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Abstract

The fluid properties of CO2 make it an ideal medium for the cooling of tracking detectors in particle
accelerators. Detectors such as the Compact Muon Solenoid Outer Tracker at CERN will be cooled
to a nominal -35 C with CO2 cooling to ensure the longevity of the silicon sensors. In theory, two-
phase CO2 cooling results in a very low temperature change through the detector pipe, dependent
only on pressure drop. Experimentally, however, superheating of the fluid has been observed to occur
frequently in tested cooling pipes. This results in higher fluid temperatures and poor heat transfer co-
efficient over the first section of detector pipe, disrupting the cooling performance of the detector and
possibly leading to deterioration of the silicon sensors. In order to prevent superheating, a preheater is
proposed to trigger nucleate boiling in the detector cooling pipe just upstream of the sensors. A theo-
retical (semi-empirical) model for the preheater design is proposed: starting from a few experimental
data points. With this model, a specific pipe made of a given material and with a given manufacturing
process can be completely characterised. The model validation is promising, closely matching the
trends from experimental results, and giving preheater powers significantly lower than those retrieved
by the spinodal theory. The preheater could be designed for a specific application.
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Abstract 8 

The fluid properties of CO2 make it an ideal medium for the cooling of tracking detectors in particle 9 

accelerators. Detectors such as the Compact Muon Solenoid Outer Tracker at CERN will be cooled to a 10 

nominal -35°C with CO2 cooling to ensure the longevity of the silicon sensors. In theory, two-phase CO2 11 

cooling results in a very low temperature change through the detector pipe, dependent only on pressure drop. 12 

Experimentally, however, superheating of the fluid has been observed to occur frequently in tested cooling 13 

pipes. This results in higher fluid temperatures and poor heat transfer coefficient over the first section of 14 

detector pipe, disrupting the cooling performance of the detector and possibly leading to deterioration of the 15 

silicon sensors. In order to prevent superheating, a preheater is proposed to trigger nucleate boiling in the 16 

detector cooling pipe just upstream of the sensors. A theoretical (semi-empirical) model for the preheater 17 

design is proposed: starting from a few experimental data points. With this model, a specific pipe made of a 18 

given material and with a given manufacturing process can be completely characterised. The model 19 

validation is promising, closely matching the trends from experimental results, and giving preheater powers 20 

significantly lower than those retrieved by the spinodal theory. The preheater could be designed for a specific 21 

application. 22 

 23 
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Nomenclature 30 

C specific heat    [J/kg K] 31 

D pipe diameter    [m] 32 

f friction coefficient   [-] 33 

H enthalpy    [J/kg] 34 

h convection coefficient   [W/m2 K] 35 

k thermal conductivity   [W/m K] 36 

L preheater length   [m] 37 

M fluid mass flow rate   [kg/s] 38 

Nu Nusselt number    [-] 39 

P perimeter    [m] 40 

p pressure    [Pa] 41 

Pr Prandtl number    [-] 42 

Q global heat flux    [W] 43 

q specific heat flux   [W/m2] 44 

r radius     [m] 45 

v specific volume    [m3/kg] 46 

T temperature    [K] 47 

y distance from the inner pipe surface [m] 48 

z coordinate along the pipe section [m] 49 

 50 

Subscripts 51 

B bulk 52 

b bubble 53 

c cavity 54 

eq equilibrium 55 

i inlet 56 

l liquid 57 

lv vaporisation 58 

max maximum 59 

min minimum 60 

p constant pressure 61 

sat saturation 62 



sub subcooling 63 

tip higher part of the bubble 64 

w wall 65 

 66 

Superscripts 67 

“ per surface unit 68 

 69 

Greek symbols 70 

Δ difference    [-] 71 

ε relative roughness   [-] 72 

Θr receding contact angle   [°] 73 

ρ density     [kg/m3] 74 

σ surface tension    [N/m] 75 

 76 

 77 

Introduction 78 

The Large Hadron Collider (LHC) [1] is the world largest and most powerful particle accelerator. Thanks to 79 

the performance of the LHC, the experiments have been able to achieve a huge amount of highly relevant 80 

physics results, including the discovery of the Higgs boson by the experiments ATLAS (A Toroidal LHC 81 

ApparatuS) and CMS (Compact Muon Solenoid) in 2012 [2] [3]. The Long Shutdown 3 (LS3), scheduled to 82 

last from 2025 to mid-2027, will prepare the field for the High Luminosity phase of the LHC (HL-LHC). 83 

The HL-LHC upgrade will greatly expand the physics potential of the LHC, in particular for rare and 84 

statistically limited standard model  and beyond standard model processes [4] [5]. The HL-LHC upgrade is 85 

accompanied by an upgrade programme of the CMS experiment, to maintain the performance of the detector 86 

and to fully profit from the HL-LHC capabilities, in spite of the challenging radiation levels and operating 87 

conditions. The CMS detector [6] needs to be substantially upgraded during LS3 in order to exploit the 88 

increase in luminosity provided by the HL-LHC [7]. The total power dissipated in the tracking volume and 89 

due to heat leaks from the surroundings is expected to be about 100 kW for the Outer Tracker and about 50 90 
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kW for the Inner Tracker, including losses on cables inside the tracking volume and allowing for some 91 

margin. The cooling system must remove this heat load and maintain the silicon sensors at a temperature of 92 

-20°C or lower to limit the radiation damage. The system will be designed for a regulated boiling point of 93 

CO2 at the detector outlet of -35°C, resulting in a coolant temperature of about -33°C at the location of the 94 

first silicon module, which is the warmest location along a cooling loop. The CO2 properties make it an ideal 95 

medium for cooling of tracking detectors, in particular because of the ability of using smaller diameter, 96 

lower-mass tubing than is required with conventional refrigerants or liquid cooling applications [8]. As the 97 

viscosity of CO2 is low, it allows the use of small diameter pipes with higher flow speeds, which increases 98 

the heat transfer coefficient from the pipe wall to the fluid. CO2 is radiation hard, cheap, and environmentally 99 

friendly [9]. The CO2 cooling plants provide a flow of CO2 in liquid phase. The flow is distributed to 46 100 

Outer Tracker and 24 Inner Tracker cooling segments through manifolds located in the experimental cavern. 101 

Each of the cooling segments is then further split into parallel detector cooling loops at the entry of the 102 

tracker volume. All detector cooling pipes are preceded by capillaries, which create the needed pressure drop 103 

to reach fluid saturation conditions and guarantee flow balancing across different loops on the same cooling 104 

segment. The temperature variation of the CO2 in the silicon module region is nominally very low once the 105 

saturation curve is reached and evaporation has started, and only depends on the pressure drop in the detector 106 

pipe. To ensure onset of evaporation, small preheaters (Fig. 1) with an adjustable power corresponding to 107 

one to two detector modules (up to 10-20 W) are installed upstream of the first modules in each cooling loop 108 

[9].  109 

From experience, even if the fluid in the detector loop is past the saturation conditions, superheating (the 110 

existence of a fluid in the liquid form above its boiling temperature [10]) can occur. This circumstance 111 

should be avoided in the detectors for two main reasons [11] [12] [13]: 112 

a) if superheating occurs in the cooling pipes serving the sensors, the resulting heat exchange is 113 

extremely poor; this is due to both the single-phase heat exchange pattern (no boiling) and the higher 114 

temperature of CO2; 115 

b) the superheated liquid suddenly (in milliseconds) boils if a sudden pressure drop happens (for a fluid 116 

leak, for instance), creating a stress wave that could bring about mechanical damage not only in the 117 

thin-walled pipes but also in the surroundings (sensors, cables, etc…). 118 

katja
Hervorheben

katja
Hervorheben
of the

katja
Notiz
Somehow you have to say here first that a two-phase CO_2 cooling system will be used. 

katja
Hervorheben
the effects of radiation damage?(I don't think you limit the damage as such)

katja
Hervorheben
along

katja
Hervorheben
avoid such linebreak by using a ~ between the last word and \cite

katja
Hervorheben
detector

katja
Hervorheben
etc. implies already a list, so no ... needed



Researchers studying superheating generally agree on the danger deriving from this phenomenon, while 119 

different views are registered for the ways to prevent superheating. 120 

 Reaching the Superheat Limit Temperature before the fluid enters the zone to be cooled 121 

(homogeneous volume boiling): on the safe side, but very conservative and power consuming. 122 

 Triggering nucleate boiling before the fluid enters the zone to be cooled; two main approaches can 123 

be adopted at this purpose: a sudden heat transfer or a sudden change in geometry. The first 124 

approach is achieved through high heat flux devices, called “preheaters”, the second relies on 125 

already superheated fluid inside the capillary and the pipe diameter increasing at the exit of the 126 

capillary. In the latter case, there is one major concern: superheating in the capillary introduces the 127 

risk of boiling in the capillary, this could occur either naturally or possibly due to particles from 128 

LHC collisions creating a bubble chamber effect; a circumstance that would increase the flow 129 

resistance and affect flow balancing on a cooling segment with multiple evaporator loops. For all the 130 

above mentioned reasons, the preheaters are considered as the optimum solution for the CMS tracker 131 

upgrade cooling. 132 

 133 

 134 

Figure 1 – An (unwired) electric preheater mounted on a cooling pipe. 135 

 136 

With the aim of describing the superheating phenomenon, Fig. 2 illustrates what happens theoretically (red 137 

line) when a compressed liquid (A) undergoes a depressurisation, evolving at a constant temperature up to B 138 

without modifying its condition (liquid). 139 

When point B is reached, the liquid is no longer stable and changes to a two-phase configuration (a point on 140 

the BDF straight line), in which the liquid and vapour phases coexist. If the two-phase configuration remains 141 
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It is worth noting [14] that different equations of state give different spinodal curves and different Superheat 158 

Limit Temperatures (Fig. 4). 159 

 160 

Figure 3 – Construction of the CO2 spinodal curve from the isotherms using the Van der Waals equation of 161 
state. 162 

 163 

 164 

Figure 4 – Superheat Limit Temperatures of CO2 using different equations of state. 165 
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The Superheating Limit Temperature corresponds to the state of sole homogeneous boiling (the formation of 166 

a vapour bubble completely inside a superheated liquid mass), hypothesizing that no nucleate boiling is 167 

present (heterogeneous nucleation). Therefore, the limit value found (whichever is the equation of state 168 

chosen) probably overestimates the power needed to initiate boiling, and could be the object of discussion, 169 

but, if chosen as design value for the preheater, it could represent a way to put the sensors “in a safe place” 170 

for each flow condition. On the other hand, the power required to reach the Superheating Limit Temperature 171 

is very high; if this is the power level needed in the Outer or Inner Tracker preheater, it would be necessary 172 

to think of an independent powering system for the preheaters themselves, e.g. giving adjustable power in a 173 

single line, with higher max power; and also enhance the cooling capacity of the system CO2 plants due to 174 

the increase in power. In such a scheme, the preheaters no longer behave as dummy modules, and bring the 175 

problem to a totally different level of complexity, requiring the development of dedicated powering 176 

hardware, and dedicated developments in the Detector Control System (DCS) and interlock systems. 177 

Furthermore, the approach of designing the preheater exceeding the Superheating Limit Temperature value 178 

could be criticised for another reason: the CO2 liquid flow is given a high amount of power in the preheater 179 

itself, perhaps many times more than that needed for initiating boiling, with the consequence that a 180 

considerable amount of liquid CO2 evaporates in the preheater. It thus reduces the cooling power capacity of 181 

the fluid which continues along the pipe with the aim of extracting heat from the sensors, or results in 182 

approaching full vaporization at the detector exit instead of maintaining a vapor quality of about 33%, with 183 

the  possible consequence of the dryout phenomenon being reached in specific working conditions. It is 184 

therefore necessary to design the preheater correctly, trying to prevent superheating and, at the same time, 185 

avoiding excessive preheater power consumption. 186 

Superheating cannot occur in the sensors if the power required to exceed the Superheating Limit 187 

Temperature value is supplied in a preheater, but it could also be avoided with lower preheater power, if 188 

nucleate boiling is activated. 189 

A way to design the preheater consists of constructing a test bench with pipe circuits similar or equal to the 190 

ones installed in the trackers and carry out testing, assessing the minimum electric power needed for the 191 

preheater while changing influential parameters: pipe diameter, pipe material, pipe length, mass flow rate, 192 

CO2 pressure, subcooling level, preheater length. The experimental approach is essential and cannot be by-193 
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The entire liquid-vapour interface of a bubble should be at a temperature above the minimum liquid 215 

superheat requirement for the bubble to guarantee the nucleation. Since the temperature in the liquid reduces 216 

farther away from the heater (pipe) surface, the lowest temperature in the liquid occurs in the tip of the 217 

growing bubble. A simple condition is then derived when the liquid temperature at the tip exceeds the 218 

minimum required temperature to feed the vapour bubble. 219 

At a given cross section 𝑧̅ of the heated cylindrical pipe with a constant specific heat flux 𝑞"  (Fig. 6), the 220 

temperature T in the liquid at a distance y from the pipe wall is obtained from the hypothesis of a linear 221 

temperature profile (quite realistic, specifically in the laminar sublayer near the pipe wall): 222 

 223 

 224 

Where k is the thermal conductivity, h is the convection coefficient, l stands for liquid, w for wall and B for 225 

bulk. 226 

 227 

Figure 6 - Section of the pipe with the coordinate reference system. 228 

 229 

The equilibrium theory provides the superheat equation for the bubble nucleus [21]: 230 

 231 

 232 

 233 

Z

Flow
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Where p is the fluid pressure, σ is its surface tension, Hlv is the enthalpy of vaporisation, ρ the density, r the 234 

bubble radius, v stands for vapour, sat for saturation and b for bubble. 235 

The bubble radius is linked to the cavity radius rc by the simple relation: 236 

 237 

With Sato and Matsumura [19] and Bergles and Rohsenow [20] hypothesis, the hemispherical bubble is the 238 

limiting case, i.e. the receding contact angle Θr = 90°, and then: rc = rb = yb,tip. 239 

The equilibrium condition is thus derived when the liquid temperature at the bubble tip is equal to the value 240 

required to sustain the vapour bubble: 241 

 242 

 243 

Combining the previous equations with: 244 

 245 

 246 

yields the condition (quadratic equation) for nucleating cavities of specific radii: 247 

 248 

 249 

the solution of which gives the two values rc,min and rc,max, with the physical meaning shown in Fig. 7 [22]. 250 

 251 

𝑟 𝑟 /𝑠𝑖𝑛𝜃                                                   (5) 

𝑇 𝑏, 𝑡𝑖𝑝 𝑇 ,                        6  

𝑇 𝑦 𝑇 𝑧̅ 𝑦 𝑇 𝑧̅ 𝑇 , 𝑧̅                               (7) 

𝑇 , 𝑇 𝑝                                    (8) 

𝑟 𝑇 𝑧̅ 𝑇 , 𝑧̅ 𝑇 𝑧̅ 𝑇 𝑝  0        (9) 

𝑟 𝑇 𝑧̅ 𝑇 , 𝑧̅ 𝑟 𝑇 𝑧̅ 𝑇 𝑝 2𝜎 0        (10) 
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 252 

Figure 7 – Graphical representation of the bubble formation equations. 253 

 254 

Defining the liquid subcooling and wall superheat as follows: 255 

 256 

and finally expressing the heat per surface area given to the wall pipes as follows: 257 

  258 

the combination of the previous equations gives the quadratic solutions for rc, fixing the heat per surface area 259 

of the pipe and the pipe wall superheating (the fluid properties are evaluated at the wall temperature, as their 260 

formation is quite close to the wall itself): 261 
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The convection coefficient h has to be retrieved. If the flow is turbulent, h could be obtained by the Nusselt 296 

number derived by the Gnielinsky correlation [26], which remains accurate in the range of 0.6 < Pr < 105 297 

and 2,300 < Re < 106. 298 

𝑁𝑢 /

. / /                                   16  299 

Trying to take into account the entrance region effect (the flux is mechanically fully developed but its 300 

thermal history begins in the preheater or in the sensors) the correction given by the Geankoplis equation 301 

[27] is provided:  302 

1
.

                                          (17) 303 

Valid for turbulent flow, at 2 < L/D < 20. 304 

L is the length of the preheater, f is the friction coefficient that can be retrieved by the Moody diagram or by 305 

the simplified Haaland equation (ε is the relative roughness): 306 

1.8𝑙𝑜𝑔 /

.

. .
                                (18) 307 

If the flow is laminar, Nu = 4.36 and f = 64/Re. An equation covering all the regimes could be used to make 308 

the calculation simpler [28]: 309 

 𝑓 8 2.457 ln
.

0.27𝜖
.

                               19  310 

It is generally difficult to assess the microscopic structure of pipes with the purpose of understanding if 311 

cavities of the right radius rc,min are present for the activation of nucleate boiling.  312 

The value of surface roughness could give an indication; the surface roughness is defined as the average 313 

absolute deviation of the roughness irregularities from the mean line over one sampling length. It represents 314 

an average value of the peaks and valleys respect to the average profile, thus, it does not give precise 315 

information on the cavity radii. For instance, if a surface roughness increase produces only high diameter 316 

cavities, they will be filled with liquid and they will not act as nucleation centres [29]. Experimental data is 317 

therefore needed. 318 

 319 
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Experimental setup 320 

The test setup used to validate this model uses three of the existing CMS TOB (Tracker Outer Barrel) rods, 321 

with the same size cooling pipes as those proposed for the CMS Tracker Phase 2 Upgrade TB2S (Tracker 322 

Barrel with 2 Strip detector modules) design (2.0 mm x 2.2 mm with pipe material of Cu70Ni30), installed in 323 

an insulated box in a temperature-controlled cold room at CERN. Each TOB rod has a cooling pipe that is 324 

2.5 metres long, and the three rods are connected in series, as the TB2S ladders will be connected in the new 325 

detector (Fig. 10).  326 

 327 

 328 
 329 

Figure 10 – The test setup in an insulated box. 330 
 331 

The cooling pipe in each TOB rod has 24 cooling inserts glued to the pipe. These cooling inserts are 40 mm 332 

long machined pieces of aluminium, which transmit the module heat to the pipe. The modules are 333 

represented by 24 x 200 Ω resistors (Caddock MP915 200Ω +/- 1%) per TOB rod, electrically connected in 334 

parallel providing a nominal 2W per cooling insert. The voltage is controlled by a calibrated power supply.  335 

The resistors are mounted onto 1.5 mm thick aluminium sheet of the same outer dimensions as the resistor 336 

using thermal grease (Dowsil 340 heat sink compound, k = 0.6 W/mK). A 1.4 mm brass screw is passed 337 

through the mounting hole in the resistor and the aluminium sheet and screwed into the existing threaded 338 

hole in the TOB rod cooling inserts, clamping the pieces together to ensure a good thermal contact (Fig. 11). 339 
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 340 
 341 

Figure 11 – Mounting of dummy load resistor. 342 
  343 

A TRACI 2.3 plant [30] is used to provide liquid CO2 to the experiment at a controlled temperature and mass 344 

flow rate. The TRACI is located outside of the cold room and is connected to the local box inside the room 345 

via an insulated coaxial pipe. The experiment is connected to the TRACI local box via insulated 3.0 mm x 346 

5.0 mm annealed copper tube. 347 

The temperature of the cold room can be lowered to the same as the fluid when testing. This reduces heat 348 

leak significantly, essentially creating a (close to) adiabatic test. By comparing the temperature increase of 349 

the liquid to the theoretical increase based on specific heat capacity, measurements show that about 90% to 350 

96% of the electrical power from the power supply is transferred to the CO2. The minimum temperature used 351 

comfortably as a set point is -25°C, which gives an average room temperature of approximately -24°C. 352 

The temperature distribution is mapped using PT100 RTDs (accuracy class: 1/3 DIN) glued in place using 353 

silicone RTV (Electrolube TCOR75S, k = 1.8 W/mK) to the outside of the pipe and cooling inserts. Blocks 354 

of insulating foam were glued around each RTD to minimise the effects of air temperature on the 355 

measurements. Sensors were glued onto the pipes in 19 locations, onto 8 cooling inserts, 8 resistor 356 

aluminium plates, and 2 preheater aluminium plates. Other sensors were used for the air temperature inside 357 

and outside the box. The temperatures are read via programmable transmitters (output 4-20 mA) connected 358 

via the analogue input modules of an NI cDAQ chassis to LabVIEW. 359 

A pre-heater (two Caddock MP915 10Ω +/- 1% with two grooved aluminium plates clamped by screw) is 360 

mounted on a short, replaceable pipe just before the first ladder inlet with thermal grease to improve contact 361 

with the pipe. Three different sizes are tested, varying only in length along the pipe axis (16 mm, 8 mm and 362 
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1.5 mm). Another power supply is used to power each resistor separately. The replaceable pipe can be 363 

swapped over to change the diameter.  364 

The test box is flushed with 1000 Nl/h dry gas to ensure no condensation although, with the temperature and 365 

humidity of the room controlled by the chiller unit, this is not strictly necessary. 366 

The tests are carried out by flowing liquid CO2 through the experiment at a given mass flow rate, the dummy 367 

modules are then powered on all at the same time and allowed to stabilise in temperature (approximately 10 368 

minutes to stable conditions). At this stage, CO2 superheating has been seen to occur almost every time, with 369 

temperatures recorded of over 10 °C higher than the saturated fluid temperature in some cases. The 370 

subcooling of the inlet fluid is indirectly controlled by the pressure drop in the experiment, as the coaxial 371 

pipe acts to set the inlet liquid to the same temperature as the outlet two-phase fluid. For a given pipe 372 

geometry, the pressure drop varies as a function of the mass flow rate, set point temperature, and heater 373 

power, with a design range between 17 and 50 bar. 374 

After reaching steady-state conditions, and if the superheating effect is observed, the position on the pipe 375 

(and so the total flux given) and the maximum temperature reached on the pipe before the boiling trigger are 376 

recorded. In Fig. 12, for instance, feeding the pipe with a total power Q of 144 W through the dummy 377 

modules, the boiling is triggered between 24 W and 36 W (the granularity of the temperature sensors 378 

positions means there are no temperature sensors between 1,200 mm and 1,800 mm), and the superheated 379 

liquid reaches a temperature not higher than -16.0 °C (saturation temperature = -24 °C). 380 

 381 

 382 

Figure 12 – Temperature along the pipe vs. distance from the inlet and cumulative power supplied 383 
(Tsat = -23 °C; M = 0.0014 kg/s; D = 0.002 m; Q = 144 W).  384 

 385 
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Substituting the values of the wall superheating measured by the temperature sensors and the surface heat 386 

flux at the triggering of boiling into the equation of the active cavities (14), rc,min (and rc,max) are obtained; 387 

these values are a specific characteristic of the measured pipe. 388 

The parameters of the previous equations have to be calculated at the proper liquid temperature, therefore, an 389 

iterative process is needed [31]. 390 

If a parameter is varied (pipe diameter, liquid mass flow rate, saturation temperature, heat flux, preheater 391 

length, subcooling level, etc…) the same equations have to be used, but rc,min is now a known term, while 392 

𝑇 𝑧̅  is the variable to be found through equations (12), (13), (14) and (15). 393 

The value of 𝑇 𝑧̅  retrieved from the previous equations has to be compared with that obtained from 394 

heating along the pipe up to a distance z. If the calculated value of 𝑇 𝑧̅  is higher than that obtained by the 395 

equations using rc,min, nucleate boiling is active in section 𝑧̅. The opposite occurs (no nucleate boiling) if 396 

𝑇 𝑧̅  derived from the pipe heating is lower than the value derived from rc,min. The heat transferred from the 397 

preheater to the pipe per contact surface unit 𝑞"  could be easily measured, as the preheater is a resistor; 398 

nevertheless, not all the heat goes to the CO2 through the contact surface itself. The pipes are generally made 399 

of a conductive material, therefore, some of the heat flows laterally and has to be considered lost in the 400 

previous equation. A submodel, based on the two-dimensional heat transfer through a cylindrical pipe, is 401 

included in the calculations to take this effect into account. 402 

 403 

Model validation 404 

The semi-empirical approach (theoretical mixed with tests, as an experimental calibration is needed) 405 

previously described has been validated using the experimental setup described in the previous section. 406 

Once the calibration has been carried out for this pipe geometry, and the boundary conditions such as 407 

preheater length and unitary heat flux are defined, the other variables can be analysed to understand the pipe 408 

wall superheating temperature needed on the pipe wall itself to start the nucleate boiling. 409 

This temperature has to be compared with the pipe wall temperature obtained by the convection heat 410 

exchange at the end of the heated length: if the latter is higher than the former, nucleate boiling occurs, 411 

otherwise, nucleate boiling is prevented. 412 
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The actual preheater trigger power was measured by raising the preheater power gradually in 0.5 W or 1.0 W 413 

increments, until boiling was triggered at the preheater (the preheater temperature was observed to drop 414 

suddenly). After this, the temperature profile in the pipe collapses to the expected 2-phase distribution (see 415 

Fig. 13). 416 

In terms of experimental error, the uncertainties shown in Tab. 1 have been calculated. 417 

 418 

Table 1 – Uncertainties estimation for the measured parameters. 419 

Variable Uncertainty 
Pipe Wall Temperature ±0.1°C 
Dummy power (at 2 W) +1.6% / -10.0%

Pre-heater power (at 8 W) +2.8% / -2.6% 
Mass flow rate ±0.06 g/s 

 420 

Uncertainty bars have been included in the preheater power plots, but omitted in the temperature profile plots 421 

(Figures 12 and 13) for clarity of presentation and due to the uniform ±0.1°C error. The triggering power was 422 

recorded as the range in which superheating disappeared, meaning that nucleation could have been triggered 423 

anywhere between the maximum and minimum values in the range. The error bars have been adjusted to 424 

include this uncertainty. 425 

 426 

 427 
 428 

Figure 13 – Triggering of collapse of superheating 429 
(Tsat = -23 °C; M = 0.0014 kg/s; D = 0.002 m; Q = 144 W). 430 

 431 
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Figs. 14-18 show the results of the validation process, comparing the outputs of the semiempirical model to 432 

the preheater trigger power measured experimentally. 433 

 434 

  435 

Figure 14 – Comparison of experimental and theoretical data of the minimum preheater power required to 436 
trigger boiling as a function of the preheater length: Tsat = -23 °C (up) and Tsat = -7 °C (down) 437 
(M = 0.0014 kg/s; D = 0.002 m; Q = 144 W). 438 

 439 
 440 
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 441 
 442 

 443 
Figure 15 – Comparison of experimental and theoretical data of the minimum preheater power required to 444 

trigger boiling as a function of the saturation temperature: preheater length = 0.016 m (up) and 445 
0.008 m (down) 446 
(M = 0.0014 kg/s; D = 0.002 m; Q = 144 W). 447 

 448 
 449 



 450 
 451 
 452 
Figure 16 – Comparison of experimental and theoretical data of the minimum preheater power required to 453 

trigger boiling as a function of the fluid mass flow: Tsat = -23 °C; L = 0.016 m (up) and Tsat = -7 454 
°C; 0.008 m (down) 455 
(D = 0.002 m; Q = 144 W). 456 

 457 

 458 



 459 
 460 
Figure 17 – Comparison of experimental and theoretical data of the minimum preheater power required to 461 

trigger boiling as a function of the pipe internal diameter 462 
(L = 0.008 m; Tsat = -7 °C; M = 0.0014 kg/s; Q = 144 W). 463 

 464 

 465 

 466 

Figure 18 – Comparison of experimental and theoretical data of the minimum preheater power required to 467 
trigger boiling as a function of the subcooling 468 
(L = 0.008 m; Tsat = -7 °C; M = 0.0010÷0.0018 kg/s; Q = 144 W). 469 

 470 



Discussion 471 

There appears to be a slight general underestimation of the model results with respect to the experimental 472 

outcomes; nevertheless, the model itself seems to catch the expected trends of the minimum preheater power 473 

with respect to the parameters involved: 474 

 the power required in the preheater increases with increasing preheater length; 475 

  the power required in the preheater decreases with increasing saturation temperature; 476 

 the power required in the preheater increases with increasing fluid mass flow (actually, the 477 

experimental data at Tsat = -7 °C seem in contrast with the model trend; however, in this case the 478 

error bars are wide enough to justify an upwards-sloping line); 479 

 the power required in the preheater decreases with increasing pipe internal; 480 

 the power required in the preheater increases with increasing subcooling (also here the experimental 481 

values at Tsub = 1.0 °C slightly diverge from the model, but again the error bars give the 482 

explanation). 483 

All these features may be derived by thermodynamic considerations, but the model gives additional 484 

quantitative information, once calibrated. 485 

 486 

Conclusions 487 

Superheating has been observed to occur frequently in tested cooling pipes. In order to prevent superheating 488 

in the delicate detector sensor region, a number of solutions are possible. Heating up the fluid to reach the 489 

spinodal curve is a guaranteed method, however, high power is needed, perhaps unnecessarily, and wasteful 490 

fluid evaporation is provoked. Another solution uses a preheater to trigger nucleate boiling in the detector 491 

cooling pipe just upstream of the sensors. The design of this preheater could be realised with a fully 492 

experimental approach, but a high quantity of tests is needed to cover all boundary conditions. A theoretical 493 

(semi-empirical) model for the preheater design is proposed: starting from a few experimental data points, a 494 

specific pipe made of a given material and with a given manufacturing process can be completely 495 

characterised. The model validation is promising, closely matching the trends from experimental results, and 496 

giving preheater powers significantly lower than those retrieved by the spinodal theory. The preheater could 497 

be designed for a specific application through the proposed model over a range of specified boundary 498 
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conditions for the characterised pipe (pipe diameter, liquid mass flow rate, saturation temperature, heat flux, 499 

preheater length, subcooling level, etc…). The model is, in principle, applicable to any refrigerant fluid and 500 

any pipe material, however this is a field to be further studied, as the effect of pipe roughness has to be more 501 

deeply investigated. 502 

 503 
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