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CD = drag coefficient (= FD /0.5ρ V2.S) 

CS = side force coefficient (= FS /0.5ρ V2.S) 

CV = vertical force coefficient (= FV /0.5ρ V2.S) 

D = nominal bicycle wheel diameter 

FD = axial drag force 

FS = side (or lift force) 

FV = vertical force 

f = frequency 

p = pressure

S = reference area, πD2/4 

St = Strouhal No. (= f.D/V) 

t* = dimensionless time (= t.V/D) 

u = velocity vector 

V = bicycle speed (in direction of travel) 

β = yaw angle 

μ = viscosity 

ρ = density

1 FieldView Product Manager, Intelligent Light 301 Rt 17N, Rutherford NJ, Senior Member AIAA.
2 Program Manager - AcuSolve, 634 Plank Road, Ste 205, Clifton Park, NY (Now Part of Altair Engineering, Inc.)
3 General Manager, Intelligent Light 301 Rt 17N, Rutherford NJ, Associate Fellow AIAA.

An Aerodynamic Study of Bicycle Wheel Performance Using CFD
by Matthew N. Godo1, Intelligent Light, RutherFord, NJ, 07070

     David Corson2, ACUSIM Software, Inc., Clifton Park, NY 12065 (Now Part of Altair Engineering, Inc.)
     Steve M. Legensky3, Intelligent Light, RutherFord, NJ, 07070

Abstract
A methodology is presented to apply CFD to study air flow around a rotating bicycle wheel in contact with the ground. The bicycle wheel 

studied here is an accurate geometrical representation of a commercial racing wheel (Zipp 404). Reynolds-Averaged Navier Stokes (RANS) 

and Delayed Detached Eddy Simulation (DDES) results are computed at a range of speeds and yaw angles commonly encountered by cyclists. 

Drag and side (or lift) forces are resolved and compare favorably to experimental results obtained from wind tunnel tests. Vertical forces acting 

on a rotating bicycle wheel are presented for the first time. A unique transition from downward to upward acting force is observed as the yaw 

angle is increased. Flow structures are identified and compared for different yaw angles. It is expected that a more complete comprehension 

of these results will lead to improvements in the performance and handling characteristics of bicycle racing wheels used by professional 

cyclists and triathletes.

Nomenclature
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I. Introduction
The margin of victory separating the top three overall finishers of the 

Tour de France in 2007 was 31 seconds after nearly 90 hours of racing. 

In the last individual time trial discipline of this event, the top ten riders were 

separated by less than 3 minutes for a ride lasting slightly more than 

1 hour. A seemingly small gain of 1%, or approximately 40 seconds, meant 

the difference between 3rd place and 8th place. Increasingly, manufacturers 

of racing bicycles and bicycle components have turned to wind tunnel testing 

to optimize component design1 and individual rider position as shown in 

Figure 1. Owing to the wide variation in commercially available components, 

it is clear that design innovation is a vital part of this industry.

It is commonly recognized that main contributors to overall drag are the rider, 

the frame including fork and aerobars, and the wheels. Comprehensive reviews 

by Burke2 and Lukes et.al.3 cite many efforts to identify the most relevant 

contributions to overall performance improvements in bicycle racing. 

Greenwell et.al.4 have concluded that the drag contribution from the wheels is on the order of 10% to 15% of the total drag, and that with 

improvements in wheel design, an overall reduction in drag on the order of 2% to 3% is possible. The wind tunnel results of Zdravkovich5 

demonstrated that the addition of simple splitter plates to extend the rim depth of standard wheels was seen to reduce drag by 5%. In the mid 

1980’s, commercial bicycle racing wheel manufacturers started to build wheels with increasingly deeper rims having toroidal cross sections6,7. 

The experimental studies published by Tew and Sayers8 showed that the newer aerodynamic wheels were able to reduce drag by up to 50% when 

compared to conventional wheels. Although many wind tunnel tests have now been performed on bicycle wheels, it has been difficult to make direct 

comparisons owing to variations in wind tunnel configurations and the testing apparatus used to support and rotate the bicycle wheels studied. In the 

works published by Kyle and Burke9,10,11 it was observed that a very significant reduction in drag was measured for rotating wheels when compared to 

stationary ones. Although the experimental work of Fackrell and Harvey12,13,14 was applied to study the aerodynamic forces on much wider automobile 

tires, it is worth noting that they also observed a reduction in drag and side forces when comparing rotating and stationary wheels.

To date, far less work has been done to apply CFD to study the flow around a rolling wheel in contact with the ground. Wray15 used RANS 

with standard k-ε and RNG k-ε turbulence models to explore the effect of increasing yaw angle for flow around a rotating car tire.  

He observed that the yaw angle was seen to have a strong association with the degree of flow separation occurring on the suction side of the 

wheel. A shortcoming of this study was the lack of experimental data available for comparison and the authors note this as a direction for future 

work. McManus et.al.16 used an unsteady Reynolds Averaged Navier Stokes (URANS) approach to validate CFD against the experimental results 

of Fackrell and Harvey for an isolated rotating car tire in contact with the ground. The one- equation Spalart-Allmaras17 (S-A) model and a two 

equation realizable k-ε turbulence model18 (RKE) were used. The time averaged results from this study showed good qualitative and quantitative 

agreement with experimental data. The authors suggest that differences between their predictions on the rotating wheel and the wind tunnel 

results for surface pressures at the line of contact were due to errors in experimental method and not the result of shortcomings of the numerical 

approach that they employed. The S-A turbulence model was noted to provide results which were in better agreement with the experimental data 

than the RKE model.

Figure 1. Optimization of riding position 
for a Triathlete in a low speed wind tunnel.zones
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In this work, we develop an approach to model the flow around an isolated rotating front wheel of a bicycle in contact with the ground. 

Motivation to limit this study to consider just the front wheel of the bicycle is three-fold. First, this is the part of the bicycle that the wind 

sees first. We speculate that the aerodynamic performance of bicycle components behind the front wheel will be affected by events occurring 

upstream. Second, the drag associated with an individual rider, assuming that riding position has been optimized already, is dictated by 

the fixed size and shape of the rider; the design of the front wheel can still be optimized to improve overall performance and handling 

characteristics. Finally, wind tunnel data is available for comparison with several individual wheel designs over a range of conditions typically 

encountered by racing cyclists.

II. Methodology
A. Wheel, Hub and Spoke Geometry

A profile gauge was used to measure the cross sectional profile of a standard Zipp 404 wheel (formerly Zipp Speed Weaponry, Indiana, USA) 

with a continental Tubular tire attached. The hub profile was also measured using the same method. The exact size and shape of the wheel 

and hub cross sections are shown in Figure 2. Elliptical spokes were measured using a caliper and the radius of curvature of the leading and 

trailing edges was estimated to be 0.5 mm. The geometry of time trial and triathlon bicycles places much of the weight of the rider directly 

over the front wheel through the use of aerobars. To obtain an estimate of the contact area between the road and the front tire, a bicycle 

(2005 Elite Razor, Elite Bicycles Inc., Pennsylvania, USA) was mounted on a training device, a 170lb rider was positioned on the bicycle, 

and the contact area of the deflected tire was traced. The contact area was standardized as part of the model geometry used in this study. 

Under actual riding conditions, variations in the road surface would lead to vertical translation of the wheel, thus varying the contact area. 

It is felt that a ground contact consideration is important, and that a standardized ground contact shape is a reasonable approximation.

B. Computational Grid Development

The model domain was divided into two sub-volumes, with one containing the spokes, hub and inner edge of the wheel rim, and the other 

containing the remaining toroidal wheel surface, the ground contact and the surrounding volume. This approach makes it possible in future 

studies to replace individual components such as the wheel, and easily change other elements of the bicycle wheel geometry, such as the 

spoke count. This domain division also provides for application of a rotational frame of reference to the inner wheel section, permitting realistic 

Figure 2. Wheel and Hub Cross Sectional Profiles
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movement of the spokes in transient modeling efforts. A well parameterized journal was developed using GAMBIT19 to automatically generate 

the geometry and computational grids used in this work. The inner wheel section contained parameters to control the spoke count, spacing 

and the location of spoke attachment to the hub surface. A non-conformal interface was used between the inner wheel sub-volume and the 

surrounding fluid volume. An illustration of this methodology is shown in Figure 3. The yaw angle, specified as another parameter in the journal 

file, was used to correctly orient the complete wheel, including the inner wheel sub-volume, within the surrounding volume. Thus, the mesh 

created on the surface of wheel, hub and spokes, the mesh boundary layers applied to the wheel and components, and, the mesh generated 

for the inner wheel volume was identical for each yaw angle studied. Due to the change in location for the wheel and inner wheel sub- volume, 

there were slight changes in the mesh for the surrounding fluid mesh for each yaw angle. This approach permitted simplification of the 

upstream boundary conditions. Illustrations depicting the final mesh used in the studies and the actual geometry are shown in Figure 4. 

The baseline computational grid used in this work contained roughly 1M nodes and 5M tetrahedral elements. A small number of pyramid 

elements where used for the boundary layers. A coarser mesh with ~3.8M elements and 0.8M nodes, and a finer mesh with nearly 16M 

elements and ~3M nodes were developed to explore numerical grid accuracy. Element aspect and distortion ratios for surface triangles and 

tetrahedral volume elements were maintained well below the standard default limits specified by GAMBITTM.

C. Boundary Conditions

A uniform velocity profile was applied to the upstream boundary of the computational domain. This velocity was chosen to match the forward 

speed of the bicycle. For this work, speeds of 20mph and 30mph were applied as a uniform velocity profile on the upstream inlet. A constant 

eddy viscosity inlet condition was specified to be 0.001. The ground plane was modeled as a no-slip surface, with a constant translational 

velocity matching the specified upstream speed. The ground plane velocity components were parallel to the forward motion of the bicycle. 

Yaw angles spanning the range from 0 to 20 degrees were examined. For the RANS computations, a rotational frame of reference was applied 

to the outer wheel, inner wheel, spokes and hub using a rotational velocity which was consistent with the upstream velocity being studied. 

For the DDES computations, a rotational frame of reference was applied to the outer wheel as was done in the RANS case. On the inner 

wheel sub-volume, which contained the inner wheel rim, hub and spokes, a rotational mesh motion was applied to turn the wheel at a speed 

matching the outer wheel reference frame. A pressure outlet condition was applied to the downstream boundary of the model domain. 

Figure 3: Methodology for Meshing the Wheel Geometry Figure 4. Mesh Near Hub (top) and Wheel (bottom) 
Compared to the Actual Zipp 404 Wheel
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Slip conditions were applied to the remaining outer boundaries of the surrounding volume. The extents of the computational domain 

were specified with respect to the wheel diameter, D. The wheel was placed at a distance of 0.75D from the constant velocity inlet plane. 

Other dimensions were arrived at after preliminary steady state simulations were run to confirm that the chosen extents were sufficient to 

resolve the external flow behavior surrounding the wheel. An illustration of these boundary conditions and the computational domain extents 

are illustrated in Figure 5.

D. Numerical Methodology

In this work, the Navier-Stokes equations were solved using AcuSolveTM, a commercially available flow solver base on the Galerkin/Least-

Squares (GLS) finite element method20,21,22. AcuSolveTM is a general purpose CFD flow solver that is used in a wide variety of applications and 

industries. The flow solver is architected for parallel execution on shared and distributed memory computer systems and provides fast and 

efficient transient and steady state solutions for standard unstructured element topologies. Additional details of the numerical method are 

summarized by Johnson et.al.23.

The GLS formulation provides second order accuracy for spatial discretization of all variables and utilizes tightly controlled numerical diffusion 

operators to obtain stability and maintain accuracy. In addition to satisfying conservation laws globally, the formulation implemented in 

AcuSolveTM ensures local conservation for individual elements. Equal-order nodal interpolation is used for all working variables, including 

pressure and turbulence equations. The semi-discrete generalized-alpha method24 is used to integrate the equations in time for transient 

simulations. The resultant system of equations is solved as a fully coupled pressure/velocity matrix system using a preconditioned iterative 

linear solver. The iterative solver yields robustness and rapid convergence on large unstructured meshes even when high aspect ratio and 

badly distorted elements are present.

Figure 5: Boundary Conditions and Wheel Position within the Computational Domain
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The following form of the Navier-Stokes equations were solved by AcuSolveTM to simulate the flow around the bike wheel:

Where: ρ=density, u = velocity vector, p = pressure, τ = viscous stress tensor, b=momentum source vector.

Due to the low Mach Number (Ma ~ 0.04) involved in these simulations, the flow was assumed to be incompressible, and the density time 

derivative in Eq. (1) was set to zero. For the steady RANS simulations, the single equation Spalart-Allmaras (SA) turbulence model17 was used. 

The turbulence equation is solved segregated from the flow equations using the GLS formulation. A stable linearization of the source terms is 

constructed to provide a robust implementation of the model. The model equation is as follows:

Where: ν =Spalart-Allmaras auxiliary variable, d=length scale, cb1 = 0.1355, σ=2/3, cb2 = 0.622, κ=0.41, cw1 = cb1/κ2+ (1+cb2)/σ, cw2 = 0.3, 

cw3=2.0, cv1=7.1.

The eddy viscosity is then defined by:

Where: Δ=local element length scale, and CDES = the des constant.

~
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For the steady state solutions presented in this work, a first order time integration approach with infinite time step size was used to iterate the 

solution to convergence. Steady state convergence was typically reached within 20 to 35 time steps for most simulations. Yaw angles above 14 

degrees require small amounts of relaxation to obtain numerical convergence.

For the transient simulations, the Delayed Detached Eddy Simulation (DDES) model was used25. This model differs from the (SA) RANS model 

only in the definition of the length scale. For the DDES model, the distance to the wall, d, is replaced by d in Eq. (3). This modified length scale 

is obtained using the following relations:

Where: Δ=local element length scale, and CDES = the des constant.

This modification of the length scale causes the model to behave as RANS within boundary layers, and similar to the Smagorinsky LES subgrid 

model in separated flow regions. Note that the above definition of the length scale deviates from the original formulation of DES, and makes 

the RANS/LES transition criteria less sensitive to the mesh design.

Transient simulations in this work were carried out for several yaw angles at speeds matching the steady runs. Calculations were run for two 

full rotations of the bicycle wheel, with simulation results saved at every 2° of wheel rotation. In subsequent frequency analyses of the resolved 

forces, only the last 256 time steps for each transient case were used since it was noted that the numerical solution required some time steps 

in order to be stabilized.

E. Scope of Work and Force Resolution

The scope of this work encompassed the study of 10 different yaw angles (0°, 2°, 5°, 8°, 10°, 12°, 14°, 16°, 18° and 20°) at the two speeds 

of 20mph and 30mph, resulting in 20 individual design points run at steady state. Based on these results, transient studies were then run 

for 5 different yaw angles (0o, 2o, 5o, 10o and 20o) at the same two speeds, generating solution results for 256 time steps for each case 

– this produced at total of 2560 solutions to be analyzed. Because of the repetitive and quantitative nature of the calculations required, 

postprocessing of the simulation results to resolve drag, side and vertical forces, and generate reports, was automated through the use of the 

FVXTM programming language feature available with FieldView26.

Pressure and viscous forces were resolved to match: A) the axial drag force that a cyclist would experience in opposition to the direction of 

motion; B) the side (or lift) force, acting in a direction perpendicular to the direction of motion, and finally; C) the vertical force acting either 

towards or away from the ground plane, again acting perpendicular to the direction of motion. An illustration of the resolved forces with respect 

to the orientation of the bicycle wheel is shown in Figure 6. Also illustrated are the effective bicycle velocity and the effective wind velocity 

vectors which would represent the experimental conditions consistent with wind tunnel testing.

Resolved forces were further broken down to permit comparison of the separate contributions from the wheel itself (including the tire and rim), 

the hub, and all of the spokes. A further calculation was carried out on just the wheel to examine the circumferential variation of the resolved 

forces. This was accomplished by computing the resolved force components on a circular segment spanning 1o, repeated to encompass the 

entire 360o circumference of the wheel.

~
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III. Results
A. Resolved Forces for RANS calculations

At all speeds and yaw angles studied, the contributions from viscous drag were seen to be less than 3% of the overall force. From a practical 

standpoint, virtually all of the forces computed are a result of pressure drag. The resolved drag, side (or lift) and vertical forces, summarized, 

and broken into component contributions for the wheel, spokes and hub, are shown in Figures 7 thru 9. At 0° yaw, the drag coefficients, CD, 

calculated for 20mph and 30mph, were 0.0308 and 0.0311, respectively. This is in very good agreement with the results of Greenwell et al.4 

who reported a drag coefficient for a similar wheel (HED CX, Hed Cycling Products, Shoreview MN, USA) of 0.0389 and with Tew et al.8 who 

reported a drag coefficient in the range of 0.0280 to 0.0300 for another wheel of very similar design (Campagnolo SHAMAL, Campagnolo S.r.l., 

Vicenza, Italy) to the Zipp 404 model studied here.

In Figure 7 we observed a delayed increase in the drag force as the yaw angle increased. The delayed onset of increasing drag force with 

increasing yaw angle is also seen to qualitatively match the experimental results of Greenwell et.al.4 and Kuhnen27, who summarized drag 

forces as a function of yaw angle for several commercial racing wheels. From the component breakdown, it is seen that the wheel itself is 

responsible for most of the drag force at both speeds studied. The spokes, while very small in terms of projected area, do account for drag 

forces which are comparable to those observed on the hub.

Figure 6: Force Resolution on the rotating bicycle wheel

Figure 7: Axial Drag Force (on left) and Component Summary (on right) as a Function of Yaw Angle
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Experimental results for the side force are observed to generally increase in a nearly linear fashion with respect to increasing yaw4,8. In Figure 

8 we also observed this trend and the side force coefficients calculated in this work again match reasonably well with the experimentally 

published wind tunnel measurements. Side force coefficients for the HED CX at 30mph and the SHAMAL at 55kph, both at 20° yaw, were 0.32 

and 0.30, respectively. In this work, side force coefficients were reported the same for 20mph and 30mph and 20° yaw as 0.23. Side force 

contributions are strongly dominated by the wheel component, with the hub contributing the least to overall side forces.

Vertical forces, shown in Figure 9, have not been reported for wind tunnel studies. In our calculations we note an interesting and unexpected 

transition where the vertical forces switched from acting downward to acting upward at a yaw angle between 5 to 8 degrees. This result 

is consistent with anecdotal observations of cyclists who have experienced control and maneuverability issues when riding in crosswind 

conditions. An examination of the component forces acting on the hub, spokes and wheel reveals that only the wheel is seen to exhibit this 

transitional behavior. Notably, the forces on the hub are seen to follow the well established Kutta-Joukowski theorem (or Magnus28 effect) for 

‘lift’ generated by a rotating cylinder. As calculated by Glauert29, the vertical forces are seen to always act downward on the hub for all yaw 

angles considered.

Figure 8: Side (or Lift) Force (on left) and Component Summary (on right) as a Function of Yaw Angle

Figure 9: Vertical Force (on left) and Component Summary (on right) as a Function of Yaw Angle
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To better understand the resolved forces acting on the wheel alone, calculations were carried out for small circular arc segments, averaged 

over 1° of arc, and are plotted as a function of the wheel circumference in Figures 10, 11 and 12. The effective wind velocity moves from right 

to left, and the leading edge of the wheel is at a circumferential measure of 0 degrees. The ground contact and top of the wheel are at 90 and 

270 degrees, respectively. For the case of drag forces, we see that the highest value for drag occurs on the leading edge of the wheel. At the 

top and bottom of the wheel, the drag forces are seen to be essentially zero, which is expected.

Figure 10: Circumferential Variation in Drag Force at 20mph (left) and 30mph (right)

Figure 11: Circumferential Variation in Side Force at 20mph (left) and 30mph (right)
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The side forces, shown in Figure 11 are seen to be greatest on the trailing edge of the wheel for all yaw angles studied. Trends for both 

speeds appear to be similar. The build-up of side forces on the trailing part of the wheel is expected to play a role in terms of handling and 

maneuverability.

The vertical forces, shown in Figure 12, again exhibit similar trends at both speeds. In both cases, we observed a large positive vertical force 

(acting upwards) in the leading lower portion of the wheel, and, a similar region of positive vertical force acting on the trailing upper edge of 

the wheel. At the lower yaw angles, these positive regions appear to be offset by the downward acting forces, and as was seen in Figure 9,

at a yaw angle between 5° and 8°, a transition occurs.

B. Resolved Forces for DDES Calculations

The resolved drag, side (or lift) and vertical forces, for the whole wheel, including the wheel rim, hub and spokes, calculated over the last 

256 time steps for each yaw angle, are illustrated in Figures 13, 14 and 15.

In all the time history plots, the time on the bottom abscissa was represented in non-dimensional form (t* = tV/D), where D was set equal to 

the wheel diameter and V was set equal to the nominal bike speed The axis on the top of the plot represents the rotational angle of the wheel; 

720 degrees is equal to two full wheel rotations. Drag, side and vertical force coefficients were standardized using a reference area 

(S = πD2/4) consistent with that used by Greenwell et al.4 and Tew et al.8 In order to show the smaller variations in the drag, side and 

vertical forces at the lower yaw angles, an expanded ordinate scale on the right side of each time history plot was used to display the cases 

corresponding to 0°, 2° and 5° yaw. Power spectral densities were computed using Fourier transforms for each resolved force, for each yaw 

angle, and are shown, plotted against the Strouhal number, St, St = fD/V.

Figure 12: Circumferential Variation in Vertical Force at 20mph (left) and 30mph (right)



HyperWorks is a division of

A Platform for InnovationTM

12

An Aerodynamic Study of Bicycle 
Wheel Performance Using CFD

American Institute of Aeronautics and Astronautics

For the time period studied, we observed that for the lowest shedding frequency (which corresponds to the highest yaw angle of 20°), we have 

captured 15 cycles for the drag and side force coefficients. The vertical force was seen to be smaller in magnitude than either of these forces. 

As a result an observation of the number of cycles based on the time history results was not reported. For the resolved drag force at 0o yaw, 

we observed a dominant peak at a Strouhal number of St = 7.61 which was significantly reduced at 2° and 5° yaw, and was no longer 

present at higher yaw angles. At 2o and 5o yaw, another dominant peak was observed at St = 4.70. At 10° and 20° yaw, this peak shifted to 

St = 4.24 and St = 3.36 respectively. With the exception of 0° yaw, these same dominant peaks were also observed for computations based on 

the side force. At 0° yaw, a dominant peak for the side force was observed at St = 4.92. Computations based on the vertical forces exhibited 

higher frequency peaks for St = 7.61 at 0° and 2° yaw, similar to those computed from the drag forces. Some weaker peaks consistent with 

observations for the drag and side forces at St = 4.70 and St = 3.58 were also seen. For all yaw angles examined, a strong low frequency peak 

was resolved from the vertical forces at a St = 0.67, however the meaningfulness of this observation is questionable due to low signal strength 

for this vertical force component and insufficient temporal resolution.

Figure 13: Drag Force versus time and Power Density Spectra for all Yaw angles at 20mph
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Figure 14: Side Force versus time and Power Density Spectra for all Yaw angles at 20mph

Figure 15: Vertical Force versus time and Power Density Spectra for all Yaw angles at 20mph
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It is notable that none of the peaks observed for any of the resolved forces matched the frequency of the passage of the rotating spokes. 

Considering all 18 spokes, the matching Strouhal No. was St = 5.73. If just one side of the wheel is considered, then the corresponding 

Strouhal No, for the passage of the 9 spokes, is St = 2.86. Neither of these frequencies were observed for any yaw angles.

Since the wheel itself was previously noted to be the main contributor to all 

the resolved forces, frequency analyses were carried out on just the wheel 

itself. Also, frequency analyses were carried out on the hub in an attempt to 

make comparisons to known results for transient flows past circular cylinders. 

A summary of the Strouhal number peaks observed from the analyses on 

the wheel and hub is presented in Table 1. For the wheel, the characteristic 

dimension used to calculate the Strouhal number was the wheel diameter, D. 

For the hub, an average hub diameter was used. In some cases, the frequency 

analyses on the hub did not return a distinctive peak. A partial reason for this 

problem is that the flow around the hub was likely disrupted significantly by 

vortex shedding from the upstream leading edge of the wheel. Resolution of 

peaks was also more difficult when computations were based on the weaker 

vertical forces.

In general, dominant frequencies obtained for each of the resolved 

forces were seen to be the same for matching yaw angles for both 

speeds studied. Also, it was observed that the frequencies for the wheel and 

the hub had a tendency to decrease as the yaw angle increased. This was consistent with observations made for the resolved forces, summed 

for all wheel components. A direct comparison of the Strouhal number observed for the hub in this work with that reported for a cylinder of 

constant cross section in an unobstructed flow is encouraging. Chew et al.30 reported a Strouhal No. computed from numerical simulations, 

of approximately St = 0.22 for a cylinder with a free streamRe = 34000, rotating at the same peripheral velocity as the free stream velocity. 

These conditions were considered to be quite comparable to the hub, where Re = 25800 at 30mph. Labraga et al.31 reported very similar 

results experimental results (again, St = 0.22) obtained from LDA and PIV studies.

C. Flow Features

The transient DDES results were used to visualize flow features. Results obtained at 20mph were qualitatively similar to those for 30mph. 

In Figure 16a, b, c and d, a series of helicity contours are shown for each yaw angle studied at 20mph. Helicity values were computed from 

the instantaneous flow field for the last time step computed in the transient analyses. Planes within each of the four series were taken at 

the same angle along the wheel circumference, and were re-oriented to be displayed normal to the circumferential angle. A circumferential 

angle of 0 degrees represents the leading edge of the wheel, while 270 and 90 degrees represent the top and bottom of the wheel, 

respectively. In Figure 16a, the angular plane at 266 degrees corresponds to a position just behind the top of the wheel. At this position, as 

the yaw angle increased, we observed a clockwise (as viewed from behind the wheel) vortex coming off of the outer edge of the wheel, and 

a counterclockwise vortex coming off of the inner edge of the wheel rim on the suction side. Both vortices, once separated were seen to 

Table 1: Strouhal Numbers for Wheel and Hub
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move in a downstream direction, being carried along by the surrounding axial flow. In Figure 16b, the angular plane was moved forward to 

340 degrees, closer to and above the leading edge of the wheel. Again, a pair of counter-rotating vortices were noted, coming off of the inner 

and outer edges of the wheel. These vortices were carried along with the forward rotation of the wheel and were continually shed along the 

circumference of the wheel as seen in Figures 16b and 16c. Downstream from the ground contact, at an angular position of 108 degrees 

these shedded vortices were once again seen to be carried along with the surrounding flow.

In order to develop an understanding of the evolution of these flow structures, streaklines were calculated for each of the yaw angles simulated 

at 20mph. A seeding pattern was created to release massless particles very near to the surface of the wheel on either the pressure side or the 

suction side. Figure 17a shows the trajectories of massless particles seeded near the surface of the wheel on the pressure side, after 

100 time steps following their initial release.

Figure 16a: Helicity Plots at 266 Degrees Along the Wheel

Figure 16b: Helicity Plots at 340 Degrees Along the Wheel

Figure 16c: Helicity Plots at 40 Degrees Along the Wheel
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The massless particles were colored by the lateral velocity component perpendicular to the axial flow. Figure 17b shows the trajectories of 

massless particles seeded on the suction side of the wheel, again for all yaw angles simulated for 20mph.

From these illustrations, several flow structures can be identified. At the top of the wheel for all yaw angles studied, we observed a vortex 

resulting from collision of air being dragged forward by the outer edge of the surface of the rotating wheel into the oncoming free stream flow. 

At a 0° yaw angle, this vortex structure was seen to be oriented nearly vertically at an angular position of 270 degrees, at the top of the wheel. 

As the yaw angle increased, the axis of this vortex tilted, becoming more horizontal.

Figure 16c: Helicity Plots at 40 Degrees Along the Wheel

Figure 17a: Streaklines Released on the Pressure Side of the Wheel
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Figure 17b: Streaklines Released on the Suction Side of the Wheel

In Figure 17a, we observed a strong alignment of the massless particles, rolled into nearly straight structures, at an angle sloping upward 

towards the top of the wheel, for the cases of 0°, 2° and 5° yaw angles. We speculate that this structure is created by the fluid being dragged 

forward at the inner edge of the leading section of the wheel rim, which eventually sheds off the wheel. We speculate that the reasoning 

behind why these structures appear nearly straight is related to the speed difference between the wheel and the approaching air. On the 

upper leading quadrant of the wheel, the difference between the linear wheel speed is a maximum at 270 degrees (or the top of the wheel) 

and decreases to a minimum for this leading quadrant at 0 degrees (or the front of the wheel). Going from the front of the wheel down to the 

ground contact at 90 degrees, the difference between the wheel speed and the oncoming air continues to decrease. At the ground contact, 

the wheel speed and the ground plane are moving at the same speed; the difference in flow speed is zero. In the upper quadrant of the 

wheel, shedding from the inner rim occurs sooner due to the higher difference between the linear wheel velocity and the oncoming air. As this 

velocity difference becomes less, the shedding of the vortex from the inner rim is delayed. We believe that this delay in vortex shedding is the 

phenomena responsible for the aligned rows of massless particles. We further observed that the timing between the shedding structures was 

the lowest at 0° and increased as the yaw angle increased. Above a yaw angle of 5° the “straight” aligned flow structures were seen to break 

up. It is believed that the well aligned flow structures evolved from vortex shedding, initiated at the centerline of the wheel rim, and that at 

higher yaw angles, massless particles were not in position to be able to visually resolve this phenomenon. These structures were observed to 

be less prominent when streaklines were released from the suction side of the wheel as illustrated in Figure 17b. Again, it is felt that streakline 

particles had already moved away from the centerline of the wheel, having started on the suction side, and were not in a position to resolve 

this flow structure.

In the upper quadrant of the wheel, flow passing the outer edge of the wheel was seen to either join the vortex already identified, or, to be 

dragged along downwards following the rotational motion of the front wheel. As the yaw angle increased, this vortex was seen to roll down 

along front of the wheel, eventually extending from the upper quadrant of the wheel down to a point just ahead of the ground plane. The inner 
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rim vortex described in the preceding paragraph was observed to lie underneath this outer vortex, rotating in the opposite direction. At higher 

yaw angles, the shedding of this outer edge vortex became the dominant flow structure.

Along the trailing rear quadrant of the wheel, another pair of counter-rotating vortices were observed, with one being generated by interaction 

of the flow being pulled along the inner edge of the and the oncoming air, and the other resulting from the flow on the outer edge of the wheel 

meeting the oncoming air. Flow in this are of the wheel was observed to be highly disrupted, in part due to the shedding of vortices from the 

upstream quadrants of the wheel.

D. Grid Resolution

To examine the influence of mesh resolution on the results, two grids, one of coarser mesh density, and one of finer mesh density than 

the baseline mesh were examined. Care was exercised to ensure that y+ values were maintained within reasonable ranges for each of the 

meshes studied.

The baseline mesh contained 1.06M nodes and 5.27M tetrahedral 

elements. There were some small variations in the total number of 

nodes and elements for differing yaw angles owing to small discretization 

differences in the surrounding volume around the wheel and inner wheel. 

The coarse mesh contained 0.8M nodes and 3.86M elements, while the 

fine mesh contained 2.85M nodes and 15.8M elements. Comparisons were 

made for resolved forces for 0° and 10° yaw angles. For the 0° yaw case, 

comparisons were limited to drag and vertical forces only since the side 

forces were essentially zero for this case. The results of the comparisons are 

show in Table 2. In general, there were larger differences observed between 

the coarse mesh and the baseline mesh when compared to differences 

between the fine mesh and the baseline mesh. For the fine mesh, differences were seen to be very small in magnitude relative to the baseline 

mesh. Owing to the considerable number of calculations performed for each yaw angle (and over a range of time steps), it was felt that the 

baseline mesh provided sufficient spatial resolution to obtain reasonably accurate results.

V . Discussion
In this work CFD was used to explore the complex and unsteady nature of air flow around a rotating, isolated bicycle wheel in contact with 

the ground. A novel methodology using a sliding mesh with a non-conformal interface was introduced to resolve the problem of accurately 

modeling the movement of the spokes. Realistic ground plane and upstream boundary conditions were used to study an existing commercially 

produced bicycle wheel (Zipp 404). Steady and unsteady computations were performed using the commercial solver, AcuSolveTM, over a range 

of speeds and yaw angles. From these results, automated methodologies were developed using FieldView FVXTM scripts to handle the repetitive 

tasks of i) resolving the pressure and viscous forces on the wheel into axial drag, side (or lift) and vertical components, ii) breaking the 

resolved forces into component contributions, iii) calculating the resolved forces along the wheel circumference, iv) preparing and reformatting 

the computed forces for seamless transfer into other software packages for further analysis, v) computation of streaklines and vi) visualization 

Table 2: Grid Resolution Comparison
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and animation of streaklines. In most instances, a newly conceived concurrent methodology involving the simultaneous execution of 

GAMBIT journal files, AcuSolveTM solver runs and FieldView FVXTM scripts was used to substantially increase the throughput of data analysis for 

this work.

Agreement with the previously published wind tunnel results of Greenwell et al.4 and Tews et al.8 for resolved axial drag and side force or lift 

components was seen to be very good for both the steady and unsteady calculations. In this work, we present resolved forces acting in the 

vertical direction for the first time. We observed a transition from the expected downward acting force to the upward direction at a yaw angle 

between 5 and 8 degrees. By breaking the resolved forces down into individual contributions from the wheel, hub and spokes, something 

which is not possible with wind tunnel testing, and which is also being presented for the first time here, we have been able to link this 

unexpected transition to be limited to just the wheel. The hub was seen to act as expected in terms of the direction of vertical force, following 

the well known Kutta-Joukowski theorem. We believe that the transitional vertical force observation for the wheel alone may have a very 

significant impact upon the interpretation of more recent wind tunnel test results for bicycle wheels having deeper rim cross sections than that 

of the Zipp 404 modeled in this work.

Non-dimensional analyses of the resolved force coefficients showed only small differences between the speeds of 20mph and 30mph. 

Further, qualitative visualizations and frequency analyses showed very little difference between the two speeds examined. However, the 

absolute magnitude of forces computed is quite significant, as expected, and experimental wind tunnel studies which do not report differences 

with respect to wind speed should be considered suspect.

Transient studies of the rotating wheel revealed several new discoveries. We first note that the spokes play only a small role in terms of their 

contribution to the resolved forces and have no impact on the frequency of vortex shedding from the wheel. To fully resolve the role that the 

spokes play in the determining the performance of a racing bicycle wheel, simulations should be carried out with a range of spoke counts.

The frequency analyses of the resolved forces for the wheel indicated the presence of a periodic phenomenon at a Strouhal No. of St = 7.61 

at 0° and 2° yaw and to a lesser extent at 5° yaw. Streakline visualizations revealed a highly resolved periodic flow structure, coming from the 

inner leading edge of the wheel at these yaw angles. This observation, combined with helicity contours around the wheel lead us to suggest 

that vortex shedding from the inner rim along the leading edge of the wheel at these lower yaw angles is the likely explanation for this result. 

At higher yaw angles, the frequency analyses show a steady decline in the Strouhal No., going from St = 4.70 down to St = 3.36 at the 20o 

yaw angle case. In examining the streakline visualizations, we see the evolution of a vortex structure forming in the upper quadrant on the 

outer edge of the wheel, and eventually extending to a point just ahead of the ground contact at the bottom of the wheel. We speculate that 

this larger structure becomes dominant going from lower angles of yaw to higher ones and as this structure grows, the rate of shedding 

slows down. In some instances, it was difficult to resolve power spectral density distributions. Future studies should be conducted at a higher 

temporal resolution to determine whether the Strouhal number results reported here would be affected.

An objective of this work was to establish a working CFD methodology to study the performance of an isolated, rotating bicycle wheel of 

commercial design, in contact with the ground. Good agreement with experimental wind tunnel studies suggests that the approach we outline 

holds considerable promise. Owing to the flexibility of this methodology, it is now possible to use CFD to provide more definitive answers on 

some of the open questions within the competitive cycling and triathlon communities. Issues such as the optimum wheel rim depth and 
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cross- sectional profile, spoke count and shape, wheel diameter (650cc or 700cc) and tire size would benefit significantly from an independent 

critical analysis. Finally, we feel that inclusion and optimization of the front fork and frame and brake calipers in conjunction with a specific 

wheel is a straightforward extension of this work, and that such optimization studies would lead to significant performance improvements.
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