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Fig. 1. The accelerating structure; the waveguide is circled in red.

Abstract— This project consisted of modeling the cooling of
a copper corrugated waveguide using COMSOL Multiphysics
to obtain the temperature field of the structure. The waveguide
is part of a newly proposed, high-gradient beam accelerating
structure that uses wake fields to propel particles. The accelerat-
ing structure is intended to accelerate particles more effectively
using a more compact design than what is currently in use in
particle accelerators.

I. INTRODUCTION

In a particle accelerator, accelerating structures are used
to propel the particles that travel within the beam tube.
These usually consist of resonant cavities and waveguides
through which an electromagnetic wave passes through and
interacts with the beam particles. This particular structure,
shown in figure 1, uses wake fields deposited on the interior
walls of the vacuum chamber to accelerate the particles. As
seen in figure 2, an initial beam bunch passes through the
waveguide. As it does so, it deposits energy on corrugations
inside of the guide in the form of wake fields. These wake
fields affect bunches trailing the first one, hereby accelerating
the trailing bunches. A quadrupole magnet surrounding the
structure keeps the beam focused so that it stays within the
boundaries of the waveguide.

The magnetic field from the quadrupole dissipates heat
to the walls of the waveguide due to the impedance of the
walls. This heat causes the copper to expand, deforming the
structure and affecting the formation of wake fields. Without
proper wake fields, the beam will not be accelerated as
intended.

Fig. 2. A lateral cross section of the waveguide demonstrating its function.

A. Cooling the Structure

To prevent excessive deformation of the structure, water
channels located in lobes above and below the waveguide
were modeled to remove the heat. The waveguide is shown
in figure 3. The inner diameter of the waveguide measures
2 mm; its length measures 63.06 mm.

Fig. 3. The waveguide.

II. SIMULATION OUTLINE

COMSOL Multiphysics was used to simulate the physics
behind the heating and deformation of the structure. Creo
Parametric was used to model the necessary geometries. To
determine the heat dissipated to the walls of the waveguide,
a wave passing through the waveguide was to be simulated.
The power of the wave is needed for this type of simulation,
but this was not known so a calculated heat dissipation was
used. The resonant frequency of the structure was found by
modeling the domain of interest. At the resonant frequency,
no energy is lost to destructive interference. Coupling the



temperature of the waveguide to the heat dissipated and to the
water flowing through the channels via the Heat Transfer and
CFD modules resulted in the temperature distribution of the
structure. This temperature distribution was then used by the
Structural Mechanics module to model thermal expansion.
The turbulence model used for these initial simulations, k-
ε, is not the best model to use for internal flow. Therefore,
some of the simulations were repeated using another model,
k-ω. Addition simulations were run on waveguides with
symmetric channels, that is, the upper and lower water
channels were of the same dimensions. The velocity of the
water was varied for these simulations to study the effect of
higher inlet pressures on the temperature distribution of the
structure.

III. RF ANALYSIS

Isolating the air inside the waveguide and specifying it
as the domain of interest, COMSOL found the resonant
frequency of the waveguide via an eigenfrequency study.
Analytical calculations had found a resonant frequency of
220 GHz. Multiple simulations were run modeling the
waveguide at different lengths and using meshes of different
qualities. These simulations pointed to a resonant frequency
of 220 GHz. The simulation most representative of the
actual structure resulted in a resonant frequency of 219.6
GHz, agreeing with the analytical solution. By specifying
the power of the wave, the heat dissipation could have been
obtained, however, the specifics of the wave were not known.
Figure 4 shows the results of an eigenfrequency simulation.

Fig. 4. The results of an eigenfrequency study in COMSOL. Note the
eigenfrequency at the top of the figure.

IV. HEAT TRANSFER AND CFD

Calculations had determined a heating rate of 20 W/cm
deposited to the waveguide walls. This was applied at the
inside surface of the waveguide to approximate the heat dis-
sipated by the wave, resulting in 126.12 W. Taking advantage
of the symmetry of the waveguide, only half of the structure
was modeled to decrease computation time, shown in figure
5. This meant 63.06 W was applied to the modeled half of
the waveguide.

The following assumptions were made based on the capa-
bilities of the water delivery system:

Fig. 5. The waveguide was split in half to improve computation speed.

Fig. 6. The size of the lobe limits the cross-sectional area of the channels
to the inside of the dotted lines.

• water entered the channels at 2 m/s.
• the pressure difference between the inlet and outlet was

40 psi
The water was assumed to be turbulent in the channels.

A. Water Channel Design

1) Restrictions: The usable area for the water channels
was limited by the geometry of the lobes, shown in figure 6.
In the initial design, the top lobe was smaller than the bottom
one. The channel walls were required to be a minimum of
1.5 mm thick.

Due to concerns over the pressure inside the channels, the
water velocity was not to exceed 3 m/s.

2) Cross-sectional geometry: Circular channels were sim-
ulated first due to their simplicity. To take advantage of the
rest of the available area, rectangular channels were modeled
next. This resulted in significantly lower temperatures. To
enable the channels to move even closer to the waveguide
and to increase the ratio between surface and cross sectional
areas, the corners of the rectangular channels were rounded,
forming a pill shape. This pill shape resulted in a slight drop
in temperature. The three geometries are shown in figure 7.

The average heat transfer coefficient was calculated for
each channel using data from COMSOL and the convection



Fig. 7. Waveguides with the three different channel geometries.

equation:

have =
qave

(Ts − T∞)
(1)

where have is the average heat transfer coefficient of a
surface, qave is the heat flux through the surface, Ts is the
average surface temperature of the surface and T∞ is the
temperature of the fluid far from the surface. Table 1 shows
the average heat transfer coefficient for each channel, the
average structure temperature for each configuration, and
the maximum and minimum temperatures of the structure
for each configuration. The temperature distribution of the
waveguide using the pill channels is shown in figure 8.

Table 1. Results from first series of CFD and Heat Transfer simulations.

Circular Rectangular Pill
Average h (W/(m2 ∗K))(large) 15067.9 14627.0 14738.2
Average h (W/(m2 ∗K))(small) 18428.8 16984.3 16782.4
Average Temp( ◦C) 37.929 33.117 31.745
Min Temp (◦C) 31.135 25.996 24.987
Max Temp (◦C) 58.555 50.335 50.454

Fig. 8. The temperature distribution of the waveguide with pill channels.
The scale is in degrees Celsius.

3) Verifying turbulence: To verify that the flow in the
channels was turbulent, the Reynolds number for each con-
figuration was calculated using the following equation.

Re =
VavgD

v
(2)

where Re is the Reynolds number of the fluid flow, Vavg is
the average velocity of the water, D is the diameter of the
channel, and v is the kinematic viscosity of the fluid. In the
case of a non-circular cross-section, the diameter is replaced
by the hydraulic diameter, defined as:

Dh =
4As

P
(3)

where Dh is the hydraulic diameter, As is the surface
area of the cross-section, and P is the perimeter of the
cross-section. Turbulent flow has a Reynolds number of
4000 or higher while laminar pertains to flows with a
Reynolds number less than 2100. Anything in-between is
in the transitional flow phase, meaning that the flow is a
combination of laminar and turbulent flow. The results show
that the flow in the larger channels is indeed turbulent, but
the flow in the smaller channels is in the transitional phase.

Table 2. The Reynolds number of the different geometries.

Channel Size Circular Rectangular Pill
Large 7970 8780 9400
Small 2760 3410 3690

Turbulent flow is more effective at transferring heat, so
having modeled the flow as turbulent means that the perfor-
mance of the small channels is overestimated. This means
that in reality, they will not cool the structure as effectively
as the simulation suggests.

V. STRUCTURAL MECHANICS

Once temperature distributions were obtained, the thermal
expansion of the structure could be determined for each of
the channel geometries. The matter of mounting the waveg-
uide was not finalized; it was assumed that the waveguide
would be constrained from the top and bottom. Table 3 shows
the maximum displacement achieved by each configuration.
Figure 9 shows the deformation of the structure at the
location that experienced the most displacement.

Table 3. The maximum displacement of the structure for each channel
geometry.

Deformation (µm)
Circular 14.4
Rectangular 9.89
Pill 9.57

It should be noted that the total displacement of the struc-
ture by itself is not useful when determining the effectiveness
of the channels; more analysis of the data is required to
determine the change of dimensions of the corrugations, etc.

VI. K-ω

The turbulence model used in all of the previous sim-
ulations was the k-ε model. This model is a good all
around model that converges fairly quickly. However, k-ε
approximates the no-slip boundary condition at the interface
between the water and the channel walls. As demonstrated in
figure 10, the velocity of the water at the wall never reaches
zero, whereas in actuality, it does.



Fig. 9. The deformed structure when pill channels are simulated. The scale
is in meters. The deformation is exaggerated x200. The arrows demonstrate
the directions in which the structure expands.

Fig. 10. The velocity profile of the water as simulated by the k-ε model.
The scale is in m/s.

The k-ω turbulence model simulates water velocity close
to the walls more accurately and is also better for simulating
internal flow. To obtain more accurate data, the past circular
and pill channel configurations were simulated using the k-ω
model. The velocity profile of a k-ω simulation is shown in
figure 11.

With k-ω, heat is transferred more effectively to the water.
The water heats up much more than when using k-ε. As a
result, the water loses its ability to cool the structure as it
progresses further along the length of the channel. This is
demonstrated in figure 12. The results of the k-ω simulations
are shown in table 4.

There was interest in seeing the effect of symmetric lobes
and an increased water pressure. In the past simulations, the

Fig. 11. The velocity profile of a k-ω model near the channel wall in m/s.
The velocity of the water is zero at the wall.

Fig. 12. The temperature distribution of the waveguide with circular
channels in degrees Celsius, simulated with k-ω. Note the temperature rise
on the outlet side of the structure.

Table 4. Results of CFD and Heat Transfer simulations using k-ω.

Circular Pill
Average h (large) 9186.4 68056.37
Average h (small) 8827.51 3998.3
Average Temp( ◦C) 34.101 23.224
Max Temp (◦C) 57.427 23.224

smaller channel caused the copper above the waveguide to
be hotter than the copper below the guide. This would cause
uneven deformation and it was speculated that this would be
more damaging to the wake fields than an even deformation
profile. Simulations were run on waveguides with two large
channels; k-ω was used to achieve greater accuracy. Trials
were run at 2, 2.5, and 3 m/s to simulate an increased water
pressure. The temperature distribution for the pill channel is
shown in figure 13.

Table 5. Results of simulation using circular symmetric channels.

2 (m/s) 2.5 (m/s) 3 (m/s)
Max Temp. (◦C) 39.286 39.317 39.246
Average Temp. (◦C) 21.81 21.827 21.789
Average h (W/(m2 ∗K)) 422064 374821.43 497961
Max Velocity (m/s) 2.35 2.89 3.42

From tables 5-7, we see that for any given water velocity,



Table 6. Results of simulation using rectangular symmetric channels.

2 (m/s) 2.5 (m/s) 3 (m/s)
Max Temp. (◦C) 40.85 39.71 39.61
Average Temp. (◦C) 23.24 22.44 22.37
Average h (W/(m2 ∗K)) 51960 254600 346810
Max Velocity (m/s) 2.37 2.90 3.44

Table 7. Results of simulation using pill shaped symmetric channels.

2 (m/s) 2.5 (m/s) 3 (m/s)
Max Temp. (◦C) 41.32 38.91 38.88
Average Temp. (◦C) 23.60 21.99 21.97
Average h (W/(m2 ∗K)) 29291 809000 1002896
Max Velocity (m/s) 2.34 2.86 3.40

the performance of the different channel geometries does not
vary by more than 5%. To better understand the difference
in capabilities of each design, the average heat transfer
coefficient was plotted as a function of distance along the
length of the waveguide. These plots are shown in figures
14-16.

From the trendlines of the graphs, it can be seen that
overall, the pill channel was able to maintain its ability to
cool the structure better than the other designs. However,
at the current length of the waveguide, this property is not
easily observable.

VII. DISCUSSION

The k-ε simulations suggest that larger channels are most
effective despite being placed further from the waveguide
than a smaller channel. The smaller channels were unable
to cool the structure as effectively. In the k-ω simulations,
the same occurred for the circular channels, but here, the
small channels performed even worse due to the fact that
they heated up more rapidly. For the pill channels however,
the smaller channel cooled its respective lobe more than
the larger channel cooled its lobe. Therefore the use of
smaller channels must be considered because the overall
temperature of the structure might be lowered further by
using pill channels closer to the beam tube.

When the original geometry is considered, the pill shaped
cavity produced the best results. However, once the lobes
of the waveguide were made equal, there was a negligible
difference in performance among the different designs. The
difference between the designs lies in the ability of the
channels to maintain their cooling ability. Here, the pill
channel performed the best.

The fact that the smaller channels were not turbulent
means that the performance of the smaller channels is
overestimated. To achieve greater accuracy, a method for
modeling transitional flow must be investigated or the flow
must be made turbulent in order to simulate the flow as such.
This can be achieved by roughening the channel walls, etc.

The heat transfer coefficients calculated by COMSOL for
the k-ω simulations were very high. This must be studied
further to discover if errors are present within the simulation
and if the k-ω simulations are valid.

Fig. 13. The temperature distribution of the waveguide with symmetrical
channels at an inlet velocity of 2 m/s, simulated with k-ω. The scale is in
degrees Celsius.

Fig. 14. The average heat transfer coefficient as a function of distance
from the inlet for circular channels.

Fig. 15. The average heat transfer coefficient as a function of distance
from the inlet for rectangular channels.

VIII. NEXT STEPS

The deformation resulting from the k-ω simulations must
be obtained since the k-ε results were not reliable. This data
must then be analyzed by the engineers who study the wake
fields produced by the waveguide to determine if the change
in geometry is at an acceptable level. In the case of excessive



Fig. 16. The average heat transfer coefficient as a function of distance
from the inlet for the pill shaped channels.

deformation, the design of the channels would have to be
improved.

Once the power of the wave is determined, a single
simulation can be set up as opposed to running three separate
simulations. This single simulation would first find the res-
onant frequency of the structure and using the power of the
wave, it would obtain the distribution of heat dissipated to
the walls. This heat distribution would then be passed to the
Heat Transfer module to couple the heat to the temperature
of the structure. The flow of water will also be coupled to the
temperature, giving the temperature distribution of the cooled
structure. The structural mechanics module would then use
this temperature to model deformation.

IX. CONCLUSION

The pill channels yielded the best results overall, but
there is room to increase the accuracy of the simulations
by refining the parameters assumed by the simulations, such
as flow turbulence. Even if these simulations yield wrong
numbers, the performance of the different channel designs
are not expected to change relative to each other. These
simulations establish a basis from which future simulations
can begin.


