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DESIGN AND FEA OF AN INNOVATIVE ROTATING SIC FILTER
FOR HIGH-ENERGY X-RAY BEAM
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Diamond Light Source, OX11 ODE Didcot, United Kingdom

Abstract

112 Joint Engineering, Environmental, and Processing
> (JEEP) is a high-energy imaging, diffraction and scattering
eamline at Diamond. Its source is a superconducting wig-
ler with a power of approximately 9 kW at 500 mA after
the fixed front-end aperture; two permanent filters aim at
reducing the power in photons below the operating range
§ of the beamline of 50-150keV, which accounts for about
5 two-thirds of the total [1]. This paper focuses on the design
‘* and simulation process of the secondary permanent filter,
; a 4mm thick SiC disk. The first version of the filter was
£ vulnerable to cracking due to thermally induced stress, so a
é new filter based on an innovative concept was proposed: a
2 water-cooled shaft rotates, via a ceramic interface, the SiC
E disk; the disk operates up to 900 °C, and a copper absorber
5 surrounding the filter dissipates the heat through radiation.
- We utilised analysis data following failure of an initial pro-
f totype to successfully model the heat flow using FEA. This
< model informed different iterations of the re-design of the
% assembly, addressing the issues identified. The operational
:£ temperature of the final product matches within a few de-
2 grees Celsius the one predicted by the simulation.
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INTRODUCTION

I12 is a high-energy imaging, diffraction and scattering
N beamline located on a straight section of Diamond storage
ring. Its source is a 4.2 T superconducting wiggler, and
% the beamline operates at 50—150keV, providing a hard X-
= ray beam capable of penetrating large dense samples, for
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example engineering parts and assemblies (e.g., superalloy
turbine blades [2], or steel and Al alloy internal combustion
engines [3]). Table 1 summarizes the key parameters of the
beamline and Fig. 1 shows its layout.

Table 1: 112 Key Parameters [4]

Source Super-conducting wiggler, 4.2T,
48 mm periodicity, 22 full field pe-
riods

1 mradx0.3 mrad

White beam or monochromatic beam

Beam acceptance
Beam modes

Monochromator ~ Si (111) cryo-cooled double crystal
bent Laue
Energy range 50-150keV

The techniques available to 112 users include, among the
others: static and time-resolved radiography and tomog-
raphy, energy-dispersive diffraction, monochromatic and
white-beam two-dimensional diffraction/scattering, and high
energy Small-Angle X-ray Scattering (SAXS) [1].

The beamline has two in-line experimental hutches (EH),
one inside Diamond Experimental Hall 51.7 m from the
source (EH1), and the other in an external building 94.5 m
from the source (EH2). EHI allows experiments involv-
ing small and medium-sized samples and sample environ-
ments, whereas EH2 offers space for large or complex ex-
periments [5].
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Figure 1: Schematic optical and functional layout of the 112 JEEP beamline [4].
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HEAT LOAD MANAGEMENT

Diamond Light Source Storage Ring currently operates
at 300 mA [6], with design intent up to 500 mA [7]. With
this current, the total power emitted by the wiggler would
be 56 kW, and the maximum power entering the beam line
through the fixed front-end aperture would be 9 kW [1].

About two-thirds of this power is due to photons below the
operating range of the beamline of 50-150 keV, and for this
reason two permanent filters are installed upstream of the
Laue monochromator (see Fig. 1). The primary filter is a se-
ries of two water-cooled Chemical Vapour Deposited (CVD)
diamond disks, that reduce the total power to 6.2 kW. This
paper will focus mainly on the secondary filter, that aims at
reducing the power from 6.2 kW to 2.6 kW. Figure 2 shows
the flux at 500 mA, and the effect of the aforementioned
filters and of attenuators of different thickness.
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Figure 2: Photon flux at 500 mA calculated with XOP [8],
in the full 1 mradx0.3 mrad fan accepted by the beamline at
50 m from the source. The effect of filters and attenuation is
shown [1].

Static Secondary Filter

The beamline was initially commissioned with a static
secondary filter, consisting in a 4 mm thick SiC disk, diffu-
sion bonded to a water cooled Cu carrier via a Mo interface
(see Fig. 3).

\Cu Carrier
\SiC Filter

Figure 3: Static filter.

A combination of thermally-induced stress and residual
stress from the diffusion bonding [1] proved to be too chal-
lenging for the filter. Following failure on first aperture of
maximum beam load at 300 mA, it was necessary to replace
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it with a completely different design, that would not have dif-
fusion bonding and that would be less vulnerable to thermal
stresses.

Rotating Secondary Filter

A new assembly filter, shown in Fig. 4, was designed. In
this design, the SiC disk rotates at 60 RPM, in this way the
thermal load is distributed on a larger area, reducing the
power density the filter material is subjected to. Two Cu
water-cooled absorbers collect the heat radiated by the filter;
the rotating shaft (that is also water-cooled) dissipates the
remaining thermal power, transmitted conductively through
a series of Machinable Glass Ceramic (MACOR®©) and tita-
nium alloy parts.

Water-cooled
shaft

Cu Absorbers
Figure 4: First prototype of the rotating filter.

A thermal finite element simulation was performed, and it
showed that no part was subjected to excessive temperatures
or stresses, so a first prototype was made and tested; how-
ever, the temperatures measured were higher than the ones
predicted, and the ceramic parts exhibited some cracking.
Further analysis was required.

FAILURE ANALYSIS

The fact that the temperature was higher than predicted
suggests that the system exhibited more internal thermal
resistance than the one assumed in the simulation, as the
boundary conditions are known with a good degree of preci-
sion. In particular, the boundary conditions for this system
are represented by the external thermal load, accurately cal-
culated by XOP, and the convective water cooling, whose
characteristic parameter i was estimated analytically with
well-established formulas'. As for the internal thermal re-
sistance, it can be represented with the electrical circuit
analogy?, as shown in Fig. 5.

T, represents the maximum SiC Disk temperature, T,, the
cooling water temperature, R.,,q is a resistance equivalent

! The equation for convection is Q = hAAT, where Q is the thermal
power, h is the convective heat transfer coefficient, A is the heat transfer
area and AT is the temperature difference between the bulk fluid and the
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Rrad Rconv

&
&

Rcond Rconv

Figure 5: Circuit analogy.

to the parallel of two series of conductive resistances the
heat must go through to reach the water cooled shaft, R .,
models the convection heat transfer, and R, is a resistance
that takes into account the effect of radiation, governed (for
grey bodies?) by this law:

o(Ty - T2)
1- €4 1 +
Aaly g

0= , (1)

1-¢,

Ageq Aseq

where d and a are respectively the SiC disk and absorber
surfaces interested to the radiation phenomenon, T is their
temperature, € their emissivity, A their area, and F;_,, the
view factor from the disk to the absorber.

The fact that 7; from the simulation was significantly
lower than the one measured during the test, suggests that
either R,,4 or R.,nq Was higher than the one in the simulation.
R,q Was estimated with a sufficient degree of precision®, so
by exclusion it could be assumed that the most significant
source of error was likely to be R.opq-

As mentioned above, R4 is in fact equivalent to a par-
allel of two series of resistances. These resistances depend
on the conductivity of the materials, their geometry and the
interface between them. The materials used are well known,
and their conductivity can easily be found on reputable ma-
terial databases, like MatWeb [11], and the geometry error
o is negligible, as it depends only on small manufacturing
E tolerances and some small approximations due to the mesh.
© This means that the error was probably due mostly by how
o the interface between the parts was modeled.

At the interface between two parts in contact along a
thermal conductance path, there is a temperature drop due
to the Thermal Contact Resistance (TCR). This depends on
several factors, like the contact pressure between the two
parts, the materials, the surface roughness etc. Figure 6

0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D!

surface. For forced convection, the parameter & can be estimated with
empirical formulas available in the literature [9].

Ohm’s law (V, — V1) = RI can be used in thermal circuits as (7, — T7) =
RQ, where T and T are the temperatures of two points of the system,
R is the thermal resistance between them, and Q is the thermal power
transferred from one point to the other.

An approximation according which € is frequency independent.

It depends on the geometry of the parts and the emissivity € of the mate-
rials interested to the radiative heat exchange. For the copper absorbers,
a conservative value of 7 - 1072 [10] was used, whereas the SiC disk’s
emissivity was measured using the cold immersion method by a Land M 1
thermometer having a spectral response of 1.6 um. The measured value
was 0.66 + 0.2 at 700 °C and did not vary significantly with temperature.
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shows how the TCR changes with contact pressure for some
common interstitial materials. By default, ANSYS assigns to
this variable a very small value®, that can be considered like
a ‘perfect’ contact, which is one where there is practically
no temperature drop.
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Figure 6: Contact resistance for selected interstitial materials
for thermal enhancement or thermal isolation [12].

Even if tables and graphs are available in the literature
(e.g., [14]), it is not easy to identify the value of the TCR
for all the interfaces in the assembly, because some of the
variables it depends on are not known. An alternative ap-
proach is to isolate the interface effects from the conductance
through the single parts and add a resistor in our electrical
model, as shown in Fig. 7. Such a resistor is variable, and
by changing its value we change the calculated Ty, if all the
other variables are unchanged.

Rrad

—— AW

A

cond

Ty

RL‘OIll

Figure 7: Circuit analogy that takes into account the TCR
(Rcony omitted for clarity).

By varying R, until 7; matched the one measured dur-
ing the test, we could identify a value of this parameter that
takes into account the collective effect of all the contact inter-
faces in the model. In this way we could estimate how much

5 TCC = Kyx 103 /ASM jiqg, Where TCC is the thermal contact conduc-
tance, the reciprocal of TCR, K is the largest material conductivity
defined in the model, and ASM 44 is the geometry bounding box diago-
nal [13].
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heat is transferred by radiation and how much by conduction.
In electrical terms, estimate the relative contribution of the
two branches of our circuit.

The prototype was tested with a heat load of 389 W, and
a model that uses the default value for the TCR predicted a
T, of 590 °C (see Fig. 8a), which means that almost 60%
of the thermal power would be dissipated conductively (the
lower branch of Fig. 7). The temperature measured in the
test was however significantly higher (=780 °C, see Fig. 8b),
and the R, that makes the calculated FEA equal to this
value is 5 m2°C/kKW. Taking into account the TCR, accord-
ing to the simulation, only 11% of the power is transferred
conductively, which explains the higher temperature reached
by the disk®.

Type: Temperature
Unit: °C

. 588 Max
525

(a) Default TCR.

Type: Temperature
Unit: °C

. 784 Max
699

(b) TCR = 5m?°C/kW.

Figure 8: Simulations on the prototype with default (8a) and
custom (8b) values for the TCR.

The thermal contact resistance calculated above is rela-
tively high, but realistic, for ceramic parts. It is unacceptably
high for metal parts, unless the contact pressure is extremely
poor. This suggests that the interface between the Ti alloy
hubs and the steel shaft did not transfer sufficient heat be-
cause there was not enough contact pressure between these
components. One way to improve this is to use the Axiomatic
Design principles.

Axiomatic Design

Axiomatic Design is a powerful design methodology
that divides the Design World into four domains, and

6 The total heat load staying the same, all the heat that is not transferred

by conduction must be radiated by the disk to the Cu absorbers; hence,
if more heat is transferred in this way, the temperature of the disk must
be higher, in accordance to Eq. (1).
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models the relationships between them with matrices.
The four domains are the Customer domain, the Func-
tional domain, the Physical domain, and the Process do-
main. To each of these a characteristic vector is assigned
({CA }{FRs},{DP;},{PVs}). The method takes its name
from the fact that it is based on two axioms’ [15]:

1. the Independence Axiom;

2. the Information Axiom.

The Independence Axiom says that the Functional Re-
quirements should be independent. This means that if
we express the relationship between Functional Require-
ments { FR;} and the Design Parameters { DP} as {FR;} =
[A{DP;}, the matrix [A] should be diagonal. If the de-
sign matrix [A] is not diagonal, the { FR} are coupled, and
optimising a Design Parameter to achieve a Functional Re-
quirement might affect other Functional Requirements too,
making the optimisation harder, sometimes impossible and
the design less robust®.

The Information Axiom says that the information con-
tent of the design should be minimised”.

If we consider the subassembly that includes the water-
cooled shaft and the titanium alloy hubs, we have two Func-
tional Requirements:

e {FR;}- can assemble;
¢ {FR,}- transfers heat.

We have however only a single Design Parameter, the dif-
ference between the hub internal diameter Dy, and the shaft
external diameter ds that we can call x. We can represent
this in matrix form as follows:

X

o

FRi| |a1qn O

{F Rz} - [az,l 0

The matrix [A] is not diagonal, hence the design is not

uncoupled'?; x affects both {FR;} and {FR,}, but its opti-

mal value is different for the two Functional Requirements:

to make assembly easier, we want a low contact pressure,

but to transfer heat we need a high contact pressure. There

is a contradiction!!.

One way to resolve this contradiction is to follow the

first axiom, and modify our system so that the matrix [A] is
diagonal and our system is hence uncoupled.

)

7
8

Self-evident statements that cannot be derived from other principles.
There is also a third possibility: the matrix [A] can be triangular. In
this case, the system is decoupled, which is a non-ideal scenario but still
preferable to a coupled system.

The information content I is defined as I = log,1/P, and it represents
the probability of satisfying a given functional requirement [15].

10 Al systems with more {F R, } than {D Py} are coupled.

1T Also, x is temperature dependent: the greater the AT between hubs and
shaft, the greater the TCR become, which leads to even higher AT". This
causes a runaway phenomenon where temperature spirals out of control.
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[a)

g FINAL DESIGN

?:w’ The analysis of the failed prototype informed the final
% design, that addressed the weaknesses we identified, and

= that were described in the previous sections. In particular,
*Ma changes were made to improve the heat transfer between the
i hubs and the shaft without compromising the ease of assem-
= bly, and to maximise the heat dissipated through radiation.

Redesigned Hubs

A feature was added to the hubs, consisting in some
wedges that allow the tightening of the hub around the shaft
after it has been slid into position, as shown in Fig. 9.

Grooves to reduce
contact area

Figure 9: Final Design.

This allows for both easy installation and high contact
pressure during operation. In axiomatic design terms, the
new feature gives us another design parameter that we can
call y, hence the system now looks like this:

F R1 _ a1 0 X
{FRQ} - [ 0 axo |y )
In the redesigned assembly x has a different meaning, and
it represents the clearance of the wedges before they are
compressed. y is the clamping force and depends on the

wedge geometry (height, angle etc.)'?. The matrix [A] is
now diagonal, and the system uncoupled'>.

Maximising Radiation

If a 389 W heat load radiation heat transfer dominated
(only 11% was transferred conductively), this would be even
more true with higher heat loads (the heat transferred by ra-
= diation grows with the fourth power of temperature (Eq. (1)),
2 the one transferred by conduction only grows linearly with
Z the temperaturel4). For this reason, we decided to increase
2 the radiation heat transfer by improving the emissivity € of
Z the copper absorbers. This could be achieved by blackening

under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of

12 Similarly to x in the first prototype, also y varies with AT. However,
in this case, the clamping force grows with AT'; consequently the TCR
becomes smaller, which leads to a stable thermal equilibrium.

13 By design there is clearance between the uncompressed wedges and the
shaft. If we had interference, the term A, | would be different from 0,
and our system would be decoupled.

14 Q = UAT, where U is the conductance.
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them!3. Also, we wanted to increase the conductive resis-
tance of the chain of components supporting the disk, so that
less heat would be transferred along that path. We achieved
this by considerably reducing the contact surface between
the ceramic parts and the disk (by adding some grooves on
the ceramic, in the positions indicated in Fig. 9).

FEA

The redesigned assembly was simulated, using the ther-
mal contact resistance value estimated with the prototype!S.
With a calculated thermal load of 3.6 kW at 500 mA, the pre-
dicted disk temperature is ~880 °C (see Fig. 10). Diamond
is currently operating at 350 mA, so the maximum condition
cannot be validated with a physical measurement.

Type: Temperature
Unit: °C

884 Max
F 689
606

440
357
274
190
I 107
24.5 Min

Figure 10: Thermal FEA on the final design, with the maxi-
mum 500 mA current in the storage ring.

For this reason, we simulated the assembly with other heat
loads, and compared the results with the values measured in
the operational assembly. The simulation is able to predict
reliably and conservatively the temperatures: the error is
less than 10%, and the simulated value is always larger than
the measured one, confirming that the assumptions made
were conservative. Also, the heat is now dissipated almost
exclusively by the absorbers, as only ~ 1% goes to the water-
cooled shaft!”.

CONCLUSION

The redesigned rotating SiC filter has been installed in
August 2016, and it has been used from September 2016
onward, with the fixed filter still in place downstream. The
rotating filter has been operating since then without showing
any problem. For this reason, in December 2017 the fixed
filter has been removed, and we have been using just the
rotating one since January 2018. We can conclude that the
final design, informed by the thermal FEA described in the
sections above, is robust and effective.
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