H1 (from edge)
β
L
θ1
θ2

0.816
15.000
36.548
1.471
13.471

in.
deg.
in.
deg.
deg.

Table 6: GA Optimized Slat Variables

Figures 40 and 41 contain drag and residual history for the optimized solution.
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The drag coefficient is fully converged by 50000 iterations. Residuals oscillated up until
15000 iterations before settling into a smooth trend. The turbulence residuals, ω and k,
remain nearly constant from 15000 to 40000 iterations before decreasing throughout the
next 20000 iterations. The drag coefficient appears to have a strong dependence on the
continuity residual as both change very little after 15000 iterations.
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Figure 41: Drag History of Optimized Slat Configuration
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Figure 42: Residual History of Optimized Slat Configuration
The wake regions of the no slat case and optimal slat case are shown in Figures 43
and 44. Static Pressure differences on the base of the truck are drastically different for the
two cases. With no slats, the static pressure drops dramatically as the flow separates at
the aft end of the truck. The gage pressure remains nearly constant along the base of the
truck and throughout most of the wake at approximately -200 pascals. The slats force the
pressure drop to occur before the base region of the truck while increasing the gage
pressure along the base of the truck to around -80 pascals. As expected, the optimal slat
keeps the flow attached along its entire length. The main vortex length is reduced by 1.5
meters with the addition of the optimal slats.
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Figure 43: Wake Region with No Slats
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Figure 44: Wake Region with GA Optimized Slat
Figures 45 and 46 zoom in on the counter rotating vortices in the corners of the
slat. The grid resolution is fine enough to capture four distinct vortices in the wake region
on the truck. The first is the large clockwise rotating vortex spanning over four meters in
the wake. A second half meter vortex is captured just underneath rotating
counterclockwise. The third and fourth vortices both rotate clockwise and are wedged in
the corner of where the slat meets the truck. They are approximately 1-2 inches in size.
While the CFD results illustrate the wake region in great detail, it is important to note that
these details are highly suspect, especially with a symmetry forced boundary condition at
the centerline.
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Figure 45: Close-up of Optimized Slat Base (1.5m scale)

Figure 46: Close-up of Optimized Slat Base (0.3m scale)
62

While the winning case mentioned above has the least drag of all the GA cases, its
length makes it more impractical than some of the shorter members examined by the GA
came across. Generation 5 had a slat design with a drag coefficient of 0.138 and a length
of 17 inches. Figure 47 depicts the short slat while its variables are shown in Table 7. The
short slat is positioned at the same place, but starts with a greater initial angle than the
long slat.

Figure 47: Effective Short Slat
H1 (from edge)
β
L
θ1
θ2

Table 7: Effective Short Slat Variables

0.816
12.992
17.213
4.176
10.294
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in.
deg.
in.
deg.
deg.

Figure 48 shows the flowfield around the base region of the short slat. Static
pressure on the base of the truck remains around -100 Pascals gage while the drag
coefficient is 0.138. The wake zone extends five meters downstream of the truck.

Figure 48: Short Slat Base Region Flowfield
After obtaining a GA solution, two test cases were run to see if the solution could
be improved upon. Generally, if given enough generations, the GA will find the optimal
solution within the design space. Due to the grid concerns, the design space was fairly
limited. Figure 49 shows two geometries selected based on a combination of intuition and
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general convergence direction of the GA. Both geometries exceed the maximum angle
limits set within the GA run. Slat variables are given in Table 8.

Figure 49: Experimental Slats
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H1 (from edge)
β
L
θ1
θ2

Slat A
0.255 in.
25º
42 in.
0º
25º

Slat B
0.255 in.
40º
44 in.
5º
40º

Table 8: Experimental Slat Variables
Experimental slat “A” performed better than the optimal solution from the GA
with a drag coefficient of 0.107. Slat “B” did not perform very well and had a drag
coefficient of 0.175. Static gage pressure on the base of the truck was around -40 pascals
with slat “A” and -100 pascals with slat “B”. Unlike the optimized GA slat, flow
separation at the free end of the slat occurs on both experimental slats. It is also important
to note that greater flow separation is more likely to occur in a three-dimensional analysis
with cross flow and a rougher upstream geometry. Pressure contours and streamlines for
the experimental slats are shown in Figures 50 and 51.
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Figure 50: Experimental Slat “A” Flowfield

Figure 51: Experimental Slat “B” Flowfield

67

4.

CONCLUSIONS

Two CFD driven GA optimizations have been performed on simplified tractor
trailer parts. The tasks involved writing a customized grid generator for each optimization
capable of producing a suitable grid for any geometry within the design space. The grid
generators couple to a CFD solver were used as an objective function for a GA. Other
components of the objective function included a drag convergence check and several
scripts and batch files needed for communication between Fluent and the GA. Several
scripts and batch files were required to activate the CFD solver within the objective
function. The GA was modified for the base slat optimization to operate in parallel on a
cluster of linux processors to make computational run times manageable. CFD driven GA
optimizations were shown to be an effective means of drag reduction for simple
geometries. For more complicated geometries, computational expense and grid
generation capabilities quickly become the limiting factor in the analysis.
The mirror optimization produced a somewhat trivial result. While an optimal
design was found within the design space, the winning member was too long to be a
useful design. The GA attempted to give the mirror an airfoil-like appearance. The
winning member had a drag coefficient of 0.0633 based on its width. Ultimately, the
mirror optimization study proved to be more useful as a stepping stone to a more difficult
optimization rather than a design tool for an optimized mirror concept.
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The base slat optimization yielded a much more useful result than the mirror
optimization. Drag was reduced by 59% from the clean two-dimensional model with the
addition of a 36.5 inch slat and 53% with the addition of a 17 inch slat. By examining the
traits of good performers, an experimental geometry was created outside of the tested GA
design space that was shown to reduce drag by 64% from the clean two-dimensional
model. For a quick projection to drag reduction on a real tractor trailer, the difference
between the CFD runs without slats and with slats can be subtracted from known full
tractor trailer drag coefficients. Using this method, the optimized base slat can be
estimated to reduce drag by 29% from an operable tractor trailer rig.
For three-dimensional optimizations, a different grid generation approach would
be much more practical. The majority of the time spent with the base slat optimization
was coding and recoding the grid generator so that all cases within the design space
would converge. A two-dimensional geometry with more variables or a threedimensional geometry would be nearly impossible with the Cartesian gridding approach
used in this study. Unstructured automatic grid generators would provide much more
flexibility with the complexity of the geometry as well as the limitations of the design
space.
Given successful results and financial motivation for even the smallest reduction
in drag, future work in drag reduction via base slats is strongly encouraged. Threedimensional CFD studies and wind tunnel analysis should be used to test the results from
the two-dimensional optimization. More information is needed about the impact of slats
to a three-dimensional model before more a accurate drag reduction estimations can be
made.
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APPENDIX A
Mirror Optimization GA Input File

.false.
.false.
.true.
.false.
.true.
.false.
.false.
.false.
.false.
.false.
.false.
.false.
23623
0.9
0.001
0.05
1
1.0
.0
2550
4
'par1', 18.0, 8.0, .2,
'par2', 12.0, 4.0, .2,
'par3', 2.5, 0.5, .1,
'par4', 4.0, 0.5, .1,
1
20
15

.false.
.false.
.false.
.false.

; micro
; pareto
; steady_state
; maximize
; elitist
; creep
; uniform
; restart
; remove_dup
; destroy_elite2
; niche
; phenotype
; iseed
; pcross
; pmutation
; pcreep
; ngoals
; xgls(j)
; domst
; convrg_chk
; no_para
; xmax xmin resolution niche_par
; xmax xmin resolution niche_par
; xmax xmin resolution niche_par
; xmax xmin resolution niche_par
; ifreq
; mempops
; maxgen
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APPENDIX B
Base Slat Optimization GA Input File

.false.
.false.
.true.
.false.
.true.
.false.
.false.
.true.
.false.
.false.
.false.
.false.
2531
0.9
0.001
0.05
1
1.0
0.0
2550
5
'par1',
'par2',
'par3',
'par4',
'par4',
1
20
15

0.995, 0.3, .005, .false.
15.0, 0.0, .2, .false.
48.0, 10.0, .1, .false.
15.0, 0.0, .1, .false.
15.0, 0.0, .1, .false.

;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
;
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micro
pareto
steady_state
maximize
elitist
creep
uniform
restart
remove_dup
destroy_elite2
niche
phenotype
iseed
pcross
pmutation
pcreep
ngoals
xgls(j)
domst
convrg_chk
no_para
xmax xmin resolution
xmax xmin resolution
xmax xmin resolution
xmax xmin resolution
xmax xmin resolution
ifreq
mempops
maxgen

niche_par
niche_par
niche_par
niche_par
niche_par

