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Abstract

This report presents an analytical modelling approach to estimate heat transfer across the Compact Muon
Solenoid (CMS) subdetectors at the High-Luminosity Large Hadron Collider (HL-LHC). A thermal screen
isolates the subdetectors at their respective operating temperatures, with active thermal control provided by
an array of heater foil elements. The required power generation from the array is dependent on the heat flux
at the outer surface of the Barrel Tracker Support Tube (BTST). A reduced order analysis was performed
to estimate the heat flux in this location, with empirical and analytical models used to approximate the
thermal behaviour of the BTST core. Including a 30% safety factor, empirical estimations exceed analytical
counterparts by 13% and predict a maximum heat flux of 92 W/m2. Previous approximations suggest 123
W/m2 is suitable. The accuracy of empirical modelling results remains uncertain until test specifics are
acquired from the core manufacturer. Minimal gas dependency is shown over the operating conditions.

Introduction

The High Luminosity Large Hadron Collider (HL-
LHC) is an upgrade to the existing LHC which seeks
to increase the instantaneous peak luminosity (rate
of collisions) by a factor of five and the integrated
luminosity (total number of collisions) by a factor of
ten beyond the original design value [1]. This ad-
vancement may enable experiments to expand the
size of collision event datasets by one order of mag-
nitude relative to the LHC baseline. However, the
increase in radiation associated with higher luminos-
ity requires detectors with enhanced radiotolerance,
improved granularity, and greater bandwidth to ac-
commodate higher data rates [2]. The Compact Muon
Solenoid (CMS) detector at the LHC is currently re-
placing or upgrading most of its subdetectors under
the Phase-2 upgrade programme (Ph-2) in prepara-
tion for operations at the HL-LHC. A thermal screen
will isolate several subdetectors, which function at
very different temperatures and in close proximity.
The thermal screen may be realised as a thin cylin-
drical shell whose internal and external lateral sur-
faces are actively regulated, such that heat flux and

temperature constraints may be imposed. An ar-
ray of resistive heater foils positioned on the exter-
nal surface provides a variable heat flux, while the
internal surface is regulated with an isothermal cold
plate. Heat transfer analysis across infrastructure
contained within the thermal screen is therefore nec-
essary to determine the requisite power generation of
the heater foil array. This report aims to verify the
expected heat transfer across support infrastructure
within the thermal screen using a one-dimensional an-
alytical modelling approach.

Background

The Barrel Tracker Support Tube (BTST) is a hol-
low cylindrical support structure housing the Barrel
Timing Layer (BTL) and Barrel Tracker (BT) subde-
tectors, which operate between −25◦C and −40◦C to
minimise radiation damage to sensitive silicon com-
ponents. Figure 1 provides a cross-sectional view
of the inner detector subassembly. The electromag-
netic calorimeter (ECAL) is positioned externally to
the BTST and encloses the subassembly described
above with a clearance of approximately 2mm. The
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ECAL barrel layer contains avalanche photodiodes for
particle detection, and two endcaps seal the struc-
ture. Operational temperatures in the barrel layer
are to decrease from 18◦C to 9◦C under Ph-2 to re-
duce avalanche photodiode noise [2]. Due to the sub-
stantial variance in operational temperatures between
ECAL and the BTL, significant heat transfer is ex-
pected across the structures.

ECAL

BTST

Heater foils

BTL

BT

Figure 1: Schematic cross-section of inner CMS subdetec-
tors. ECAL endcaps not shown.

Thermal Screen Description

A schematic cross-section of the thermal screen is pre-
sented in Figure 2. A cold plate within the BTL
maintains a constant temperature of −35◦C and de-
fines the inner surface of the thermal screen. A gas
chamber with an annular width of 2 mm houses con-
trol systems electronics. Any heat generated by the
electronics is assumed to be dissipated by an isolated
convective cooling system. The thermal mass and
volume of the electronics is also assumed negligible,
such that annular natural convection may be approxi-
mated in the chamber. The subdetectors may be sat-
urated with either dry air or nitrogen gas, depending
on the state of operation. An Airex® foam of 6 mm
thickness insulates the subdetector interface, bonded
with 0.2 mm resin. An array of resistive heater foil
circuits affixed to the external surface of the BTST
defines the outer surface of the thermal screen. The
array must maintain a surface temperature between
9◦C and 13◦C. The BTST comprises two 2 mm thick
facesheets enclosing a 26 mm thick honeycomb core.
The core structure has a density of 64 kg/m3 and is
manufactured from Nomex® paper dipped in pheno-

lic resin, otherwise referred to as the foil. The core
consists of 3.2 mm non-corrugated hexagonal cells
with 0.1 mm foil thickness. The facesheets are com-
posed of HM63 carbon fiber impregnated with PMT-
F6 resin and are bonded to the core using Araldite®

2011 epoxy adhesive film with an estimated thickness
of 0.1 mm.

Heater foil

Facesheet
Adhesive film

Cell enclosure

Foil

Resin

Foam

Gas
Cold plate

T1

T2

BTST

BTL

r̂

Figure 2: Schematic cross-section of the thermal screen,
where r̂ is the positive radial direction.

Heat Transfer Analysis

A reduced order modelling approach was adopted to
estimate the heat flux at the outer surface of the
thermal screen. Conduction and radiation are re-
garded as the principal modes of heat transfer in this
study, substantiated by the following analysis. Hol-
lands studied natural convection in horizontal thin-
walled honeycomb panels and determined the critical
Rayleigh number for the onset of natural convection
in square cells [3]. The maximum Rayleigh number
calculated for the honeycomb core used in this work
was approximately 1.6 ·105, in comparison to the crit-
ical Rayleigh number of 8.6 · 106 for equivalent ge-
ometry. Similar arguments are asserted for the gas
chamber. Assuming the annular enclosure may be ap-
proximated by an infinite horizontal layer with rigid
(no-slip) and isothermal top and bottom boundaries,
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it can be shown that the convection onset criterion
is not met (for small temperature differences) [4, 5].
Thus, the heat transfer rate across the quiescent fluid
layer is well-approximated by pure conduction.

The Fourier-Biot equation was formulated in po-
lar coordinates and applied to a hollow cylindrical
volume approximating the thermal screen, as seen in
Figure 3a. For the purposes of simplifying analysis,
the temperature distribution was assumed to be uni-
form in the axial and azimuthal directions. This as-
sumption reduced the problem to a one-dimensional
case. The bulk material was assumed to be isotropic
and homogeneous, with no internal heat generation.
Given a steady-state problem, the governing partial
differential equation reduces to:

∂

∂r

(
r
∂T

∂r

)
= 0 (1)

where r is the radial coordinate and T is temper-
ature. Isothermal boundary conditions were assumed
at the inner and outer lateral surfaces:

T (ri) = Ti, i = 1, 2 (2)

After solving (1) for the temperature distribu-
tion using the boundary conditions, it follows from
Fourier’s law that the heat transfer rate Q̇ is:

Q̇ =
∆T

R
(3)

where ∆T is the driving force and R is thermal
resistance to heat transfer, given by:

R =
r2 − r1
kAlm

(4)

where k is the thermal conductivity of the bulk
material evaluated at the arithmetic mean of the driv-
ing force and Alm is the logarithmic mean area. For
composite cylinders, assuming perfect thermal con-
tact between interfaces, since the total heat transfer
rate in any radial plane is constant, Q̇ may be ex-
pressed in terms of the respective thermal resistances
of each layer:

Q̇ =
∆T∑
j

Rj
, j = 1, ..., n (5)

where the j index refers to a given layer within the
cylindrical structure. The heat transfer rate across
the thermal screen may therefore be characterised in
terms of (n = 8) thermal resistances, as the cold plate
represents a boundary condition. Figure 3b presents
a diagram of the composite system. It remains to de-
termine the thermal resistances of each layer, contin-
gent upon first resolving the respective thermal con-
ductivities. For the insulating foam and resin, this
is trivial. The thermal conductivity of gas layer is
temperature-dependant and should be evaluated at
the temperature of the cold plate, since minimal heat
transfer is expected across the chamber. Since the
facesheets exhibit anisotropic thermal behaviour, the
rule of mixtures may be used to estimate the effective
thermal conductivity in the radial direction [6]:

kfs = km
kfb(1 + Vfb) + km(1− Vfb)

kfb(1− Vfb) + km(1 + Vfb)
(6)

where kfs is the effective thermal conductivity of
the facesheet, Vfb is the volume fraction of the fibre
and kfb and km are the thermal conductivities of the
fibre and matrix respectively. The following sections
present potential modelling strategies to estimate the
equivalent thermal conductivity of the BTST core.

Swann-Pittman Model

The semi-empirical Swann-Pittman (SP) model for
heat transfer through honeycomb core structures is
reported as the standard for aerospace industry ap-
plications [7, 8]. Facesheet thickness is assumed small,
such that thermal contributions are negligible. Cell
cross sections are assumed circular. A parallel ther-
mal network was developed to model solid and gas
conduction in the core, superimposed with an empiri-
cal relationship describing radiation in the core enclo-
sure. The effective thermal conductivity ke is given
by:

ke = kf
∆A

A
+ kg

(
1− ∆A

A

)
+ kr (7)

where kf is the thermal conductivity of the foil
material, kg is the thermal conductivity of the gas
saturating the panel, ∆A/A is the ratio of cross sec-
tional areas of the solid core to the overall cell and kr
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is the radiation effective thermal conductivity, given
by:

kr = 0.664(λ+ 0.3)−0.69ϵ1.63(λ+1)−0.89

L′σ(T1 + T2)(T
2
1 + T 2

2 )
(8)

where σ is the Stefan-Boltzmann radiation con-
stant, L′ is the thickness of the gas column in the
cell, T1 and T2 are the temperatures of the facesheets,
λ is the ratio of cell height to cell diameter and ϵ is
emissivity. The facesheets and foil are assumed to
have the same emissivity. The area ratio ∆A/A may
be identified using the mass density ratio of the hon-
eycomb core to the bulk material. The equivalent
diameter of the hexagonal cells may be obtained by
equating the perimeters of the hexagonal and circu-
lar cross sections, as suggested by Swann and Pittman
[9]. However, the thermal effects of adhesive bonding
are not accounted for.

Modified Swann-Pittman Model

The Modified Swann-Pittman model (MSP), pro-
posed by [7], integrates the effects of the facesheets
and adhesive directly into the SP model. The mod-
ified equivalent thermal network appends four ther-
mal resistances arranged in series. Two resistances
account for solid conduction through the facesheets,
and two describe the parallel arrangement of solid
conduction through the adhesive and segment of foil
covered by the adhesive. The overall effective thermal
conductivity from the MSP model is defined by:

L

ke
=

2Lfs

kfs
+

2Lad

kf
∆A
A + kad

(
1− ∆A

A

)+

L′

kf
∆A
A + kg

(
1− ∆A

A

)
+ kr

(9)

where L, Lfs and Lad are the thicknesses of the
overall panel, facesheet and adhesive respectively,
and kad is the thermal conductivity of the adhesive.
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Figure 3: (a) Single layer approximation and (b) composite representation of the thermal screen. Zoomed view shows
the radial index of each layer.
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Hence, the thermal resistance of the entire BTST may
be effectively characterised by the MSP equivalent
thermal conductivity. In cases where the emissivity
of the adhesive and foil layers differ, a weighted emit-
tance based on the ratio of the surface area of each
material to the total surface area involved in the ra-
diation exchange in the enclosure may be used.

Empirical Model

HexCel, the manufacturer of the BTST core, report to
have tested several honeycomb cores in order to char-
acterise thermal conductivity [10]. Details of such
tests are not provided in the reference and an as-
sessment of thermal conductivity via numerical anal-
ysis or experiment is highly recommended. Given the
core geometry, the effective thermal conductivity es-
timated by HexCel is ke = 0.45 W/mK. Note, this
value was obtained through application of heat flow
from top to bottom of the panel (opposing the nat-
ural direction of buoyancy). The heat transfer path
will differ from this configuration around the circum-
ference of the thermal screen.

Results and Discussion

Figure 4 compares the thermal conductivity of dry
air and nitrogen gas over the range of temperatures
expected within the thermal screen. Across the tem-
peratures studied, the thermal conductivity of dry air
consistently exceeds that of nitrogen gas by an aver-
age of 0.3 mW/mK. Therefore, although dry air mod-
els represent the upper limit of heat transfer across
the thermal screen, the difference in the results is ex-
pected to be marginal. Since the only available em-
pirical data for the equivalent thermal conductivity of
the core was obtained in the presence of air, all sub-
sequent results assume core saturation with the same
gas. Figure 5 shows heat flux with respect to temper-
ature at the outer surface of the thermal screen. Each
model is identical in all aspects except for the BTST
core layer, which designates the model type. Minimal
variation in the results is observed between the SP
and MSP models, attributed to the limited thermal
impact of the adhesive layer. This contribution may
be disregarded in subsequent modelling efforts.

Figure 4: Plot thermal conductivity for dry air and nitro-
gen over the expected operating temperatures within the
thermal screen.

The empirical model, on average, estimates the
required heat flux as 13% higher than SP variants
across the temperature range studied. Note, the ef-
fective thermal conductivity of the honeycomb core
was obtained for heat flow from top to bottom of a
horizontal panel. Analytical models assume a simi-
lar configuration. This geometry is only valid in the
upper local region of the thermal screen. Variations
in effective core thermal conductivity, which signifi-
cantly impacts the overall resistance to heat trans-
fer, are likely around the circumference of the struc-
ture. For instance, heat transfer may increase at the
bottom of the structure where thermal gradients are
aligned with the direction of natural buoyancy. Ar-
guments concerning model discrepancy should be de-
ferred until further details of the empirical tests are
established, as thermal gradients and absolute test
temperatures may influence conduction and the on-
set of natural convection within the panel. Contact
with the manufacturer is highly advised. Incorporat-
ing a safety factor of 30%, the upper estimate of heat
flux required at the outer surface of the BTST is 92
W/m2.
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Figure 5: Plot of heat flux versus thermal screen outer
surface temperature.

Adjusting power requirements from the existing
Tracker subdetector indicates a necessary heat flux of
123 W/m2, including the safety factor [11]. However,
due to differences in the infrastructure between the
current subassembly and the Ph-2 upgrade, inaccura-
cies in this estimate are expected.

Given the modular construction of infrastruc-
ture within the thermal screen, localised tempera-
ture peaks may occur at interfaces between the com-
ponents. This thermal characteristic cannot be eas-
ily described using an analytical modelling approach.
Therefore, while the average power of the heater foil
array may be estimated, numerical simulation is nec-
essary to determine non-uniform power distribution.

Conclusions

This report examined the steady state heat transfer
across CMS infrastructure at the High Luminosity
Large Hadron Collider (HL-LHC) over a range of op-
erating temperatures. A one-dimensional model was
developed to estimate the average heat flux required
from a heater foil array positioned at the outer surface
of the Barrel Tracker Support Tube (BTST). Within
this framework, several component models were pro-
posed to identify the effective thermal conductivity of

complex core structures. The empirical estimation of
heat flux exceeded that of analytical counterparts by
13%, establishing an upper limit of 92 W/m2. How-
ever, the validity of the models is confined to a small
local region, and variation in the heat flux is expected
around the circumference of the structure. Conclu-
sions about model discrepancy cannot be drawn until
test details are confirmed with the core manufacturer.
Minimal variation in the results is expected when the
subassembly is saturated with dry air or nitrogen gas,
due to similar thermal conductivities over the temper-
ature range. Numerical simulation work is required
to capture complex thermal behaviour in higher di-
mensions, such as non-uniform temperature peaks.
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