
Available on CMS information server CMS NOTE -YYYY/N

The Compact Muon Solenoid Experiment

Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland

CMS Note

14 September 2020

Full thermal characterization of anisotropic
carbon fiber laminates

Ryan C Baker, Branden P Burns, Souvik Das, Benjamin R Denos, Andreas Jung, Sushrut Karmakar, Abraham
Mathew Koshy, Jesse McDonald, Evgeny Pakhomenko, Sebastian Pape, Eshwar Puvvada, Tristan D Schefke,

Drew E Sommer, Andrew Spring, Ryan Andrew Story, Ramon Guerrero Suarez, Alex Wade, Andrew J
Wildridgea and Anya Wolterman

Abstract

The high luminosity LHC (HL-LHC) will collide hadrons at unprecedented instantaneous luminosi-
ties to search for new physics and make high precision measurements to challenge the accuracy of
Standard Model predictions. The increase in granularity of the CMS detector and luminosity of LHC
in the HL-LHC poses high demands for the materials of support structures. Heat generated in silicon
sensors has to be efficiently removed through a support structure to keep the sensors at the optimum
temperature. Carbon fiber composite structures are used to build the mechanical support structure
of the silicon tracker detectors because of their high thermal conductivity, strength-to-mass ratio and
tolerance to irradiation. In this paper, we describe experimental studies conducted to measure the
thermal conductivities of anisotropic carbon fiber composites using a custom-designed apparatus fol-
lowing American Society for Testing and Materials (ASTM) standards as closely as possible.
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Number: 1  Author: antti  Subject: Sticky Note  Date: 2020-11-26 18:49:26
This is very nice study. Useful for the Tracker upgraded project, and useful reference also for other projects.
Detail comments are given here below in this document. 
Two general comments: 
(1) The carbon-fibre laminate samples and their preparation could be explained more in detail. For example, what kind of mould was used (vacuum-bagged, I suppose), how was the fibre 
orientation managed? What was the initial fibre fraction in the prepreg, was a lot of resin lost in the curing process? Was the resulting fibre/resin fraction measured? Were the composite 
samples homogenous in thickness? How where they cut to shape?
(2) Theoretically, the Y and Z directional thermal conductivities should be the same, right? Did you find/guess any reasons  why such large difference between the two measured values? 
Something intrinsic from the pressure-cure process, pushing the fibres in closer contact in the Y direction than in the Z direction? Maybe a discussion chapter could be added to the end of 
the document to list possible reasons for the differences between measured and calculated values, and also to take stock for possible future measurements, would you do the 
measurements the same way or change something?

>AMK:
(1)We have added a lot of information about carbon fiber composites in section 2.1.
All samples had same thickness.

(2) Along z-direction, there are layers of resin(k=0.169W/mK) after every sheet of carbon fiber. This reduces thermal conductivity.
 Whereas along y-direction, even though it is not along the direction of carbon fibers, a single sheet can transport heat without impedance from the resin layer.  Also, in our microscopic 
images we see fibers touching each other. This can also create efficient paths for heat transport along y-direction.
For future measurements, it would better to have heat guards to minimize heat exchange between sample and surroundings.

Number: 2  Author: antti  Subject: Sticky Note  Date: 2020-10-11 16:23:47
Carbon fiber composites' low CTE, high stiffness-to-mass ratio and high radiation length are essential material selection criteria for the tracker structures.
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One could emphasise in the abstract that reliable thermal conductivity data is poorly available for carbon composites/laminates.
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1 Introduction50

Silicon devices are used in many particle detectors today to measure precisely the trajectories and51

momenta of charged particles. For the successful realization of these precise measurements, silicon52

sensors have to be held very stably at their positions and the temperature of the silicon sensors needs53

to be maintained at an optimum temperature. For the HL-LHC CMS detector, the sensors and read-54

out chips need to be need to be kept below a certain operational temperature. The large amount55

of heat generated in these low heat capacity sensors can damage them if the heat is not removed56

efficiently. This task becomes more demanding for irradiated sensors, where the leakage current in57

the sensor also contributes to the heat generation. Among the various cooling mechanisms, natural58

convection and radiative cooling are insufficient for detector cooling because of their limited heat59

removal capacity. The heat generated in the sensors is removed to a local heat sink or a cooling60

pipe by means of thermal conduction through the support structure [1]. The temperature of the61

cooling pipe is kept stable independent of the heat generated by the sensors by circulating coolants62

like CO2, which are maintained in a two-phase state with liquid and gas in equilibrium.63

Thematerials used formanufacturingmechanical support structures of the detector need to have64

high strength for low mass and excellent thermal conductivity, even in high radiation environments.65
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Carbon fiber composites meet all these requirements, hence these are ideal material choices for66

building the support structure. However, a precise characterization the thermal properties of carbon67

fiber composites is essential for designing and building the HL-LHC silicon detectors.68

There are both static or dynamic techniques to measure the thermal conductivity of materi-69

als [2]. Dynamic techniques typically estimate thermal conductivity from the thermal diffusivity70

measurements. Static or steady-state measurement techniques involve direct measurement of ther-71

mal conductivity by measuring the temperature and heat flux across a sample. The main disadvan-72

tage of the steady-state method is parasitic heat loss from the sample to the ambient environment.73

Hence, we have developed an analysis method informed by Finite Element Analysis simulations74

(FEA) that is robust against heat exchanges. The main advantages of the steady-state technique75

reported in this paper are the low cost of fabricating the apparatus and no damage to the sample when76

measured. These allow measurements after irradiation or thermal cycling to study their specific77

effects on the thermal conductivity in detail.78

Section 2 describes the basic principles of the thermal measurement and introduces the carbon79

fiber composites measured. Section 3 describes apparatuses we use for thermal measurements.80

Section 4 explains the measurements on calibration samples and the systematic uncertainties in81

the measurements. In section 5, we discuss the results for the carbon fiber composite thermal82

conductivity measurements and section 6 summarizes all our conclusions.83

2 Basic principles84

2.1 Thermal conductivity of anisotropic materials85

The thermal conductivity of a material is a measure of its ability to conduct heat down a temperature86

gradient. It is defined as k in Fourier’s Law of Heat Conduction,87

#»
j = −k∇T (2.1)

where #»
j is the steady-state heat flux and ∇T is the temperature gradient across the material. For88

isotropic materials, thermal conductivity can be expressed as a scalar. However, for anisotropic89

materials like carbon fiber composites, the thermal conductivity is a second rank tensor [3] and eq.90

(2.1) takes the form,91


jx
jy
jz

 = −

kxx kxy kxz
kyx kyy kyz
kzx kzy kzz

 ·

∂T/∂x
∂T/∂y
∂T/∂z

 (2.2)

where the x-axis is parallel to the fibers, the y-axis is perpendicular to the fiber direction and the92

z-axis is normal to the plane of the carbon fiber ply. In a carbon fiber composite the thermal93

conductivity of carbon fiber is higher than that of the resin. This results in anisotropic thermal94

characteristics for carbon fiber composites. Thermal conductivity along the fiber direction is much95

higher than other directions. In this study, we measure the thermal conductivity of the carbon fiber96

composites in x, y and z directions, which are the diagonal entries of the thermal conductivity97

tensor in eq. (2.2). Table 1 defines the nomenclature used in this paper.98
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Table 1. Nomenclature used in this paper.

Symbol Quantity Unit Subscripts used
R Thermal resistance Km2/W S Sample
k Thermal Conductivity W/mK F Flux-meter
∆T Total temperature drop K HF Hot Flux-meter
j Heat flux W/m2 CF Cold Flux-meter
Q Rate of heat flow W int Interface
l Length m bulk Bulk
A Cross-sectional area m2 Cu Copper

2.2 Carbon fiber composites99

We thermally characterize two types of highly thermally conductive carbon fiber composites in100

this study. The first type is K13C2U+EX1515 carbon fiber composite which is made from101

"pre-preg" consisting of carbon fiber K13C2U [4] that has been "pre-impregnated" with resin102

EX1515 [5] whereas the second type K13D2U+EX1515 carbon fiber composite contains carbon103

fiber K13D2U [4] instead of K13C2U. Thermal conductivities of K13C2U and K13D2U carbon104

fibers itself are 620 W/mK and 800 W/mK respectively. The volume fraction of carbon fiber in105

both the composites is 51.6% and the remaining volume is filled by the resin. EX1515 resin has106

a thermal conductivity of 0.169 W/mK. There are no publicly available thermal measurements or107

predictions on the thermal conductivity of these composites. For thermal conductivity along the108

direction of the fibers, we obtain theoretical predictions of kxx = 318 W/mK and 410 W/mK for109

K13C2U+EX1515 carbon fiber composite and K13D2U+EX1515 carbon fiber composite respec-110

tively, using the analytical methods described in Ref. [6]. For the other two mutually perpendicular111

directions, predictions provided by such models do not adequately model what is measured exper-112

imentally [7]. A similar preliminary calculation using the known volume fractions of carbon fiber113

and resin gives kyy = kzz = 0.53 W/mK for both C and D type carbon fiber composites.114

3 Apparatus and measurement procedure115

3.1 Apparatuses used to measure in-plane and through-plane thermal conductivities116

For in-plane thermal measurement, we mount a cuboid sample between two copper bars as shown117

in figure 1(b). A resistive heater sits on one of the copper bars and sends heat flux to the sample118

through the bar. The other copper bar sits on a water-cooled Peltier element which serves as the119

heat sink. To measure the heat flux entering and leaving the sample, six thermistors are inserted120

in each of the bars by drilling equidistant holes of equal depths along the length of the samples. A121

commercial thermal interface material with high thermal conductivity, Arctic MX-4 [8], is applied122

on each thermistor to ensure excellent thermal contact. Silicone glue is used to seal the holes123

on the bars to ensure mechanical stability of the thermistors in the holes. We calculate the total124

temperature difference across the sample (∆T) and the heat flux through the sample ( jS) using the125

temperature gradients on these copper bars (described in section 3.3). The total temperature drop126

across the sample is given by ∆T = THF − TCF, where THF and TCF are the temperatures at the ends127
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Two spring-system to ensure
consistent pressure

Heating flux-meter made of 
copper with 6 thermistors 

Resistive heater

Heat sink

Sample

Cooling flux-
meter made of 
copper, has 6 
equidistant 
thermistors Copper flux-meters are 

thermally isolated from the 
case using Airex

(a)

(b)

Figure 1. (a) Image of the apparatus used to measure the in-plane thermal conductivity of carbon fiber
composites. A copper calibration sample is mounted for measurement in the apparatus. (b) The carbon
fiber samples of different lengths used for in-plane thermal conductivity measurement. The thicknesses and
widths of all samples are equal.

of the hot and cold flux-meters touching the sample as shown in figure 2(b). The copper bars are128

referred to as flux-meters (F) because they measure heat fluxes entering and leaving the sample.129

Interfaces between sample and flux-meters have Arctic MX-4 to ensure good thermal contact. A130

two-spring system ensures stable and reproducible mechanical pressure at the interface between the131

samples and flux-meters across all the measurements. The heat exchange between the sample and132

air has been estimated using FEA and included in the calculation of uncertainty in the measured133

thermal conductivity. The in-plane apparatus shown in figure 1 is used to measure kxx and kyy134

of the carbon fiber composite. It is a custom-designed version of system described in "American135

Society for Testing and Materials (ASTM) E-1225 Standard Test Method for Thermal Conductivity136

of Solids byMeans of the Guarded-Comparative-Longitudinal Heat Flow Technique" [9], but differs137

in certain aspects discussed in section 3.2.138

The through-plane apparatus shown in figure 2(a) is used to measure kzz and is also based139

on ASTM E-1225, and its only major difference from the in-plane apparatus is that the geometry140

is cylindrical. The through-plane apparatus has a four-spring system to ensure good mechanical141

pressure between sample and flux-meters. A common schematic of both apparatuses is shown in142

figure 2(b). Carbon fiber composite samples used in the through-plane apparatus are shown in143

figure 2(c).144

3.2 Comparison of the apparatuses to the ASTM prescription145

ASTME-1225 provides certain guidelines to make steady-state thermal conductivity measurements146

reliable and consistent.147

1. Cross-sectional area of layered samples: When measuring the thermal conductivity of148
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Hot flux-
meter

Thermal Paste

Sample

Thermal Paste

Cold flux-
meter

Heat sink

ThHF1

ThHF6

ThCF1

ThCF6

THF

TCF

∆T = T!" − T#"

(a) (b)

(c)

2

Samples of Loctite EA9396 with Loading

Loctite EA9396 is a candidate for gluing the cooling tubes to the carbon foam of the half-Dees, 
and to glue the half-Dees together. It is one of the thermal bottlenecks. Can we improve it by 
loading? Is boron nitride better or pyrolitic graphite?

We answer the question by assuming interface 
conductance due to this epoxy will scale like 
its bulk conductivity w.r.t. loading 
concentrations. 

• We use our in-house through-plane thermal 
conductivity apparatus. 

• Investigated loading with: 
• boron nitride, and  

• 2%, 3%, 4% 
• pyrolitic graphite. 

• 4%, 6%, 8% 

• We need at least 3 samples of different 
thicknesses for each of the 7 materials to 
cancel interface conductances when placed in 
our apparatus

Spring clamp to ensure equal 
pressure at thermal interfaces

Resistive heating element

Heating flux-meter made of 
copper with 6 thermistors

Cooling flux-meter

Test material

Peltier cooling element 
on a water chilled condenser

Six equidistant thermistors 
placed at the center of copper 
rod and sealed with adequate 
thermal grease to create a heat 
flux-meter

Contact surfaces of the flux-meter 
milled flat with very high tolerance
Figure 2. (a) Image of the apparatus used to measure the through-plane thermal conductivity of carbon fiber
composites. (b) A common schematic for both the apparatuses depicting all the major components. The 12
thermistors and our definition of ∆T, the temperature drop across the sample, are also shown. (c) Carbon
fiber samples of different lengths used for through-plane thermal conductivity measurement. Cross-sectional
areas of all the samples are the same.

a composite material, the sample should be at least 20 layers thick so that the change in149

dimension of one-half layer will affect the measured thermal conductivity by less than ±5%.150

To measure the thermal conductivity of layered carbon fiber material, we use samples of at151

least 40 laminar thicknesses.152

2. Contact pressure between the sample and the flux-meters: To achieve reliable results,153

it is important to maintain a consistent mechanical pressure between the sample and the154

flux-meters. For all the measurements, we achieve this using the spring-system associated155

in the apparatuses. The pressure exerted by the spring is tuned by adjusting its compression156

length.157

3. Choice of flux-meter: ASTM E-1225 prescribes the use of a material of known thermal158

conductivity to fabricate the flux-meters. Both the in-plane and through-plane apparatuses159

are made using tellurium copper (k = 355 W/mK).160

4. Mitigating heat loss to ambient environment: ASTM E-1225 recommends using a heat-161

guard for preventing heat exchange between the sample and ambient environment. Both162

apparatuses used in this study do not have heat guards. To reduce heat losses, we equalize163

heat fluxes on both the flux-meters by tuning the outputs of the heater and Peltier cooler.164
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The heat losses are estimated using thermal Finite Element Analysis (FEA) and are used to165

calculate a systematic uncertainty affecting the thermal conductivity measurement.166

5. Choice of temperature sensors: ASTME-1225 recommends using temperature sensors that167

have a measurement precision of ±0.04 K. In the measurements presented here, no bias from168

thermistors was noticed and the standard deviation of the temperature recorded was less than169

0.04 K.170

6. Match in cross-section area between the sample and the flux-meters: ASTM E-1225171

recommends that the cross section area of the sample match that of the flux-meters to avoid172

huge differences in thermal impedances of the sample and the flux-meter. In case of a173

mismatch, adequate corrections need to be done for estimating the heat flux through the174

sample. The cross-section areas match within 99% for through-plane measurements. For175

in-plane measurements, the fraction of areas between the sample and flux-meter or AS/AF is176

between 56% and 64% for different types of samples. So this ratio is used in calculating jS177

in eq. (3.2).178

3.3 Measurement procedure179

Tomeasure the thermal conductivity of a sample, we use sample pieces of different lengths as shown180

in figure 1(b) for the in-plane measurement and in figure 2(c) for the through-plane measurement.181

The lengths of samples are chosen such that the total thermal impedance of the sample is comparable182

to that of the copper flux-meters.183

To begin a measurement, a sample is placed between the flux-meters after applying thermal184

interface material at the interfaces between the sample and flux-meters. The amount of thermal185

interface material applied is kept the same across all measurements by using a syringe for its186

release. The same mechanical pressure is applied between the sample and flux-meters for all187

measurements using the spring system. We tune the heater and the Peltier cooler voltages such188

that heat fluxes in both the flux-meters ( jHF and jCF) match within 5% and the total temperature189

drop across one flux-meter is between 0.5 and 3 K. A large temperature drop across the flux-meter190

increases the convection heat losses significantly, whereas a low temperature drop brings all the191

thermistor readings close to each other. An increase in convection heat losses results in higher192

uncertainty in the flux estimation, and should be minimized. The temperature readings from all193

the 12 thermistors are recorded using a Keithley multimeter [10] read-out by a computer and the194

recorded data is subjected to a ROOT [11] based analysis. The temperatures of the 12 thermistors195

are recorded as a function of time. The temperatures for a copper calibration sample of length 5.4196

cm are shown in figure 3(a). A stable integration window is identified in the raw data by scanning197

for a 30 minute period within it that has the least sum of variances of the temperature readings198

from the 12 thermistors. Figure 3(b) shows the readings of the thermistors on the heater side during199

the selected integration time. The heat fluxes on both sides of the sample depend only on the200

temperature gradients (not on the absolute values of the temperatures). To calculate heat fluxes, the201

temperature differences vs position plots of the flux-meters as shown in figures 4(c) and (d) are used.202

Each thermistor reading is subtracted from the temperature measured by the hottest thermistor on203

that flux-meter. This subtraction removes any correlated fluctuations of the thermistors as seen at204

t=5400 seconds in figure 3(b), which arise due to small variations in ambient temperature.205
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Figure 3. (a) The raw temperature data recorded by the hot-side thermistors (red lines) and the cold-side
thermistors (blue lines) during a measurement. The region between the two vertical arrows is the 30-
minute integration region selected for further calculations. (b) Data recorded by hot-side thermistors in the
integration region. The fluctuations of the thermistors are correlated. Statistical uncertainties are smaller
than the symbol size.

The temperatures THF and TCF are calculated by extrapolating the temperature profile his-206

tograms of the flux-meters to both ends of the sample, as shown in figures 4(a) and (b). Heat fluxes207

in the flux-meters are calculated using,208

jF = kCu
∂T
∂x

(3.1)

where ∂T/∂x is the temperature gradient in the flux-meter. If we assume that the total heat flow209

in the sample is the average of the heat flows in the flux-meters, then the heat flux in the sample is210

given by211

jS =
AF
AS

(
jHF + jCF

2

)
. (3.2)

When heat flows through a system consisting of different materials, the total thermal resistance212

R has contributions from both the thermal interfacial resistance Rint and the bulk thermal resistance213

Rbulk. The total thermal resistance of a sample and the interfaces is,214

R =
∆T
jS
= Rbulk + Rint =

lS
k
+ Rint. (3.3)

To separateRbulk fromRint, wemeasureR of several specimens of different lengths. The distribution215

of thermal resistance for different lengths (R vs lS distribution) is used to determine k and Rint along216

a specific direction. The slope and y-axis intercept of the R vs lS distribution are used to calculate217

k and Rint respectively.218
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Figure 4. (a) and (b): Temperature profiles of the hot and cold side flux-meters respectively. Both the fits
show that temperature changes linearly with respect to the thermistor position. (c) Temperature differences
of the thermistors relative to the first thermistor for hot and (d) cold flux-meters. The standard deviation of
the temperatures recorded by the thermistors are smaller than the symbol used.

4 Calibration and systematic uncertainties219

4.1 Calibration measurements220

To calibrate the in-plane apparatus, copper [12] and aluminium [13] samples were employed to221

measure their thermal conductivities using the apparatus and compare the results with the expected222

values. From the parameters of the straight line fits of the R vs lS distributions shown in figures223

5(a) and (b), the measured values of thermal conductivities are (425 ± 45) W/mK for copper and224

(194 ± 32) W/mK for aluminium. These measured values agree with the manufacturer reported225

values of k = 390 W/mK for copper and k = 168 W/mK for aluminium. The interfacial thermal226

resistances measured for the copper-TIM-sample interfaces are (14 ± 4) · 10−6 Km2/W for copper227

and (20 ± 11) · 10−6 Km2/W for aluminium calibration samples. From these measurements, we228

validate the in-plane apparatus tomeasure thermal conductivities in the 168-390W/mKrange. Fused229

quartz [14] samples of various lengths (lS) were measured to calibrate the through-plane apparatus.230

From the R vs lS distribution shown in figure 5(c), the measured value of its thermal conductivity231

was (1.5 ± 0.2) W/mK. This agrees well with the manufacturer specified value of 1.5 W/mK.232

– 8 –

123



Page:10
Number: 1  Author: antti  Subject: StrikeOut  Date: 2020-10-11 15:34:02

Number: 2  Author: antti  Subject: Sticky Note  Date: 2020-10-11 13:34:18
the
DONE

Number: 3  Author: antti  Subject: Sticky Note  Date: 2020-11-26 00:52:36
the
>AMK:DONE



0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 Data
Fit with uncertainty band

/ W2 Km-4 10× 0.08) ± = (0.28 
0

p
 Km / W-2 10× 0.02) ± = (0.23 

1
p

/ W
]

2
 K

m
-4

R
 [1

0

1 2 3 4 5 6 2-

1-

0
1
2

R
es

id
ua

l 

]
s [

Rd
da

ta
 - 

fit

 m] -2 [10sl

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6
Data
Fit with uncertainty band

/ W2 Km-4 10× 0.22) ± = (0.41 
0

p
 Km / W-2 10× 0.09) ± = (0.51 

1
p

/ W
]

2
 K

m
-4

R
 [1

0

2 2.5 3 3.5 4  2-

1-

0
1
2

R
es

id
ua

l 

]
s [

Rd
da

ta
 - 

fit

 m] -2 [10sl

(a) (b)

0

1

2

3

4

5

6 Data
Fit with uncertainty band

/ W2 Km-3 10× 0.13) ± = (0.2 
0

p
 Km / W× 0.07) ± = (0.64 

1
p

/ W
]

2
 K

m
-3

R
 [1

0

1 2 3 4 5 6 7 2-

1-

0
1
2

R
es

id
ua

l 

]s [
Rd

da
ta

 - 
fit

 m] -3 [10sl

(c)

Figure 5. (a): Thermal resistance (R) versus sample length (lS) of copper samples, which are used as
calibration samples for the in-plane apparatus. The black line shows the linear fit to data to determine k.The
fit is done assuming that there is no correlation between the data points. k and Rint are calculated from p1
and p0, which are the the slope and y-intercept of the linear fit, respectively. The uncertainty band shows
calculated δR for the span of sample length studied here. The lower subplot shows the residual of each point
in units of uncertainty inR [δR]. (b): Thermal resistance (R) versus sample length (lS) of aluminium samples,
which are also used as a calibration sample and has a thermal conductivity less than half that of copper. (c):
Thermal resistance (R) versus sample length (lS) of quartz samples, which are used as a calibration sample
for the through-plane apparatus. The thermal conductivity of quartz is close to the thermal conductivities
of various samples we measure using through-plane apparatus, making the validation of the apparatus also
possible.
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4.2 Systematic uncertainties233

To estimate the heat flux through the sample jS in eq. (3.2), we assume that the heat flowing through234

the sample is same as the average of heat flows in the flux-meters. This assumption is not correct in235

the presence of parasitic heat losses or when the heat flowing in the two flux-meters are not exactly236

balanced. We calculate systematic uncertainties related to these heat losses and the flux imbalance237

and use them in the estimation of the total uncertainty in thermal conductivity measurement.238

Heat exchanges of the sample with the ambient environment occur via convection and radiation.239

Convective and radiative losses for specific geometries and sample thermal conductivities are240

calculated by FEA using the ANSYS software package. For the convective heat transfer coefficient241

and the emissivity of sample, we use h = 5 W/m2K and ε = 1 respectively. The temperature profile242

of the entire apparatus is used as the boundary condition for the FEA to measure the total heat243

flow through the sample and the heat flow through the flux-meters. From this simulation, we find244

the heat loss in the sample as the difference between the heat flow in the sample and the average245

heat flow through the flux-meters. We express this heat loss as a fraction of the average heat flow246

through the flux-meters (HL) in figure 6.247

Figure 6. Plot of parasitic heat losses as a fraction of heat flow
through the sample. The black and green lines correspond to the
thermal conductivites of K13C2U+EX1515 carbon fiber composite
and K13D2U+EX1515 carbon fiber composite respectively for the
in-plane thermal conductivity apparatus. As sample length lS in-
creases, the surface area of the sample that can exchange heat with
surroundings increases, resulting in larger heat losses. As shown
by the blue line, when the sample thermal conductivity decreases,
heat losses increase. For the through-plane measurement, the heat
losses are smaller since the sample length is smaller compared to
the in-plane samples.

The total systematic uncer-248

tainty associated with the heat flow249

through the sample (δQ) given in250

eq. (4.1) has three terms corre-251

sponding to different sources of252

systematic uncertainties. All three253

contributions are added in quadra-254

ture to obtain δQ. The first term255

is δQHL = HL · Qavg, where Qavg256

is the average heat flow through257

the flux-meters. This term which258

corresponds to the heat loss to am-259

bient air is essential because both260

the apparatuses do not have heat261

guards as discussed in the fourth262

point of section 3.2. The differ-263

ence between experimentally mea-264

sured QH and QC appears in un-265

certainty as the second term in eq.266

(4.1). So when the heat fluxes on267

flux-meters are not balanced, δQ268

increases. The third term is a mea-269

sure of uncertainty in estimation270

of heat flows in hot and cold flux-271

meters. δQHF and δQCF are uncer-272

tainties associated with the param-273

eters in the linear fits that estimate274
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heat flow in hot and cold flux-meters.275

δQ =

√√√
(δQHL)

2 +

(
QHF − QCF

2

)2
+

((
δQHF

2

)2
+

(
δQCF

2

)2
)

(4.1)

In addition to the uncertainties given in eq. (4.1), we propagate the standard deviations of276

the thermistor readings and uncertainties in any physical dimensions to estimate the uncertainty in277

the total thermal resistance (R) of a sample. These are the uncertainty bars along y-axis in R vs278

lS distributions as shown in figure 5. Uncertainties associated with the thermal conductivity and279

interface thermal resistance are calculated from uncertainties in the fit parameters.280

4.3 Study of fit correlations281

The χ2 function used for the R vs lS straight line fits uses a diagonal covariance matrix to calculate282

the parameters. This is valid only when the thermal measurements of samples of different lengths283

are uncorrelated. In reality, measurements of R along different lengths can be positively correlated284

with each other because parasitic heat loss, which is the dominant contribution to δR has an effect on285

thermal resistances for different sample lengths similarly. For the uncorrelated case, the covariance286

matrix used in the χ2 fit is diagonal. To study correlation, we use the covariance matrix,287

Covi j =

{
σ2
i if i = j

Ωσiσj if i , j
(4.2)

where Ω is the correlation between R measured at different lengths.288
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Figure 7. Thermal resistance (R) of K13D2U+EX1515
carbon fiber composite samples versus sample length (lS)
along x−axis. The black line shows the Ω = 0.5 correlated
linear fit to data to determine kxx .

We reproduce the linear fits for Ω in289

range of 0 ≤ Ω ≤ 1 to study the ef-290

fect of correlation strength on the output291

parameters from the fits. The linear fit292

corresponding to K13D2U+EX1515 car-293

bon fiber composite x-axis is shown in294

figure 7 for Ω = 0.5. Using correlation295

of Ω = 0.5 instead of the default value296

0 does not change the output parameters297

obtained from the linear fits significantly.298

The thermal conductivities measured are299

within 3% for most samples except quartz300

and K13D2U+EX1515 carbon fiber com-301

posite y-axis where these increase by 15%302

and 5% respectively. The difference be-303

tween Ω = 0.5 and Ω = 0 cases is included304

as a systematic uncertainty in the calucla-305

tion of k. One half of the difference between thermal conductivity obtained for Ω = 0.5 and Ω =306

0 cases is added in quadrature to the total uncertainty of the thermal conductivity. In addition, we307

studied Ω = 0.9, but the observed χ2 values of the fits worsen by factors of 5-10. Hence, we deem308

these fits to be inadequate.309
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5 Results and discussion310

We have thermally characterized two types of highly thermal conductive carbon fiber com-311

posites using the apparatuses described above: K13C2U+EX1515 carbon fiber composite and312

K13D2U+EX1515 carbon fiber composite. The results are presented in this section.313

5.1 Carbon fiber laminates314

The thermal conductivity k and the interface thermal resistance Rint values for all three principal315

axes of K13C2U+EX1515 carbon fiber composite are calculated from y-intercept (p0) and slope316

(p1) of the R vs ls distributions shown in figures 8(a), (b) and (c).317
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(d)

Figure 8. Thermal resistance (R) of K13C2U+EX1515 carbon fiber composite samples versus sample length
(lS) along (a) x, (b) y and (c) z axes. The black lines show the linear fits to data to determine the corresponding
terms (kxx , kyy and kzz) in the thermal conductivity tensor. The higher uncertainties in the parameters in the
y-direction measurement compared to the x-direction measurement is due the larger heat losses in this case.
(d) Thermal resistance (R) of K13C2U+EX1515 carbon fiber composite samples cured at 20 bar of pressure
versus sample length (lS) along x−axis. The black line shows the linear fit to data to determine kxx .
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From eq. (3.3), Rint = p0/2 and k = 1/p1 where p0 and p1 are the parameters of the R vs318

ls linear fit. The measured values of thermal conductivities, their predicted values and interface319

thermal resistances are summarized in table 2. For K13C2U+EX1515 carbon fiber along z-axis,320

the linear fit of the R vs ls distribution gives a negative central value for the interface thermal321

resistance, which is compatible with a positive interface thermal resistance within uncertainties.322

For the K13C2U+EX1515 carbon fiber composite, the measured value of kxx = (320 ± 28)W/mK323

agrees well with the Mechanics of Structure Genome (MSG) [6] prediction of kxx = 318 W/mK.324

Along the axes perpendicular to the fibers, the measured values of kyy = (6.0 ± 2.6) W/mK and325

kzz = (1.09 ± 0.15) W/mK are higher than the MSG predicted value of 0.53 W/mK. We also326

measured through-plane thermal conductivity of K13C2U+EX1515 carbon fiber composite cured327

at 20 bar pressure. Using this information, the MSG predicts a thermal conductivity of 1.2 W/mK328

for this sample which is around twice of 0.53 W/mK, the value predicted for nominal pressure of329

4 bar. This is due to a carbon fiber volume fraction of 0.745 which is higher than the carbon fiber330

volume fraction of 0.516 in the carbon fiber composite cured at 4 bar of pressure. From the linear331

fit shown in figure 8(d), we measured kzz = (2.21 ± 0.31)W/mK which is approximately twice the332

measured value for the nominal case of kzz = (1.09 ± 0.15)W/mK.333
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Figure 9. Thermal resistance (R) of K13D2U+EX1515 carbon fiber composite samples versus sample length
(lS) along (a) x, (b) y and (c) z axes. The black lines show the linear fits to data to determine the corresponding
terms (kxx , kyy and kzz) in the thermal conductivity tensor. The higher uncertainties in the parameters in the
y-direction measurement compared to the x-direction measurement is due the larger heat losses in this case.

The values of thermal conductivities and interface resistances of K13D2U+EX1515 carbon334
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fiber composite along all three axes are calculated from the linear fits shown in figures 9(a), (b)335

and (c). The measured value of kxx = (376 ± 30) W/mK is close to the MSG prediction of 410336

W/mK, whereas the measured kyy= (7.5 ± 4.4) W/mK and kzz= (1.44 ± 0.24) W/mK are higher337

than the MSG predicted value of kyy = kzz= 0.53 W/mK. We see similar large differences between338

predictions and measurements of kyy and kzz for K13C2U+EX1515 as well. The reason for these339

differences may be attributed to the inability of simple models like MSG to account for fiber-fiber340

interactions in carbon fiber composites.341

5.2 Other materials342

For IM7 8552 carbon fiber laminate [15], we measured kxx = (8.0 ± 2.3)W/mK from the linear fit343

shown in figure 10(a) and this result is in reasonable agreement with kxx = 5.495 W/mK reported344

in NASA Technical Reports Server [15]. For Celanese LDF PPS 50% wt CF (referred as 3D345

printed material) [16], we measured kzz = (0.34 ± 0.08)W/mK from the linear fit shown in figure346

10(b). This is in agreement with 0.387 W/mK measured by Thermophysical Properties Research347

Laboratory, Inc. (TPRL) located in Purdue University Research Park.348
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(b)

Figure 10. (a): Thermal resistance (R) of IM7 8552 samples versus sample length (lS) along x−axis. The
black line shows the linear fit to data to determine kxx . (b): Thermal resistance (R) of 3D printed material
samples versus sample length (lS) along z−axis. The black line shows the linear fit to data to determine kzz .

6 Conclusion349

We have studied the thermal conductivities of carbon fiber composites that are currently foreseen to350

be used for building the HL-LHCCMS detector. The thermal conductivity values measured parallel351

to the fiber orientation match with the MSG predictions within experimental errors. However, the352

measured thermal conductivities along the other two principal axes (perpendicular to the fiber and353

perpendicular to the plane of the plies) are higher than the predicted values. This can be attributed354

to the fact that MSG predictions do not consider any fiber to fiber crossing interactions within355

the carbon fiber composite. K13C2U+EX1515 carbon fiber composite cured at 20 bar has a kzz356

that is double that of the K13C2U+EX1515 carbon fiber composite cured at nominal pressure357
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Table 2. Summary of results from the thermal conductivity measurements. The first column has direction
of measurement for the anisotropic carbon fiber composites. The last column of this table has the expected
values for the calibration samples and the values predicted by MSG for the carbon fiber composites.

Sample/ Thermal Interface thermal resistance Reduced χ2 Expected value
Direction of conductivity of Cu-TIM-Sample of the of k [W/mK]
measurement (k) [W/mK] (Rint)[Km2/W] linear fit

Calibration samples
Copper (425 ± 45) (1.4 ± 0.4) · 10−5 0.24 390 [12]

Aluminium (194 ± 32) (2.0 ± 1.1) · 10−5 0.18 167 [13]

Quartz (1.5 ± 0.2) (2.0 ± 1.3) · 10−4 3.11 1.5 [14]

K13C2U+EX1515 carbon fiber composite
x-axis (320 ± 28) (1.8 ± 0.4) · 10−5 0.83 318 [6]

y-axis (6.0 ± 2.6) (3.8 ± 2.8) · 10−4 0.17 0.53 [6]

z-axis (1.09 ± 0.15) (−6.0 ± 17.0) · 10−5 0.05 0.53 [6]

z-axis (2.21 ± 0.31) (3.0 ± 7.0) · 10−5 0.09 1.2 [6]
(cured at 20 bar)

K13D2U+EX1515 carbon fiber composite
x-axis (376 ± 31) (1.7 ± 0.3) · 10−5 0.65 410 [6]

y-axis (7.5 ± 4.4) (3.9 ± 3.5) · 10−4 0.01 0.53 [6]

z-axis (1.44 ± 0.24) (1.4 ± 1.4) · 10−4 0.44 0.53 [6]

Other materials
IM7 8552 (8.0 ± 2.3) (1.2 ± 0.8) · 10−4 0.85 5.495 [15]
(x-axis)

Celanese LDF (0.34 ± 0.08) (−2.2 ± 4.6) · 10−4 1.09 0.387 [16]
PPS 50% wt CF
(z-axis)

of 4 bar. The effect of correlation between thermal resistance measurements of different sample358

lengths for the same sample was also studied. We observed that the inferred thermal conductivities359

change by around 3% for correlations of 0.5, but when assuming correlations of 0.9 we observe a360

significantly larger χ2 values, preventing to measure thermal conductivities. The results from this361

thermal characterization study are employed as input parameters in the thermal FEA simulations362

of the inner and outer tracker detectors designed for the HL-LHC CMS detector. In addition, the363

uncertainties reported here allow for amore realistic estimation of the expected thermal performance364

of the silicon detector.365
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1 Introduction50

Silicon devices are used in many particle detectors today to measure precisely the trajectories and51

momenta of charged particles. For the successful realization of these precise measurements, silicon52

sensors have to be held very stably at their positions and the temperature of the silicon sensors needs53

to be maintained at an optimum temperature. For the HL-LHC CMS detector, the sensors and read-54

out chips need to be need to be kept below a certain operational temperature. The large amount55

of heat generated in these low heat capacity sensors can damage them if the heat is not removed56

efficiently. This task becomes more demanding for irradiated sensors, where the leakage current in57

the sensor also contributes to the heat generation. Among the various cooling mechanisms, natural58

convection and radiative cooling are insufficient for detector cooling because of their limited heat59

removal capacity. The heat generated in the sensors is removed to a local heat sink or a cooling60

pipe by means of thermal conduction through the support structure [1]. The temperature of the61

cooling pipe is kept stable independent of the heat generated by the sensors by circulating coolants62

like CO2, which are maintained in a two-phase state with liquid and gas in equilibrium.63

Thematerials used formanufacturingmechanical support structures of the detector need to have64

high strength for low mass and excellent thermal conductivity, even in high radiation environments.65
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Carbon fiber composites meet all these requirements, hence these are ideal material choices for66

building the support structure. However, a precise characterization the thermal properties of carbon67

fiber composites is essential for designing and building the HL-LHC silicon detectors.68

There are both static or dynamic techniques to measure the thermal conductivity of materi-69

als [2]. Dynamic techniques typically estimate thermal conductivity from the thermal diffusivity70

measurements. Static or steady-state measurement techniques involve direct measurement of ther-71

mal conductivity by measuring the temperature and heat flux across a sample. The main disadvan-72

tage of the steady-state method is parasitic heat loss from the sample to the ambient environment.73

Hence, we have developed an analysis method informed by Finite Element Analysis simulations74

(FEA) that is robust against heat exchanges. The main advantages of the steady-state technique75

reported in this paper are the low cost of fabricating the apparatus and no damage to the sample when76

measured. These allow measurements after irradiation or thermal cycling to study their specific77

effects on the thermal conductivity in detail.78

Section 2 describes the basic principles of the thermal measurement and introduces the carbon79

fiber composites measured. Section 3 describes apparatuses we use for thermal measurements.80

Section 4 explains the measurements on calibration samples and the systematic uncertainties in81

the measurements. In section 5, we discuss the results for the carbon fiber composite thermal82

conductivity measurements and section 6 summarizes all our conclusions.83

2 Basic principles84

2.1 Thermal conductivity of anisotropic materials85

The thermal conductivity of a material is a measure of its ability to conduct heat down a temperature86

gradient. It is defined as k in Fourier’s Law of Heat Conduction,87

#»
j = −k∇T (2.1)

where #»
j is the steady-state heat flux and ∇T is the temperature gradient across the material. For88

isotropic materials, thermal conductivity can be expressed as a scalar. However, for anisotropic89

materials like carbon fiber composites, the thermal conductivity is a second rank tensor [3] and eq.90

(2.1) takes the form,91


jx
jy
jz

 = −

kxx kxy kxz
kyx kyy kyz
kzx kzy kzz

 ·

∂T/∂x
∂T/∂y
∂T/∂z

 (2.2)

where the x-axis is parallel to the fibers, the y-axis is perpendicular to the fiber direction and the92

z-axis is normal to the plane of the carbon fiber ply. In a carbon fiber composite the thermal93

conductivity of carbon fiber is higher than that of the resin. This results in anisotropic thermal94

characteristics for carbon fiber composites. Thermal conductivity along the fiber direction is much95

higher than other directions. In this study, we measure the thermal conductivity of the carbon fiber96

composites in x, y and z directions, which are the diagonal entries of the thermal conductivity97

tensor in eq. (2.2). Table 1 defines the nomenclature used in this paper.98
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Table 1. Nomenclature used in this paper.

Symbol Quantity Unit Subscripts used
R Thermal resistance Km2/W S Sample
k Thermal Conductivity W/mK F Flux-meter
∆T Total temperature drop K HF Hot Flux-meter
j Heat flux W/m2 CF Cold Flux-meter
Q Rate of heat flow W int Interface
l Length m bulk Bulk
A Cross-sectional area m2 Cu Copper

2.2 Carbon fiber composites99

We thermally characterize two types of highly thermally conductive carbon fiber composites in100

this study. The first type is K13C2U+EX1515 carbon fiber composite which is made from101

"pre-preg" consisting of carbon fiber K13C2U [4] that has been "pre-impregnated" with resin102

EX1515 [5] whereas the second type K13D2U+EX1515 carbon fiber composite contains carbon103

fiber K13D2U [4] instead of K13C2U. Thermal conductivities of K13C2U and K13D2U carbon104

fibers itself are 620 W/mK and 800 W/mK respectively. The volume fraction of carbon fiber in105

both the composites is 51.6% and the remaining volume is filled by the resin. EX1515 resin has106

a thermal conductivity of 0.169 W/mK. There are no publicly available thermal measurements or107

predictions on the thermal conductivity of these composites. For thermal conductivity along the108

direction of the fibers, we obtain theoretical predictions of kxx = 318 W/mK and 410 W/mK for109

K13C2U+EX1515 carbon fiber composite and K13D2U+EX1515 carbon fiber composite respec-110

tively, using the analytical methods described in Ref. [6]. For the other two mutually perpendicular111

directions, predictions provided by such models do not adequately model what is measured exper-112

imentally [7]. A similar preliminary calculation using the known volume fractions of carbon fiber113

and resin gives kyy = kzz = 0.53 W/mK for both C and D type carbon fiber composites.114

3 Apparatus and measurement procedure115

3.1 Apparatuses used to measure in-plane and through-plane thermal conductivities116

For in-plane thermal measurement, we mount a cuboid sample between two copper bars as shown117

in figure 1(b). A resistive heater sits on one of the copper bars and sends heat flux to the sample118

through the bar. The other copper bar sits on a water-cooled Peltier element which serves as the119

heat sink. To measure the heat flux entering and leaving the sample, six thermistors are inserted120

in each of the bars by drilling equidistant holes of equal depths along the length of the samples. A121

commercial thermal interface material with high thermal conductivity, Arctic MX-4 [8], is applied122

on each thermistor to ensure excellent thermal contact. Silicone glue is used to seal the holes123

on the bars to ensure mechanical stability of the thermistors in the holes. We calculate the total124

temperature difference across the sample (∆T) and the heat flux through the sample ( jS) using the125

temperature gradients on these copper bars (described in section 3.3). The total temperature drop126

across the sample is given by ∆T = THF − TCF, where THF and TCF are the temperatures at the ends127
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case using Airex
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Figure 1. (a) Image of the apparatus used to measure the in-plane thermal conductivity of carbon fiber
composites. A copper calibration sample is mounted for measurement in the apparatus. (b) The carbon
fiber samples of different lengths used for in-plane thermal conductivity measurement. The thicknesses and
widths of all samples are equal.

of the hot and cold flux-meters touching the sample as shown in figure 2(b). The copper bars are128

referred to as flux-meters (F) because they measure heat fluxes entering and leaving the sample.129

Interfaces between sample and flux-meters have Arctic MX-4 to ensure good thermal contact. A130

two-spring system ensures stable and reproducible mechanical pressure at the interface between the131

samples and flux-meters across all the measurements. The heat exchange between the sample and132

air has been estimated using FEA and included in the calculation of uncertainty in the measured133

thermal conductivity. The in-plane apparatus shown in figure 1 is used to measure kxx and kyy134

of the carbon fiber composite. It is a custom-designed version of system described in "American135

Society for Testing and Materials (ASTM) E-1225 Standard Test Method for Thermal Conductivity136

of Solids byMeans of the Guarded-Comparative-Longitudinal Heat Flow Technique" [9], but differs137

in certain aspects discussed in section 3.2.138

The through-plane apparatus shown in figure 2(a) is used to measure kzz and is also based139

on ASTM E-1225, and its only major difference from the in-plane apparatus is that the geometry140

is cylindrical. The through-plane apparatus has a four-spring system to ensure good mechanical141

pressure between sample and flux-meters. A common schematic of both apparatuses is shown in142

figure 2(b). Carbon fiber composite samples used in the through-plane apparatus are shown in143

figure 2(c).144

3.2 Comparison of the apparatuses to the ASTM prescription145

ASTME-1225 provides certain guidelines to make steady-state thermal conductivity measurements146

reliable and consistent.147

1. Cross-sectional area of layered samples: When measuring the thermal conductivity of148

– 4 –

1

2



Page:6
Number: 1  Author: katja  Subject: Hervorheben  Date: 2020-10-10 12:02:02

Number: 2  Author: katja  Subject: Hervorheben  Date: 2020-10-10 10:04:50
is this explained later? Then say so. At this point I was wondering if I get more information about this later

WE TOOK FEA SECTION FROM SYSTEMATICS AND PUT IT CLOSER TO APPARATUS TO ADDRESS THIS.



Heater

Hot flux-
meter

Thermal Paste

Sample

Thermal Paste

Cold flux-
meter

Heat sink

ThHF1

ThHF6

ThCF1

ThCF6

THF

TCF
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2

Samples of Loctite EA9396 with Loading

Loctite EA9396 is a candidate for gluing the cooling tubes to the carbon foam of the half-Dees, 
and to glue the half-Dees together. It is one of the thermal bottlenecks. Can we improve it by 
loading? Is boron nitride better or pyrolitic graphite?

We answer the question by assuming interface 
conductance due to this epoxy will scale like 
its bulk conductivity w.r.t. loading 
concentrations. 

• We use our in-house through-plane thermal 
conductivity apparatus. 

• Investigated loading with: 
• boron nitride, and  

• 2%, 3%, 4% 
• pyrolitic graphite. 

• 4%, 6%, 8% 

• We need at least 3 samples of different 
thicknesses for each of the 7 materials to 
cancel interface conductances when placed in 
our apparatus

Spring clamp to ensure equal 
pressure at thermal interfaces

Resistive heating element

Heating flux-meter made of 
copper with 6 thermistors

Cooling flux-meter

Test material

Peltier cooling element 
on a water chilled condenser

Six equidistant thermistors 
placed at the center of copper 
rod and sealed with adequate 
thermal grease to create a heat 
flux-meter

Contact surfaces of the flux-meter 
milled flat with very high tolerance
Figure 2. (a) Image of the apparatus used to measure the through-plane thermal conductivity of carbon fiber
composites. (b) A common schematic for both the apparatuses depicting all the major components. The 12
thermistors and our definition of ∆T, the temperature drop across the sample, are also shown. (c) Carbon
fiber samples of different lengths used for through-plane thermal conductivity measurement. Cross-sectional
areas of all the samples are the same.

a composite material, the sample should be at least 20 layers thick so that the change in149

dimension of one-half layer will affect the measured thermal conductivity by less than ±5%.150

To measure the thermal conductivity of layered carbon fiber material, we use samples of at151

least 40 laminar thicknesses.152

2. Contact pressure between the sample and the flux-meters: To achieve reliable results,153

it is important to maintain a consistent mechanical pressure between the sample and the154

flux-meters. For all the measurements, we achieve this using the spring-system associated155

in the apparatuses. The pressure exerted by the spring is tuned by adjusting its compression156

length.157

3. Choice of flux-meter: ASTM E-1225 prescribes the use of a material of known thermal158

conductivity to fabricate the flux-meters. Both the in-plane and through-plane apparatuses159

are made using tellurium copper (k = 355 W/mK).160

4. Mitigating heat loss to ambient environment: ASTM E-1225 recommends using a heat-161

guard for preventing heat exchange between the sample and ambient environment. Both162

apparatuses used in this study do not have heat guards. To reduce heat losses, we equalize163

heat fluxes on both the flux-meters by tuning the outputs of the heater and Peltier cooler.164
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The heat losses are estimated using thermal Finite Element Analysis (FEA) and are used to165

calculate a systematic uncertainty affecting the thermal conductivity measurement.166

5. Choice of temperature sensors: ASTME-1225 recommends using temperature sensors that167

have a measurement precision of ±0.04 K. In the measurements presented here, no bias from168

thermistors was noticed and the standard deviation of the temperature recorded was less than169

0.04 K.170

6. Match in cross-section area between the sample and the flux-meters: ASTM E-1225171

recommends that the cross section area of the sample match that of the flux-meters to avoid172

huge differences in thermal impedances of the sample and the flux-meter. In case of a173

mismatch, adequate corrections need to be done for estimating the heat flux through the174

sample. The cross-section areas match within 99% for through-plane measurements. For175

in-plane measurements, the fraction of areas between the sample and flux-meter or AS/AF is176

between 56% and 64% for different types of samples. So this ratio is used in calculating jS177

in eq. (3.2).178

3.3 Measurement procedure179

Tomeasure the thermal conductivity of a sample, we use sample pieces of different lengths as shown180

in figure 1(b) for the in-plane measurement and in figure 2(c) for the through-plane measurement.181

The lengths of samples are chosen such that the total thermal impedance of the sample is comparable182

to that of the copper flux-meters.183

To begin a measurement, a sample is placed between the flux-meters after applying thermal184

interface material at the interfaces between the sample and flux-meters. The amount of thermal185

interface material applied is kept the same across all measurements by using a syringe for its186

release. The same mechanical pressure is applied between the sample and flux-meters for all187

measurements using the spring system. We tune the heater and the Peltier cooler voltages such188

that heat fluxes in both the flux-meters ( jHF and jCF) match within 5% and the total temperature189

drop across one flux-meter is between 0.5 and 3 K. A large temperature drop across the flux-meter190

increases the convection heat losses significantly, whereas a low temperature drop brings all the191

thermistor readings close to each other. An increase in convection heat losses results in higher192

uncertainty in the flux estimation, and should be minimized. The temperature readings from all193

the 12 thermistors are recorded using a Keithley multimeter [10] read-out by a computer and the194

recorded data is subjected to a ROOT [11] based analysis. The temperatures of the 12 thermistors195

are recorded as a function of time. The temperatures for a copper calibration sample of length 5.4196

cm are shown in figure 3(a). A stable integration window is identified in the raw data by scanning197

for a 30 minute period within it that has the least sum of variances of the temperature readings198

from the 12 thermistors. Figure 3(b) shows the readings of the thermistors on the heater side during199

the selected integration time. The heat fluxes on both sides of the sample depend only on the200

temperature gradients (not on the absolute values of the temperatures). To calculate heat fluxes, the201

temperature differences vs position plots of the flux-meters as shown in figures 4(c) and (d) are used.202

Each thermistor reading is subtracted from the temperature measured by the hottest thermistor on203

that flux-meter. This subtraction removes any correlated fluctuations of the thermistors as seen at204

t=5400 seconds in figure 3(b), which arise due to small variations in ambient temperature.205
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Figure 3. (a) The raw temperature data recorded by the hot-side thermistors (red lines) and the cold-side
thermistors (blue lines) during a measurement. The region between the two vertical arrows is the 30-
minute integration region selected for further calculations. (b) Data recorded by hot-side thermistors in the
integration region. The fluctuations of the thermistors are correlated. Statistical uncertainties are smaller
than the symbol size.

The temperatures THF and TCF are calculated by extrapolating the temperature profile his-206

tograms of the flux-meters to both ends of the sample, as shown in figures 4(a) and (b). Heat fluxes207

in the flux-meters are calculated using,208

jF = kCu
∂T
∂x

(3.1)

where ∂T/∂x is the temperature gradient in the flux-meter. If we assume that the total heat flow209

in the sample is the average of the heat flows in the flux-meters, then the heat flux in the sample is210

given by211

jS =
AF
AS

(
jHF + jCF

2

)
. (3.2)

When heat flows through a system consisting of different materials, the total thermal resistance212

R has contributions from both the thermal interfacial resistance Rint and the bulk thermal resistance213

Rbulk. The total thermal resistance of a sample and the interfaces is,214

R =
∆T
jS
= Rbulk + Rint =

lS
k
+ Rint. (3.3)

To separateRbulk fromRint, wemeasureR of several specimens of different lengths. The distribution215

of thermal resistance for different lengths (R vs lS distribution) is used to determine k and Rint along216

a specific direction. The slope and y-axis intercept of the R vs lS distribution are used to calculate217

k and Rint respectively.218
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Figure 4. (a) and (b): Temperature profiles of the hot and cold side flux-meters respectively. Both the fits
show that temperature changes linearly with respect to the thermistor position. (c) Temperature differences
of the thermistors relative to the first thermistor for hot and (d) cold flux-meters. The standard deviation of
the temperatures recorded by the thermistors are smaller than the symbol used.

4 Calibration and systematic uncertainties219

4.1 Calibration measurements220

To calibrate the in-plane apparatus, copper [12] and aluminium [13] samples were employed to221

measure their thermal conductivities using the apparatus and compare the results with the expected222

values. From the parameters of the straight line fits of the R vs lS distributions shown in figures223

5(a) and (b), the measured values of thermal conductivities are (425 ± 45) W/mK for copper and224

(194 ± 32) W/mK for aluminium. These measured values agree with the manufacturer reported225

values of k = 390 W/mK for copper and k = 168 W/mK for aluminium. The interfacial thermal226

resistances measured for the copper-TIM-sample interfaces are (14 ± 4) · 10−6 Km2/W for copper227

and (20 ± 11) · 10−6 Km2/W for aluminium calibration samples. From these measurements, we228

validate the in-plane apparatus tomeasure thermal conductivities in the 168-390W/mKrange. Fused229

quartz [14] samples of various lengths (lS) were measured to calibrate the through-plane apparatus.230

From the R vs lS distribution shown in figure 5(c), the measured value of its thermal conductivity231

was (1.5 ± 0.2) W/mK. This agrees well with the manufacturer specified value of 1.5 W/mK.232
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(c)

Figure 5. (a): Thermal resistance (R) versus sample length (lS) of copper samples, which are used as
calibration samples for the in-plane apparatus. The black line shows the linear fit to data to determine k.The
fit is done assuming that there is no correlation between the data points. k and Rint are calculated from p1
and p0, which are the the slope and y-intercept of the linear fit, respectively. The uncertainty band shows
calculated δR for the span of sample length studied here. The lower subplot shows the residual of each point
in units of uncertainty inR [δR]. (b): Thermal resistance (R) versus sample length (lS) of aluminium samples,
which are also used as a calibration sample and has a thermal conductivity less than half that of copper. (c):
Thermal resistance (R) versus sample length (lS) of quartz samples, which are used as a calibration sample
for the through-plane apparatus. The thermal conductivity of quartz is close to the thermal conductivities
of various samples we measure using through-plane apparatus, making the validation of the apparatus also
possible.
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4.2 Systematic uncertainties233

To estimate the heat flux through the sample jS in eq. (3.2), we assume that the heat flowing through234

the sample is same as the average of heat flows in the flux-meters. This assumption is not correct in235

the presence of parasitic heat losses or when the heat flowing in the two flux-meters are not exactly236

balanced. We calculate systematic uncertainties related to these heat losses and the flux imbalance237

and use them in the estimation of the total uncertainty in thermal conductivity measurement.238

Heat exchanges of the sample with the ambient environment occur via convection and radiation.239

Convective and radiative losses for specific geometries and sample thermal conductivities are240

calculated by FEA using the ANSYS software package. For the convective heat transfer coefficient241

and the emissivity of sample, we use h = 5 W/m2K and ε = 1 respectively. The temperature profile242

of the entire apparatus is used as the boundary condition for the FEA to measure the total heat243

flow through the sample and the heat flow through the flux-meters. From this simulation, we find244

the heat loss in the sample as the difference between the heat flow in the sample and the average245

heat flow through the flux-meters. We express this heat loss as a fraction of the average heat flow246

through the flux-meters (HL) in figure 6.247

Figure 6. Plot of parasitic heat losses as a fraction of heat flow
through the sample. The black and green lines correspond to the
thermal conductivites of K13C2U+EX1515 carbon fiber composite
and K13D2U+EX1515 carbon fiber composite respectively for the
in-plane thermal conductivity apparatus. As sample length lS in-
creases, the surface area of the sample that can exchange heat with
surroundings increases, resulting in larger heat losses. As shown
by the blue line, when the sample thermal conductivity decreases,
heat losses increase. For the through-plane measurement, the heat
losses are smaller since the sample length is smaller compared to
the in-plane samples.

The total systematic uncer-248

tainty associated with the heat flow249

through the sample (δQ) given in250

eq. (4.1) has three terms corre-251

sponding to different sources of252

systematic uncertainties. All three253

contributions are added in quadra-254

ture to obtain δQ. The first term255

is δQHL = HL · Qavg, where Qavg256

is the average heat flow through257

the flux-meters. This term which258

corresponds to the heat loss to am-259

bient air is essential because both260

the apparatuses do not have heat261

guards as discussed in the fourth262

point of section 3.2. The differ-263

ence between experimentally mea-264

sured QH and QC appears in un-265

certainty as the second term in eq.266

(4.1). So when the heat fluxes on267

flux-meters are not balanced, δQ268

increases. The third term is a mea-269

sure of uncertainty in estimation270

of heat flows in hot and cold flux-271

meters. δQHF and δQCF are uncer-272

tainties associated with the param-273

eters in the linear fits that estimate274
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4.2 Systematic uncertainties233

To estimate the heat flux through the sample jS in eq. (3.2), we assume that the heat flowing through234

the sample is same as the average of heat flows in the flux-meters. This assumption is not correct in235

the presence of parasitic heat losses or when the heat flowing in the two flux-meters are not exactly236

balanced. We calculate systematic uncertainties related to these heat losses and the flux imbalance237

and use them in the estimation of the total uncertainty in thermal conductivity measurement.238

Heat exchanges of the sample with the ambient environment occur via convection and radiation.239

Convective and radiative losses for specific geometries and sample thermal conductivities are240

calculated by FEA using the ANSYS software package. For the convective heat transfer coefficient241

and the emissivity of sample, we use h = 5 W/m2K and ε = 1 respectively. The temperature profile242

of the entire apparatus is used as the boundary condition for the FEA to measure the total heat243

flow through the sample and the heat flow through the flux-meters. From this simulation, we find244

the heat loss in the sample as the difference between the heat flow in the sample and the average245

heat flow through the flux-meters. We express this heat loss as a fraction of the average heat flow246

through the flux-meters (HL) in figure 6.247

Figure 6. Plot of parasitic heat losses as a fraction of heat flow
through the sample. The black and green lines correspond to the
thermal conductivites of K13C2U+EX1515 carbon fiber composite
and K13D2U+EX1515 carbon fiber composite respectively for the
in-plane thermal conductivity apparatus. As sample length lS in-
creases, the surface area of the sample that can exchange heat with
surroundings increases, resulting in larger heat losses. As shown
by the blue line, when the sample thermal conductivity decreases,
heat losses increase. For the through-plane measurement, the heat
losses are smaller since the sample length is smaller compared to
the in-plane samples.
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bient air is essential because both260
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heat flow in hot and cold flux-meters.275

δQ =

√√√
(δQHL)

2 +

(
QHF − QCF

2

)2
+

((
δQHF

2

)2
+

(
δQCF

2

)2
)

(4.1)

In addition to the uncertainties given in eq. (4.1), we propagate the standard deviations of276

the thermistor readings and uncertainties in any physical dimensions to estimate the uncertainty in277

the total thermal resistance (R) of a sample. These are the uncertainty bars along y-axis in R vs278

lS distributions as shown in figure 5. Uncertainties associated with the thermal conductivity and279

interface thermal resistance are calculated from uncertainties in the fit parameters.280

4.3 Study of fit correlations281

The χ2 function used for the R vs lS straight line fits uses a diagonal covariance matrix to calculate282

the parameters. This is valid only when the thermal measurements of samples of different lengths283

are uncorrelated. In reality, measurements of R along different lengths can be positively correlated284

with each other because parasitic heat loss, which is the dominant contribution to δR has an effect on285

thermal resistances for different sample lengths similarly. For the uncorrelated case, the covariance286

matrix used in the χ2 fit is diagonal. To study correlation, we use the covariance matrix,287

Covi j =

{
σ2
i if i = j

Ωσiσj if i , j
(4.2)

where Ω is the correlation between R measured at different lengths.288
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Figure 7. Thermal resistance (R) of K13D2U+EX1515
carbon fiber composite samples versus sample length (lS)
along x−axis. The black line shows the Ω = 0.5 correlated
linear fit to data to determine kxx .

We reproduce the linear fits for Ω in289

range of 0 ≤ Ω ≤ 1 to study the ef-290

fect of correlation strength on the output291

parameters from the fits. The linear fit292

corresponding to K13D2U+EX1515 car-293

bon fiber composite x-axis is shown in294

figure 7 for Ω = 0.5. Using correlation295

of Ω = 0.5 instead of the default value296

0 does not change the output parameters297

obtained from the linear fits significantly.298

The thermal conductivities measured are299

within 3% for most samples except quartz300

and K13D2U+EX1515 carbon fiber com-301

posite y-axis where these increase by 15%302

and 5% respectively. The difference be-303

tween Ω = 0.5 and Ω = 0 cases is included304

as a systematic uncertainty in the calucla-305

tion of k. One half of the difference between thermal conductivity obtained for Ω = 0.5 and Ω =306

0 cases is added in quadrature to the total uncertainty of the thermal conductivity. In addition, we307

studied Ω = 0.9, but the observed χ2 values of the fits worsen by factors of 5-10. Hence, we deem308

these fits to be inadequate.309
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5 Results and discussion310

We have thermally characterized two types of highly thermal conductive carbon fiber com-311

posites using the apparatuses described above: K13C2U+EX1515 carbon fiber composite and312

K13D2U+EX1515 carbon fiber composite. The results are presented in this section.313

5.1 Carbon fiber laminates314

The thermal conductivity k and the interface thermal resistance Rint values for all three principal315

axes of K13C2U+EX1515 carbon fiber composite are calculated from y-intercept (p0) and slope316

(p1) of the R vs ls distributions shown in figures 8(a), (b) and (c).317
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Figure 8. Thermal resistance (R) of K13C2U+EX1515 carbon fiber composite samples versus sample length
(lS) along (a) x, (b) y and (c) z axes. The black lines show the linear fits to data to determine the corresponding
terms (kxx , kyy and kzz) in the thermal conductivity tensor. The higher uncertainties in the parameters in the
y-direction measurement compared to the x-direction measurement is due the larger heat losses in this case.
(d) Thermal resistance (R) of K13C2U+EX1515 carbon fiber composite samples cured at 20 bar of pressure
versus sample length (lS) along x−axis. The black line shows the linear fit to data to determine kxx .
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From eq. (3.3), Rint = p0/2 and k = 1/p1 where p0 and p1 are the parameters of the R vs318

ls linear fit. The measured values of thermal conductivities, their predicted values and interface319

thermal resistances are summarized in table 2. For K13C2U+EX1515 carbon fiber along z-axis,320

the linear fit of the R vs ls distribution gives a negative central value for the interface thermal321

resistance, which is compatible with a positive interface thermal resistance within uncertainties.322

For the K13C2U+EX1515 carbon fiber composite, the measured value of kxx = (320 ± 28)W/mK323

agrees well with the Mechanics of Structure Genome (MSG) [6] prediction of kxx = 318 W/mK.324

Along the axes perpendicular to the fibers, the measured values of kyy = (6.0 ± 2.6) W/mK and325

kzz = (1.09 ± 0.15) W/mK are higher than the MSG predicted value of 0.53 W/mK. We also326

measured through-plane thermal conductivity of K13C2U+EX1515 carbon fiber composite cured327

at 20 bar pressure. Using this information, the MSG predicts a thermal conductivity of 1.2 W/mK328

for this sample which is around twice of 0.53 W/mK, the value predicted for nominal pressure of329

4 bar. This is due to a carbon fiber volume fraction of 0.745 which is higher than the carbon fiber330

volume fraction of 0.516 in the carbon fiber composite cured at 4 bar of pressure. From the linear331

fit shown in figure 8(d), we measured kzz = (2.21 ± 0.31)W/mK which is approximately twice the332

measured value for the nominal case of kzz = (1.09 ± 0.15)W/mK.333
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Figure 9. Thermal resistance (R) of K13D2U+EX1515 carbon fiber composite samples versus sample length
(lS) along (a) x, (b) y and (c) z axes. The black lines show the linear fits to data to determine the corresponding
terms (kxx , kyy and kzz) in the thermal conductivity tensor. The higher uncertainties in the parameters in the
y-direction measurement compared to the x-direction measurement is due the larger heat losses in this case.

The values of thermal conductivities and interface resistances of K13D2U+EX1515 carbon334
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fiber composite along all three axes are calculated from the linear fits shown in figures 9(a), (b)335

and (c). The measured value of kxx = (376 ± 30) W/mK is close to the MSG prediction of 410336

W/mK, whereas the measured kyy= (7.5 ± 4.4) W/mK and kzz= (1.44 ± 0.24) W/mK are higher337

than the MSG predicted value of kyy = kzz= 0.53 W/mK. We see similar large differences between338

predictions and measurements of kyy and kzz for K13C2U+EX1515 as well. The reason for these339

differences may be attributed to the inability of simple models like MSG to account for fiber-fiber340

interactions in carbon fiber composites.341

5.2 Other materials342

For IM7 8552 carbon fiber laminate [15], we measured kxx = (8.0 ± 2.3)W/mK from the linear fit343

shown in figure 10(a) and this result is in reasonable agreement with kxx = 5.495 W/mK reported344

in NASA Technical Reports Server [15]. For Celanese LDF PPS 50% wt CF (referred as 3D345

printed material) [16], we measured kzz = (0.34 ± 0.08)W/mK from the linear fit shown in figure346

10(b). This is in agreement with 0.387 W/mK measured by Thermophysical Properties Research347

Laboratory, Inc. (TPRL) located in Purdue University Research Park.348
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Figure 10. (a): Thermal resistance (R) of IM7 8552 samples versus sample length (lS) along x−axis. The
black line shows the linear fit to data to determine kxx . (b): Thermal resistance (R) of 3D printed material
samples versus sample length (lS) along z−axis. The black line shows the linear fit to data to determine kzz .

6 Conclusion349

We have studied the thermal conductivities of carbon fiber composites that are currently foreseen to350

be used for building the HL-LHCCMS detector. The thermal conductivity values measured parallel351

to the fiber orientation match with the MSG predictions within experimental errors. However, the352

measured thermal conductivities along the other two principal axes (perpendicular to the fiber and353

perpendicular to the plane of the plies) are higher than the predicted values. This can be attributed354

to the fact that MSG predictions do not consider any fiber to fiber crossing interactions within355

the carbon fiber composite. K13C2U+EX1515 carbon fiber composite cured at 20 bar has a kzz356

that is double that of the K13C2U+EX1515 carbon fiber composite cured at nominal pressure357
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Table 2. Summary of results from the thermal conductivity measurements. The first column has direction
of measurement for the anisotropic carbon fiber composites. The last column of this table has the expected
values for the calibration samples and the values predicted by MSG for the carbon fiber composites.

Sample/ Thermal Interface thermal resistance Reduced χ2 Expected value
Direction of conductivity of Cu-TIM-Sample of the of k [W/mK]
measurement (k) [W/mK] (Rint)[Km2/W] linear fit

Calibration samples
Copper (425 ± 45) (1.4 ± 0.4) · 10−5 0.24 390 [12]

Aluminium (194 ± 32) (2.0 ± 1.1) · 10−5 0.18 167 [13]

Quartz (1.5 ± 0.2) (2.0 ± 1.3) · 10−4 3.11 1.5 [14]

K13C2U+EX1515 carbon fiber composite
x-axis (320 ± 28) (1.8 ± 0.4) · 10−5 0.83 318 [6]

y-axis (6.0 ± 2.6) (3.8 ± 2.8) · 10−4 0.17 0.53 [6]

z-axis (1.09 ± 0.15) (−6.0 ± 17.0) · 10−5 0.05 0.53 [6]

z-axis (2.21 ± 0.31) (3.0 ± 7.0) · 10−5 0.09 1.2 [6]
(cured at 20 bar)

K13D2U+EX1515 carbon fiber composite
x-axis (376 ± 31) (1.7 ± 0.3) · 10−5 0.65 410 [6]

y-axis (7.5 ± 4.4) (3.9 ± 3.5) · 10−4 0.01 0.53 [6]

z-axis (1.44 ± 0.24) (1.4 ± 1.4) · 10−4 0.44 0.53 [6]

Other materials
IM7 8552 (8.0 ± 2.3) (1.2 ± 0.8) · 10−4 0.85 5.495 [15]
(x-axis)

Celanese LDF (0.34 ± 0.08) (−2.2 ± 4.6) · 10−4 1.09 0.387 [16]
PPS 50% wt CF
(z-axis)

of 4 bar. The effect of correlation between thermal resistance measurements of different sample358

lengths for the same sample was also studied. We observed that the inferred thermal conductivities359

change by around 3% for correlations of 0.5, but when assuming correlations of 0.9 we observe a360

significantly larger χ2 values, preventing to measure thermal conductivities. The results from this361

thermal characterization study are employed as input parameters in the thermal FEA simulations362

of the inner and outer tracker detectors designed for the HL-LHC CMS detector. In addition, the363

uncertainties reported here allow for amore realistic estimation of the expected thermal performance364

of the silicon detector.365
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Abstract

The high luminosity LHC (HL-LHC) will collide hadrons at unprecedented instantaneous luminosi-
ties to search for new physics and make high precision measurements to challenge the accuracy of
Standard Model predictions. The increase in granularity of the CMS detector and luminosity of LHC
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1 Introduction50

Silicon devices are used in many particle detectors today to measure precisely the trajectories and51

momenta of charged particles. For the successful realization of these precise measurements, silicon52

sensors have to be held very stably at their positions and the temperature of the silicon sensors needs53

to be maintained at an optimum temperature. For the HL-LHC CMS detector, the sensors and read-54

out chips need to be need to be kept below a certain operational temperature. The large amount55

of heat generated in these low heat capacity sensors can damage them if the heat is not removed56

efficiently. This task becomes more demanding for irradiated sensors, where the leakage current in57

the sensor also contributes to the heat generation. Among the various cooling mechanisms, natural58

convection and radiative cooling are insufficient for detector cooling because of their limited heat59

removal capacity. The heat generated in the sensors is removed to a local heat sink or a cooling60

pipe by means of thermal conduction through the support structure [1]. The temperature of the61

cooling pipe is kept stable independent of the heat generated by the sensors by circulating coolants62

like CO2, which are maintained in a two-phase state with liquid and gas in equilibrium.63

Thematerials used formanufacturingmechanical support structures of the detector need to have64

high strength for low mass and excellent thermal conductivity, even in high radiation environments.65
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Carbon fiber composites meet all these requirements, hence these are ideal material choices for66

building the support structure. However, a precise characterization the thermal properties of carbon67

fiber composites is essential for designing and building the HL-LHC silicon detectors.68

There are both static or dynamic techniques to measure the thermal conductivity of materi-69

als [2]. Dynamic techniques typically estimate thermal conductivity from the thermal diffusivity70

measurements. Static or steady-state measurement techniques involve direct measurement of ther-71

mal conductivity by measuring the temperature and heat flux across a sample. The main disadvan-72

tage of the steady-state method is parasitic heat loss from the sample to the ambient environment.73

Hence, we have developed an analysis method informed by Finite Element Analysis simulations74

(FEA) that is robust against heat exchanges. The main advantages of the steady-state technique75

reported in this paper are the low cost of fabricating the apparatus and no damage to the sample when76

measured. These allow measurements after irradiation or thermal cycling to study their specific77

effects on the thermal conductivity in detail.78

Section 2 describes the basic principles of the thermal measurement and introduces the carbon79

fiber composites measured. Section 3 describes apparatuses we use for thermal measurements.80

Section 4 explains the measurements on calibration samples and the systematic uncertainties in81

the measurements. In section 5, we discuss the results for the carbon fiber composite thermal82

conductivity measurements and section 6 summarizes all our conclusions.83

2 Basic principles84

2.1 Thermal conductivity of anisotropic materials85

The thermal conductivity of a material is a measure of its ability to conduct heat down a temperature86

gradient. It is defined as k in Fourier’s Law of Heat Conduction,87

#»
j = −k∇T (2.1)

where #»
j is the steady-state heat flux and ∇T is the temperature gradient across the material. For88

isotropic materials, thermal conductivity can be expressed as a scalar. However, for anisotropic89

materials like carbon fiber composites, the thermal conductivity is a second rank tensor [3] and eq.90

(2.1) takes the form,91


jx
jy
jz

 = −

kxx kxy kxz
kyx kyy kyz
kzx kzy kzz

 ·

∂T/∂x
∂T/∂y
∂T/∂z

 (2.2)

where the x-axis is parallel to the fibers, the y-axis is perpendicular to the fiber direction and the92

z-axis is normal to the plane of the carbon fiber ply. In a carbon fiber composite the thermal93

conductivity of carbon fiber is higher than that of the resin. This results in anisotropic thermal94

characteristics for carbon fiber composites. Thermal conductivity along the fiber direction is much95

higher than other directions. In this study, we measure the thermal conductivity of the carbon fiber96

composites in x, y and z directions, which are the diagonal entries of the thermal conductivity97

tensor in eq. (2.2). Table 1 defines the nomenclature used in this paper.98
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Table 1. Nomenclature used in this paper.

Symbol Quantity Unit Subscripts used
R Thermal resistance Km2/W S Sample
k Thermal Conductivity W/mK F Flux-meter
∆T Total temperature drop K HF Hot Flux-meter
j Heat flux W/m2 CF Cold Flux-meter
Q Rate of heat flow W int Interface
l Length m bulk Bulk
A Cross-sectional area m2 Cu Copper

2.2 Carbon fiber composites99

We thermally characterize two types of highly thermally conductive carbon fiber composites in100

this study. The first type is K13C2U+EX1515 carbon fiber composite which is made from101

"pre-preg" consisting of carbon fiber K13C2U [4] that has been "pre-impregnated" with resin102

EX1515 [5] whereas the second type K13D2U+EX1515 carbon fiber composite contains carbon103

fiber K13D2U [4] instead of K13C2U. Thermal conductivities of K13C2U and K13D2U carbon104

fibers itself are 620 W/mK and 800 W/mK respectively. The volume fraction of carbon fiber in105

both the composites is 51.6% and the remaining volume is filled by the resin. EX1515 resin has106

a thermal conductivity of 0.169 W/mK. There are no publicly available thermal measurements or107

predictions on the thermal conductivity of these composites. For thermal conductivity along the108

direction of the fibers, we obtain theoretical predictions of kxx = 318 W/mK and 410 W/mK for109

K13C2U+EX1515 carbon fiber composite and K13D2U+EX1515 carbon fiber composite respec-110

tively, using the analytical methods described in Ref. [6]. For the other two mutually perpendicular111

directions, predictions provided by such models do not adequately model what is measured exper-112

imentally [7]. A similar preliminary calculation using the known volume fractions of carbon fiber113

and resin gives kyy = kzz = 0.53 W/mK for both C and D type carbon fiber composites.114

3 Apparatus and measurement procedure115

3.1 Apparatuses used to measure in-plane and through-plane thermal conductivities116

For in-plane thermal measurement, we mount a cuboid sample between two copper bars as shown117

in figure 1(b). A resistive heater sits on one of the copper bars and sends heat flux to the sample118

through the bar. The other copper bar sits on a water-cooled Peltier element which serves as the119

heat sink. To measure the heat flux entering and leaving the sample, six thermistors are inserted120

in each of the bars by drilling equidistant holes of equal depths along the length of the samples. A121

commercial thermal interface material with high thermal conductivity, Arctic MX-4 [8], is applied122

on each thermistor to ensure excellent thermal contact. Silicone glue is used to seal the holes123

on the bars to ensure mechanical stability of the thermistors in the holes. We calculate the total124

temperature difference across the sample (∆T) and the heat flux through the sample ( jS) using the125

temperature gradients on these copper bars (described in section 3.3). The total temperature drop126

across the sample is given by ∆T = THF − TCF, where THF and TCF are the temperatures at the ends127
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case using Airex
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Figure 1. (a) Image of the apparatus used to measure the in-plane thermal conductivity of carbon fiber
composites. A copper calibration sample is mounted for measurement in the apparatus. (b) The carbon
fiber samples of different lengths used for in-plane thermal conductivity measurement. The thicknesses and
widths of all samples are equal.

of the hot and cold flux-meters touching the sample as shown in figure 2(b). The copper bars are128

referred to as flux-meters (F) because they measure heat fluxes entering and leaving the sample.129

Interfaces between sample and flux-meters have Arctic MX-4 to ensure good thermal contact. A130

two-spring system ensures stable and reproducible mechanical pressure at the interface between the131

samples and flux-meters across all the measurements. The heat exchange between the sample and132

air has been estimated using FEA and included in the calculation of uncertainty in the measured133

thermal conductivity. The in-plane apparatus shown in figure 1 is used to measure kxx and kyy134

of the carbon fiber composite. It is a custom-designed version of system described in "American135

Society for Testing and Materials (ASTM) E-1225 Standard Test Method for Thermal Conductivity136

of Solids byMeans of the Guarded-Comparative-Longitudinal Heat Flow Technique" [9], but differs137

in certain aspects discussed in section 3.2.138

The through-plane apparatus shown in figure 2(a) is used to measure kzz and is also based139

on ASTM E-1225, and its only major difference from the in-plane apparatus is that the geometry140

is cylindrical. The through-plane apparatus has a four-spring system to ensure good mechanical141

pressure between sample and flux-meters. A common schematic of both apparatuses is shown in142

figure 2(b). Carbon fiber composite samples used in the through-plane apparatus are shown in143

figure 2(c).144

3.2 Comparison of the apparatuses to the ASTM prescription145

ASTME-1225 provides certain guidelines to make steady-state thermal conductivity measurements146

reliable and consistent.147

1. Cross-sectional area of layered samples: When measuring the thermal conductivity of148
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2

Samples of Loctite EA9396 with Loading

Loctite EA9396 is a candidate for gluing the cooling tubes to the carbon foam of the half-Dees, 
and to glue the half-Dees together. It is one of the thermal bottlenecks. Can we improve it by 
loading? Is boron nitride better or pyrolitic graphite?

We answer the question by assuming interface 
conductance due to this epoxy will scale like 
its bulk conductivity w.r.t. loading 
concentrations. 

• We use our in-house through-plane thermal 
conductivity apparatus. 

• Investigated loading with: 
• boron nitride, and  

• 2%, 3%, 4% 
• pyrolitic graphite. 

• 4%, 6%, 8% 

• We need at least 3 samples of different 
thicknesses for each of the 7 materials to 
cancel interface conductances when placed in 
our apparatus

Spring clamp to ensure equal 
pressure at thermal interfaces

Resistive heating element

Heating flux-meter made of 
copper with 6 thermistors

Cooling flux-meter

Test material

Peltier cooling element 
on a water chilled condenser

Six equidistant thermistors 
placed at the center of copper 
rod and sealed with adequate 
thermal grease to create a heat 
flux-meter

Contact surfaces of the flux-meter 
milled flat with very high tolerance
Figure 2. (a) Image of the apparatus used to measure the through-plane thermal conductivity of carbon fiber
composites. (b) A common schematic for both the apparatuses depicting all the major components. The 12
thermistors and our definition of ∆T, the temperature drop across the sample, are also shown. (c) Carbon
fiber samples of different lengths used for through-plane thermal conductivity measurement. Cross-sectional
areas of all the samples are the same.

a composite material, the sample should be at least 20 layers thick so that the change in149

dimension of one-half layer will affect the measured thermal conductivity by less than ±5%.150

To measure the thermal conductivity of layered carbon fiber material, we use samples of at151

least 40 laminar thicknesses.152

2. Contact pressure between the sample and the flux-meters: To achieve reliable results,153

it is important to maintain a consistent mechanical pressure between the sample and the154

flux-meters. For all the measurements, we achieve this using the spring-system associated155

in the apparatuses. The pressure exerted by the spring is tuned by adjusting its compression156

length.157

3. Choice of flux-meter: ASTM E-1225 prescribes the use of a material of known thermal158

conductivity to fabricate the flux-meters. Both the in-plane and through-plane apparatuses159

are made using tellurium copper (k = 355 W/mK).160

4. Mitigating heat loss to ambient environment: ASTM E-1225 recommends using a heat-161

guard for preventing heat exchange between the sample and ambient environment. Both162

apparatuses used in this study do not have heat guards. To reduce heat losses, we equalize163

heat fluxes on both the flux-meters by tuning the outputs of the heater and Peltier cooler.164
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The heat losses are estimated using thermal Finite Element Analysis (FEA) and are used to165

calculate a systematic uncertainty affecting the thermal conductivity measurement.166

5. Choice of temperature sensors: ASTME-1225 recommends using temperature sensors that167

have a measurement precision of ±0.04 K. In the measurements presented here, no bias from168

thermistors was noticed and the standard deviation of the temperature recorded was less than169

0.04 K.170

6. Match in cross-section area between the sample and the flux-meters: ASTM E-1225171

recommends that the cross section area of the sample match that of the flux-meters to avoid172

huge differences in thermal impedances of the sample and the flux-meter. In case of a173

mismatch, adequate corrections need to be done for estimating the heat flux through the174

sample. The cross-section areas match within 99% for through-plane measurements. For175

in-plane measurements, the fraction of areas between the sample and flux-meter or AS/AF is176

between 56% and 64% for different types of samples. So this ratio is used in calculating jS177

in eq. (3.2).178

3.3 Measurement procedure179

Tomeasure the thermal conductivity of a sample, we use sample pieces of different lengths as shown180

in figure 1(b) for the in-plane measurement and in figure 2(c) for the through-plane measurement.181

The lengths of samples are chosen such that the total thermal impedance of the sample is comparable182

to that of the copper flux-meters.183

To begin a measurement, a sample is placed between the flux-meters after applying thermal184

interface material at the interfaces between the sample and flux-meters. The amount of thermal185

interface material applied is kept the same across all measurements by using a syringe for its186

release. The same mechanical pressure is applied between the sample and flux-meters for all187

measurements using the spring system. We tune the heater and the Peltier cooler voltages such188

that heat fluxes in both the flux-meters ( jHF and jCF) match within 5% and the total temperature189

drop across one flux-meter is between 0.5 and 3 K. A large temperature drop across the flux-meter190

increases the convection heat losses significantly, whereas a low temperature drop brings all the191

thermistor readings close to each other. An increase in convection heat losses results in higher192

uncertainty in the flux estimation, and should be minimized. The temperature readings from all193

the 12 thermistors are recorded using a Keithley multimeter [10] read-out by a computer and the194

recorded data is subjected to a ROOT [11] based analysis. The temperatures of the 12 thermistors195

are recorded as a function of time. The temperatures for a copper calibration sample of length 5.4196

cm are shown in figure 3(a). A stable integration window is identified in the raw data by scanning197

for a 30 minute period within it that has the least sum of variances of the temperature readings198

from the 12 thermistors. Figure 3(b) shows the readings of the thermistors on the heater side during199

the selected integration time. The heat fluxes on both sides of the sample depend only on the200

temperature gradients (not on the absolute values of the temperatures). To calculate heat fluxes, the201

temperature differences vs position plots of the flux-meters as shown in figures 4(c) and (d) are used.202

Each thermistor reading is subtracted from the temperature measured by the hottest thermistor on203

that flux-meter. This subtraction removes any correlated fluctuations of the thermistors as seen at204

t=5400 seconds in figure 3(b), which arise due to small variations in ambient temperature.205
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Figure 3. (a) The raw temperature data recorded by the hot-side thermistors (red lines) and the cold-side
thermistors (blue lines) during a measurement. The region between the two vertical arrows is the 30-
minute integration region selected for further calculations. (b) Data recorded by hot-side thermistors in the
integration region. The fluctuations of the thermistors are correlated. Statistical uncertainties are smaller
than the symbol size.

The temperatures THF and TCF are calculated by extrapolating the temperature profile his-206

tograms of the flux-meters to both ends of the sample, as shown in figures 4(a) and (b). Heat fluxes207

in the flux-meters are calculated using,208

jF = kCu
∂T
∂x

(3.1)

where ∂T/∂x is the temperature gradient in the flux-meter. If we assume that the total heat flow209

in the sample is the average of the heat flows in the flux-meters, then the heat flux in the sample is210

given by211

jS =
AF
AS

(
jHF + jCF

2

)
. (3.2)

When heat flows through a system consisting of different materials, the total thermal resistance212

R has contributions from both the thermal interfacial resistance Rint and the bulk thermal resistance213

Rbulk. The total thermal resistance of a sample and the interfaces is,214

R =
∆T
jS
= Rbulk + Rint =

lS
k
+ Rint. (3.3)

To separateRbulk fromRint, wemeasureR of several specimens of different lengths. The distribution215

of thermal resistance for different lengths (R vs lS distribution) is used to determine k and Rint along216

a specific direction. The slope and y-axis intercept of the R vs lS distribution are used to calculate217

k and Rint respectively.218
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Figure 4. (a) and (b): Temperature profiles of the hot and cold side flux-meters respectively. Both the fits
show that temperature changes linearly with respect to the thermistor position. (c) Temperature differences
of the thermistors relative to the first thermistor for hot and (d) cold flux-meters. The standard deviation of
the temperatures recorded by the thermistors are smaller than the symbol used.

4 Calibration and systematic uncertainties219

4.1 Calibration measurements220

To calibrate the in-plane apparatus, copper [12] and aluminium [13] samples were employed to221

measure their thermal conductivities using the apparatus and compare the results with the expected222

values. From the parameters of the straight line fits of the R vs lS distributions shown in figures223

5(a) and (b), the measured values of thermal conductivities are (425 ± 45) W/mK for copper and224

(194 ± 32) W/mK for aluminium. These measured values agree with the manufacturer reported225

values of k = 390 W/mK for copper and k = 168 W/mK for aluminium. The interfacial thermal226

resistances measured for the copper-TIM-sample interfaces are (14 ± 4) · 10−6 Km2/W for copper227

and (20 ± 11) · 10−6 Km2/W for aluminium calibration samples. From these measurements, we228

validate the in-plane apparatus tomeasure thermal conductivities in the 168-390W/mKrange. Fused229

quartz [14] samples of various lengths (lS) were measured to calibrate the through-plane apparatus.230

From the R vs lS distribution shown in figure 5(c), the measured value of its thermal conductivity231

was (1.5 ± 0.2) W/mK. This agrees well with the manufacturer specified value of 1.5 W/mK.232
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(c)

Figure 5. (a): Thermal resistance (R) versus sample length (lS) of copper samples, which are used as
calibration samples for the in-plane apparatus. The black line shows the linear fit to data to determine k.The
fit is done assuming that there is no correlation between the data points. k and Rint are calculated from p1
and p0, which are the the slope and y-intercept of the linear fit, respectively. The uncertainty band shows
calculated δR for the span of sample length studied here. The lower subplot shows the residual of each point
in units of uncertainty inR [δR]. (b): Thermal resistance (R) versus sample length (lS) of aluminium samples,
which are also used as a calibration sample and has a thermal conductivity less than half that of copper. (c):
Thermal resistance (R) versus sample length (lS) of quartz samples, which are used as a calibration sample
for the through-plane apparatus. The thermal conductivity of quartz is close to the thermal conductivities
of various samples we measure using through-plane apparatus, making the validation of the apparatus also
possible.
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4.2 Systematic uncertainties233

To estimate the heat flux through the sample jS in eq. (3.2), we assume that the heat flowing through234

the sample is same as the average of heat flows in the flux-meters. This assumption is not correct in235

the presence of parasitic heat losses or when the heat flowing in the two flux-meters are not exactly236

balanced. We calculate systematic uncertainties related to these heat losses and the flux imbalance237

and use them in the estimation of the total uncertainty in thermal conductivity measurement.238

Heat exchanges of the sample with the ambient environment occur via convection and radiation.239

Convective and radiative losses for specific geometries and sample thermal conductivities are240

calculated by FEA using the ANSYS software package. For the convective heat transfer coefficient241

and the emissivity of sample, we use h = 5 W/m2K and ε = 1 respectively. The temperature profile242

of the entire apparatus is used as the boundary condition for the FEA to measure the total heat243

flow through the sample and the heat flow through the flux-meters. From this simulation, we find244

the heat loss in the sample as the difference between the heat flow in the sample and the average245

heat flow through the flux-meters. We express this heat loss as a fraction of the average heat flow246

through the flux-meters (HL) in figure 6.247

Figure 6. Plot of parasitic heat losses as a fraction of heat flow
through the sample. The black and green lines correspond to the
thermal conductivites of K13C2U+EX1515 carbon fiber composite
and K13D2U+EX1515 carbon fiber composite respectively for the
in-plane thermal conductivity apparatus. As sample length lS in-
creases, the surface area of the sample that can exchange heat with
surroundings increases, resulting in larger heat losses. As shown
by the blue line, when the sample thermal conductivity decreases,
heat losses increase. For the through-plane measurement, the heat
losses are smaller since the sample length is smaller compared to
the in-plane samples.

The total systematic uncer-248

tainty associated with the heat flow249

through the sample (δQ) given in250

eq. (4.1) has three terms corre-251

sponding to different sources of252

systematic uncertainties. All three253

contributions are added in quadra-254

ture to obtain δQ. The first term255

is δQHL = HL · Qavg, where Qavg256

is the average heat flow through257

the flux-meters. This term which258

corresponds to the heat loss to am-259

bient air is essential because both260

the apparatuses do not have heat261

guards as discussed in the fourth262

point of section 3.2. The differ-263

ence between experimentally mea-264

sured QH and QC appears in un-265

certainty as the second term in eq.266

(4.1). So when the heat fluxes on267

flux-meters are not balanced, δQ268

increases. The third term is a mea-269

sure of uncertainty in estimation270

of heat flows in hot and cold flux-271

meters. δQHF and δQCF are uncer-272

tainties associated with the param-273

eters in the linear fits that estimate274
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heat flow in hot and cold flux-meters.275

δQ =

√√√
(δQHL)

2 +

(
QHF − QCF

2

)2
+

((
δQHF

2

)2
+

(
δQCF

2

)2
)

(4.1)

In addition to the uncertainties given in eq. (4.1), we propagate the standard deviations of276

the thermistor readings and uncertainties in any physical dimensions to estimate the uncertainty in277

the total thermal resistance (R) of a sample. These are the uncertainty bars along y-axis in R vs278

lS distributions as shown in figure 5. Uncertainties associated with the thermal conductivity and279

interface thermal resistance are calculated from uncertainties in the fit parameters.280

4.3 Study of fit correlations281

The χ2 function used for the R vs lS straight line fits uses a diagonal covariance matrix to calculate282

the parameters. This is valid only when the thermal measurements of samples of different lengths283

are uncorrelated. In reality, measurements of R along different lengths can be positively correlated284

with each other because parasitic heat loss, which is the dominant contribution to δR has an effect on285

thermal resistances for different sample lengths similarly. For the uncorrelated case, the covariance286

matrix used in the χ2 fit is diagonal. To study correlation, we use the covariance matrix,287

Covi j =

{
σ2
i if i = j

Ωσiσj if i , j
(4.2)

where Ω is the correlation between R measured at different lengths.288
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Figure 7. Thermal resistance (R) of K13D2U+EX1515
carbon fiber composite samples versus sample length (lS)
along x−axis. The black line shows the Ω = 0.5 correlated
linear fit to data to determine kxx .

We reproduce the linear fits for Ω in289

range of 0 ≤ Ω ≤ 1 to study the ef-290

fect of correlation strength on the output291

parameters from the fits. The linear fit292

corresponding to K13D2U+EX1515 car-293

bon fiber composite x-axis is shown in294

figure 7 for Ω = 0.5. Using correlation295

of Ω = 0.5 instead of the default value296

0 does not change the output parameters297

obtained from the linear fits significantly.298

The thermal conductivities measured are299

within 3% for most samples except quartz300

and K13D2U+EX1515 carbon fiber com-301

posite y-axis where these increase by 15%302

and 5% respectively. The difference be-303

tween Ω = 0.5 and Ω = 0 cases is included304

as a systematic uncertainty in the calucla-305

tion of k. One half of the difference between thermal conductivity obtained for Ω = 0.5 and Ω =306

0 cases is added in quadrature to the total uncertainty of the thermal conductivity. In addition, we307

studied Ω = 0.9, but the observed χ2 values of the fits worsen by factors of 5-10. Hence, we deem308

these fits to be inadequate.309
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5 Results and discussion310

We have thermally characterized two types of highly thermal conductive carbon fiber com-311

posites using the apparatuses described above: K13C2U+EX1515 carbon fiber composite and312

K13D2U+EX1515 carbon fiber composite. The results are presented in this section.313

5.1 Carbon fiber laminates314

The thermal conductivity k and the interface thermal resistance Rint values for all three principal315

axes of K13C2U+EX1515 carbon fiber composite are calculated from y-intercept (p0) and slope316

(p1) of the R vs ls distributions shown in figures 8(a), (b) and (c).317
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(d)

Figure 8. Thermal resistance (R) of K13C2U+EX1515 carbon fiber composite samples versus sample length
(lS) along (a) x, (b) y and (c) z axes. The black lines show the linear fits to data to determine the corresponding
terms (kxx , kyy and kzz) in the thermal conductivity tensor. The higher uncertainties in the parameters in the
y-direction measurement compared to the x-direction measurement is due the larger heat losses in this case.
(d) Thermal resistance (R) of K13C2U+EX1515 carbon fiber composite samples cured at 20 bar of pressure
versus sample length (lS) along x−axis. The black line shows the linear fit to data to determine kxx .
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From eq. (3.3), Rint = p0/2 and k = 1/p1 where p0 and p1 are the parameters of the R vs318

ls linear fit. The measured values of thermal conductivities, their predicted values and interface319

thermal resistances are summarized in table 2. For K13C2U+EX1515 carbon fiber along z-axis,320

the linear fit of the R vs ls distribution gives a negative central value for the interface thermal321

resistance, which is compatible with a positive interface thermal resistance within uncertainties.322

For the K13C2U+EX1515 carbon fiber composite, the measured value of kxx = (320 ± 28)W/mK323

agrees well with the Mechanics of Structure Genome (MSG) [6] prediction of kxx = 318 W/mK.324

Along the axes perpendicular to the fibers, the measured values of kyy = (6.0 ± 2.6) W/mK and325

kzz = (1.09 ± 0.15) W/mK are higher than the MSG predicted value of 0.53 W/mK. We also326

measured through-plane thermal conductivity of K13C2U+EX1515 carbon fiber composite cured327

at 20 bar pressure. Using this information, the MSG predicts a thermal conductivity of 1.2 W/mK328

for this sample which is around twice of 0.53 W/mK, the value predicted for nominal pressure of329

4 bar. This is due to a carbon fiber volume fraction of 0.745 which is higher than the carbon fiber330

volume fraction of 0.516 in the carbon fiber composite cured at 4 bar of pressure. From the linear331

fit shown in figure 8(d), we measured kzz = (2.21 ± 0.31)W/mK which is approximately twice the332

measured value for the nominal case of kzz = (1.09 ± 0.15)W/mK.333
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Figure 9. Thermal resistance (R) of K13D2U+EX1515 carbon fiber composite samples versus sample length
(lS) along (a) x, (b) y and (c) z axes. The black lines show the linear fits to data to determine the corresponding
terms (kxx , kyy and kzz) in the thermal conductivity tensor. The higher uncertainties in the parameters in the
y-direction measurement compared to the x-direction measurement is due the larger heat losses in this case.

The values of thermal conductivities and interface resistances of K13D2U+EX1515 carbon334

– 13 –

1



Page:15
Number: 1  Author: ryd  Subject: Comment on Text  Date: 2020-10-10 00:54:07
This sentence just stops here... seems something is missing?

YES..WAS A LATEX ISSUE



fiber composite along all three axes are calculated from the linear fits shown in figures 9(a), (b)335

and (c). The measured value of kxx = (376 ± 30) W/mK is close to the MSG prediction of 410336

W/mK, whereas the measured kyy= (7.5 ± 4.4) W/mK and kzz= (1.44 ± 0.24) W/mK are higher337

than the MSG predicted value of kyy = kzz= 0.53 W/mK. We see similar large differences between338

predictions and measurements of kyy and kzz for K13C2U+EX1515 as well. The reason for these339

differences may be attributed to the inability of simple models like MSG to account for fiber-fiber340

interactions in carbon fiber composites.341

5.2 Other materials342

For IM7 8552 carbon fiber laminate [15], we measured kxx = (8.0 ± 2.3)W/mK from the linear fit343

shown in figure 10(a) and this result is in reasonable agreement with kxx = 5.495 W/mK reported344

in NASA Technical Reports Server [15]. For Celanese LDF PPS 50% wt CF (referred as 3D345

printed material) [16], we measured kzz = (0.34 ± 0.08)W/mK from the linear fit shown in figure346

10(b). This is in agreement with 0.387 W/mK measured by Thermophysical Properties Research347

Laboratory, Inc. (TPRL) located in Purdue University Research Park.348
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(b)

Figure 10. (a): Thermal resistance (R) of IM7 8552 samples versus sample length (lS) along x−axis. The
black line shows the linear fit to data to determine kxx . (b): Thermal resistance (R) of 3D printed material
samples versus sample length (lS) along z−axis. The black line shows the linear fit to data to determine kzz .

6 Conclusion349

We have studied the thermal conductivities of carbon fiber composites that are currently foreseen to350

be used for building the HL-LHCCMS detector. The thermal conductivity values measured parallel351

to the fiber orientation match with the MSG predictions within experimental errors. However, the352

measured thermal conductivities along the other two principal axes (perpendicular to the fiber and353

perpendicular to the plane of the plies) are higher than the predicted values. This can be attributed354

to the fact that MSG predictions do not consider any fiber to fiber crossing interactions within355

the carbon fiber composite. K13C2U+EX1515 carbon fiber composite cured at 20 bar has a kzz356

that is double that of the K13C2U+EX1515 carbon fiber composite cured at nominal pressure357
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Table 2. Summary of results from the thermal conductivity measurements. The first column has direction
of measurement for the anisotropic carbon fiber composites. The last column of this table has the expected
values for the calibration samples and the values predicted by MSG for the carbon fiber composites.

Sample/ Thermal Interface thermal resistance Reduced χ2 Expected value
Direction of conductivity of Cu-TIM-Sample of the of k [W/mK]
measurement (k) [W/mK] (Rint)[Km2/W] linear fit

Calibration samples
Copper (425 ± 45) (1.4 ± 0.4) · 10−5 0.24 390 [12]

Aluminium (194 ± 32) (2.0 ± 1.1) · 10−5 0.18 167 [13]

Quartz (1.5 ± 0.2) (2.0 ± 1.3) · 10−4 3.11 1.5 [14]

K13C2U+EX1515 carbon fiber composite
x-axis (320 ± 28) (1.8 ± 0.4) · 10−5 0.83 318 [6]

y-axis (6.0 ± 2.6) (3.8 ± 2.8) · 10−4 0.17 0.53 [6]

z-axis (1.09 ± 0.15) (−6.0 ± 17.0) · 10−5 0.05 0.53 [6]

z-axis (2.21 ± 0.31) (3.0 ± 7.0) · 10−5 0.09 1.2 [6]
(cured at 20 bar)

K13D2U+EX1515 carbon fiber composite
x-axis (376 ± 31) (1.7 ± 0.3) · 10−5 0.65 410 [6]

y-axis (7.5 ± 4.4) (3.9 ± 3.5) · 10−4 0.01 0.53 [6]

z-axis (1.44 ± 0.24) (1.4 ± 1.4) · 10−4 0.44 0.53 [6]

Other materials
IM7 8552 (8.0 ± 2.3) (1.2 ± 0.8) · 10−4 0.85 5.495 [15]
(x-axis)

Celanese LDF (0.34 ± 0.08) (−2.2 ± 4.6) · 10−4 1.09 0.387 [16]
PPS 50% wt CF
(z-axis)

of 4 bar. The effect of correlation between thermal resistance measurements of different sample358

lengths for the same sample was also studied. We observed that the inferred thermal conductivities359

change by around 3% for correlations of 0.5, but when assuming correlations of 0.9 we observe a360

significantly larger χ2 values, preventing to measure thermal conductivities. The results from this361

thermal characterization study are employed as input parameters in the thermal FEA simulations362

of the inner and outer tracker detectors designed for the HL-LHC CMS detector. In addition, the363

uncertainties reported here allow for amore realistic estimation of the expected thermal performance364

of the silicon detector.365
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line 25 & 65: 

- we typically load our support structures with way less that what they could take. Strength is really not 

what we are after but rather stiffness. 

>AMK: Yes, valid point. Waiting for Dr.Jung's suggestions for the introduction section.  

 

line 55-56: 

- twice ‚need to be‘ in sentence  

>AMK: Done 

- what is ‚a certain‘ operational temperature?  

>AMK: I believe it to be less than -20 degc.  

- what is a ‚large amount of heat‘?  

>AMK: I am not sure if the final numbers are out.  

- why is ‚low heat capacity‘ relevant? Would anything change if the sensors had a high heat capacity? 

>AMK: If sensors have low heat capacity, the sensor temperatures can raise to higher values compared 

to the case when they have a high heat capacity. 

 

line 58: 

- in line 55-56 you claim that large amount of heat is generated in the sensors, whereas here you claim 

that after irradiation ‚also‘ the sensor contributes to the heat generation.  

>AMK: Heat is generated by electronic components on the module like chip, HDI, LDOs & shunts. 

Irradiation of chips inside LHC also generates heat, which increases as sensor temperature increases. We 

need to prevent that from happening. 

  

line 61-63: 

- add reference to paper on bi-phase CO2 cooling 

>AMK: Which paper? 

 

line 67: 

- ‚… OF the thermal properties…‘  

>AMK: Sentence changed. 



 

line 93-94: 

- ‚ply‘ and other CFRP buzz words need to be defined.  

>AMK: Paragraph changed 

 

line 100: 

- ‚highly thermally conductive carbon fibre composites‘ -> ‚ultra high modulus carbon fibre composites‘, 

because after all the fibre is sold as UHM and not high thermally conductive.  

>AMK:We like to focus on the high thermal conductivity part. 

 

line 102: 

- why ‚pre-preg‘ and ‚pre-impregnated‘ in quotes? 

>AMK: Removed those. 

 

line 118: 

- fig 1b doesn’t show how a sample is mounted between two copper bars.  

- ‚sits‘ is a bit colloquial. 

>AMK: Added extra figures, schematic etc to the version sent for the first review. 

 

line 122: 

- what is ‚high thermal conductivity‘? 

>AMK:Specified the value(k=8.5 W/mK). 

 

line 123: 

- what is ‚excellent‘ thermal contact? By the way in line 130 the thermal contact is only ‚good‘ although 

the same TIM is used. 

>AMK:Now we use 'good' at both places. 

 

line 128: 



- the arrangement of plots is confusing. Given that Fig 2b show the common schematics, why not make 

this a stand-alone figure 1. 

>AMK: We have added a new schematic and rearranged some figures.  

 

line 160: 

- ‚tellurium copper‘ -> ‚tellurium copper CW118C‘ 

>AMK: Added that information 

 

line 163-164: 

- what exactly is meant by ‚equalize‘?  

>AMK: Try to make heat fluxes on both flux-meters the same in quantity. 

 

line 175-177: 

- This sentence reads a bit strange and is hard to understand. How about: ‚…, the fraction of sample area 

A_S to flux-meter area A_F is between…’ This would then also define A_S and A_F 

>AMK: This sentence is rewritten. 

 

line 197-199: 

- this is not understandable, please rephrase and elaborate 

- ‚stable‘ with respect to what? 

- What is done with the temperature readings in the 30 minute window (fig 3b)? What values go into the 

plot shown in fig 4 a&b? 

>AMK: Sentence rewritten. 

 

line 202 / fig 4: 

- why does the slope (heat flux) change when going from fig 4a to 4c and 4b to 4d? 

>AMK: The uncertainties in temperature for points in 4c is different from 4a. This results in slightly 

different slopes while fitting using using ROOT.TF1, even though the values of temperatures w.r.t the 

first thermistor are same in 4a and 4c. 

  



- Actually, why do you need plots (c) and (d). The measured heat flux is given by the slope and for the 

extrapolation to obtain T_HF and T_CF only plots (a) and (b) are needed.  

>AMK: Without (c) and (d), if all thermistors fluctuate in a correlated manner, the standard deviation will 

be very high. By going from (a) and (b) to (c) and (d), we remove that error which would dominate our 

uncertainties. 

 

- You only briefly mention in the figure caption the standard deviation of the recorded temperatures. 

What about the error on the thermistor position. The thermistor has a certain size and my guess is that 

the holes in the flux meters are large enough to provide only a loose fit to the thermistor. Please 

elaborate on that error in the context of measured flux as well as extrapolated sample temperature at 

the interface. 

>AMK: The radius of the hole matches with that of the thermistor, so it is a tight fit, without any 

significant wiggling movement. 

 

line 206: 

- ‚…, as shown in figures 4(a) and (b)‘. The extrapolation to both ends of the sample is not shown in the 

figure. 

>AMK:Edited the sentence. 

 

line 212-218: 

- For every sample series a single R_int value is extracted from the fit to the R vs. l_S distribution, 

although every data point measured results from a different sample from the series being clamped into 

the measurement device. How valid is the assumption that R_int is constant for a given series of 

samples? 

>AMK: When carbon fiber composite samples are bricked make the roughness to be roughly the same. 

Then we apply same amount of thermal paste to each sample. These two steps are done to make R_int 

the same for all pieces of the same sample. 

 

line 221: 

- the exact type of copper and aluminium is only available after following the links in [12] and [13]. 

Please change ‚copper‘ to ‚copper CW004A‘ and ‚aluminium‘ to ‚aluminium AW-6061‘. 

>AMK: updated. 

 

line 225-226: 



- References [12] and [13] point to the web site of a distributor and not a manufacturer.  

- for Al I never came across a manufacturer quoting a specific value for k instead of a range. For 6061 k is 

between 170-200W/m/K according to many data sheets available online. 

>AMK: 168 W/mK is the value we got from the distributor. If true value is 200 W/mK, our measured 

value matches with true value more closely. 

 

line 226-228: 

- ‚copper-TIM-sample‘ is confusing. Why not use ‚flux-meter-TIM-sample‘ instead? 

>AMK: Updated. 

 

- R_int could be measured directly by simply not placing a sample between the two flux-meters. Has this 

been measured and if so how does the measured value compare to the quoted values?  

>AMK: Our copper-TIM-copper R_int value match with the values seen on internet and some journals.  

 

line 220-232: 

- the title of this section is ‚Calibration measurements‘, but the results presented are rather validation 

measurements on reference samples. What is actually done in terms of calibration? 

>AMK: We changed it to validation. 

 

line 237 + line 267-269: 

- what exactly is meant by ‚balanced‘? Looking at fig 4(a) and (b) and assuming that in this measurement 

the flux-meters were balanced, I guess that balancing means that the temperature at l_s/2 corresponds 

to roughly ambient temperature. If this is the case, there will always be heat transfer from the hot flux-

meter to the ambient and a heat transfer from the ambient to the cold flux-meter. This means that the 

second term in 4.1 must never be zero. How do the values for this term compare to the first term? 

>AMK:'balanced' refers to balancing Q_HF and Q_CF. First term is quantified as ratio of 

average(Q_HF,Q_CF) in the heat loss figure. Second term tells us how good the equalizing of Q_HF and 

Q_CF was done. It is 0 for perfectly equalized case and will increase if Q_HF and Q_CF are not equalized.  

 

line 241-242: 

- It would be good if some reasoning for the value of the used film coefficient could be added.  

>AMK: H=5 W/M2K corresponds to stagnant air. 



line 243: 

- ‚…for the FEA to measure…‘ -> ‚…for the FEA to estimate…‘ 

>AMK: The entire paragraph is changed. 

line 265: 

- shouldn’t this be ‚Q_HF and Q_CF‘ instead?  

YES,CHANGED 

 

line 233-280: 

- More details on the FEAs and how the results are used in estimating the systematic uncertainties 

would be beneficial. 

YES,ADDED 


