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Zusammenfassung

Im Rahmen dieser Arbeit wurde ein Experiment zur Untersuchung des CO4 Kiithlungssys-
tems von Belle IT durchgefiihrt. Insbesondere wurde dabei das thermische Mock up der
inneren Detektoren auf seine Fahigkeit gepriift die anliegende Warmelast abzufiihren.
Diese Information wurde aus Druckverlustmessungen gewonnen. Desweiteren wurde
versucht die gemessenen Ergebnisse anhand von numerischen Simulationen zu repro-
duzieren, um mit diesen Riickschliisse auf die stattfindenden physikalischen Prozesse
machen zu kénnen und Anderungen der experimentellen Geometrie darstellen zu kon-
nen.

Diese Simulationen sind nicht in der Lage die gemessenen Ergebnisse zu reproduzieren.
Eine Analyse der aufgetretenen Probleme und wurde durchgefiihrt.

Abstract

This assignment investigates two experiments that mimic the CO5 cooling system of Belle
IT. The thermal mock up of the innermost detector systems were analysed for its ability
to provide the necessary cooling. This was done using pressure drop measurements.
Additionally, numerical simulations were performed in order to extend the knowledge of
the inherent physical processes, and to be able to project changes in geometry. Theses
simulations were not able to reproduce the measured data. An analysis of the problems
occurred and possible solutions was conducted.






Contents

[L._Introductionl
2. The Belle Il Experiment]
2.1. The spectrometer| . . . . . . . . . . ... ...
|2'1|1' Illg: I l'zigzl D§:! §=£:l£21 - I ::DI ----------------------
[2.1.2.  The Support and Cooling Block - SCB| . . . . ... ... ... ..
2.1.3. The Silicon Vertex Detector - SVDI . . . . . ... ... ... ...
[3.1. The 2-Phase Statel . . . . . . . ... . oo
B Bl © e e e e e e e e e e s e
[3.3. 2-phase flow inside tubes - convective boiling| . . . . . . . .. ... .. ..
[3.4. 2-phase flow inside tubes - pressure drop| . . . . . . . ... ... ... ..
[3.4.1.  Other pressure drop effects|. . . . . . . . ... ... ... .. ...
4. Experiment Setup|
[4.1. COq supply system - MARCO| . . . ... ... ... ... ... ......
{4.2. The thermal mockup in HERA WEST| . . .. ... ... ... ... ...
[4.3. The thermal mockup in the test beam laboratories|. . . . . . . . . .. ..

[5. Experimental Results|

6. Numerical Methods|
[6.1. The programme| . . . . . . . . . . ...
[6.2. Computation of the parameters| . . . . . . . .. ... . ... ... ....
(6.2.1. Enthalpy|. . . . . . . ..

7 Simulations

17

19
19
21
21
22

22
23

31



1. Introduction

The Belle II experiment will be the upgrade of the Belle experiment. The Belle exper-
iment collected a total integrated luminosity of 1000 fb™! at the asymmetric positron
electron collider KEKB in Tsukuba, Japan.

The collider will be upgraded to the SuperKEKB collider increasing its peak luminosity
from 2.11-10%* em 257! to 80-10**cm™2s~! [1]. Therefore all detector components includ-
ing the cooling system have to be redesigned.

A two-phase CO;y cooling system will be used to cool the innermost detectors. It is
superior to single-phase cooling because it is using a phase transition in addition to the
convective cooling mechanism. Thus the two-phase cooling system has a higher cooling
power per mass efficiency. Additionally by using CO, instead of fluorocarbons like C3Fg,
tube diameters can be reduced [2]. The number of radiation lengths seen by a particle
passing through the detector are decreased and the accuracy of the detectors precision
is increased. CO, also has the advantage that it is cheap and damage done to the envi-
ronment by leaking gas or liquid is relatively small.

In the context of this thesis a two phase COs cooling system for the Belle II experiment
was analysed using computer based numerical finite element methods in MATLAB. A
comparison with measured data was drawn. The objective of this thesis was to create
dry out and pressure drop simulations of the inner detector cooling system of the Belle
IT spectrometer to gain a better understanding of the physics in the cooling system in
order to maintain a safe operation of detectors in future.

The first chapter describes the Belle II experiment and the design of its upgraded
spectrometer. In the second chapter, the experimental setup that was used to mimic
the thermal conditions of the innermost detectors is explained. This is followed by a
chapter presenting the theory needed for simulations. The next two chapters explain
the experimental setups that were used to gain data and analyse them.

Subsequently the simulations are explained. In the last chapter a comparison between
simulated and measured data is made, problems are discussed and conclusions drawn.



2. The Belle Il Experiment

The Belle II Experiment is the upgrade of the Belle Experiment at KEK in Tsukuba
Japan. The start of the operation is scheduled for the end of 2016. During the update
of the KEKB collider to the SuperKEKB collider the luminosity is increased by a factor
of 40. The current is increased by a factor of two and the beam size is reduced, while
the beam-beam parameter is kept at KEKB value. The collision angle is increased from
22 mrad to 83 mrad and the asymmetry of the beam is shifted to 7 GeV (e”) and 4 GeV
(™) from 8 GeV (e7) and 3.5 GeV (e™). All these modifications increase the background
levels by a factor of 10-20. For that reason a complete redesign of all detector compo-
nents is necessary, including their cooling system.

2.1. The spectrometer

The spectrometer is displayed in Figure [ The upper part shows the spectrometer as
it is set up in Belle II, whilst the lower part of the figure shows its setup in the Belle
Experiment.
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Figure 1: The Belle/Belle II spectrometers in comparison. The top of the diagramme
shows the upgraded spectrometer. The bottom of the diagramme shows the
old Belle spectrometer [1].

The spectrometer has an onion-like structure of subdetectors. The innermost spec-



trometer is composed of two layers of pixelated silicon sensors (PXD) and four layers of
double-sided silicon strip sensors (SVD). These are embedded in a central drift chamber
(CDC) followed by a barrel calorimeter (Barrel PID) and an electromagnetic calorimeter
(ECL) placed inside a superconducting solenoid coil that provides a magnetic filed of
1.5 T. The outer shell is a K-long/Muon Detector (KLM). The cooling system analysed
in this assignment will provide the thermal management for the PXD and SVD. PXD
and SVD will be operated in a cold dry volume in which the temperature is kept above
the dew point [L1].

2.1.1. The Pixel Detector - PXD

Two layers of sensors will be placed as close as possible to the beam pipe. The PXD as
it is mounted is displayed in Figure

Figure 2: Installation of the PXD. The red arrow indicates the read out electronics. The
SCB is the structure in grey [10].

The total thermal power of the PXD will be 360 W, 18 W being produced by each
module. 16 W are dissipated by the readout chips that are placed at the ends of the
module, 1 W by the detector chip itself and another 1 W by the switcher chips.

To prevent electromigration in the chips, they may not exceed a temperature above
30°C. The silicon sensors have to be kept at a temperature below 60°C. This is believed



to be made sure using a coolant temperature of -20° C. The cooling of the chips will
be provided by the supporting structure, which acts as a heat sink. The cooling of the
detector chips will be achieved by a moderate flow of Ny at approximately -5°C and a
speed of 1m/s.

2.1.2. The Support and Cooling Block - SCB

The SCB will be used as a support structure of the PXD. It will also provide a heat sink
to dissipate the thermal waste of the PXD’s readout electronics. Additionally, the SCB
is the injection nozzle for the Ny flow that cools the PXD sensors. The PXD modules
are mounted directly on the SCB. The PXD is composed of four SCBs, two for the
top hemisphere and two for the bottom hemisphere respectively. 20 modules of silicon
detector ladders are mounted on the SCB. A model of the design can be found in Figure

B3l

Figure 3: a) The design of the SCB. The blue line indicates the COy channel. The green
and yellow channel are used for the Ny injection. b) SCB prototype [10].

The SCB modules are crafted from stainless steel using 3d-printers. The CO, channel
is densely folded to maximise the area cooling the SCB’s mass.



2.1.3. The Silicon Vertex Detector - SVD

The SVD consists of four layers of sensors that are mounted on endrings (Figure @)
The SVD has two hemispheres, similar to the PXD, built cylindrically around the beam
pipe. The outer layers extend in length to cover as much angular space as possible. This
is illustrated in Figure [5]

Figure 4: The endring design on which the sensor strips will be mounted. The endring
is split into two components and the alignment tabs are not yet installed [1].

The cooling of the SVD will be done by clipping the cooling channels directly to critical
places on most of the sensors. Some sensors will be cooled directly by the endrings. The
main source of heat dissipation are the readout electronics (APV25 chips). There are
1902 chips installed in the SVD causing 0.35 W heat dissipation each, resulting in a total
heat load of 665.7 W. The heat dissipation caused by the sensors will be taken up by the
Ny pumped into the dry volume.



Cooling channel

SVD ladder

Figure 5: SVD split in half. The SVD ladders are mounted on half split endrings. Each
layer-level has its own cooling channel [16].



3. Theory

This chapter presents and discusses the theory required to perform the simulations and
to understand the experiments. The parameters used in the equations can be found in

the Appendix, Table [

3.1. The 2-Phase State

Gibbs’ Phase Rule states that in thermodynamic equilibrium the number of possible
phases, P, a system can occupy is found from:

p=c+2-f

Where C' is the number of chemical compounds in the system and f is the number of
free parameters the system has. And that the minimum number of phase occupied in a
system composed of one chemical (¢ = 1) is p = 3 when f = 0. Since f = 0 this can
only be the case at one point - the Triple point.

Consequently the number of free parameters in a system is found from:

f=c—p+2

In the in case where p = 2 — f = 1. This shows that a 2-phase system still has one
degree of freedom.

Thermodynamic equilibrium in can only exist as long as the change of the integrated
free enthalpy AG = 0, defined as:

G=U-S5-T+P-V

and:
dG = -5-dT"+V -dP (3.1)

Where U is the internal energy, S is the entropy, T the temperature, V' the occupied
volume and P the pressure. So the parameters affecting the equilibrium are the change
in pressure and in temperature. Therefore the 2-phase state can exist at a fixed pressure
within a certain temperature range as well as at a fixed temperature within a certain
pressure range.

The boundary of the range is the equality of the chemical potential u; of both phases.
SO [hiquid = fvapour Das to hold. In reality this results in a 2-phase parabola below the
critical temperature in the P-H-diagram - see Figure[6] Hence H = U+ P-V, equivalent
to a P-V-diagram. The structure of this parabola and the critical values can be obtained
by solving the Van-der-Waals or Dieterici equation of state. The critical temperature
marks the root of the parabola. The position of the system on the isobar in the parabola
is described by the vapour quality z € [0, ..., 1] where a vapour quality of zero describes
a pure liquid with 0 amount of vapour, on the left of the parabola. A vapour quality of
1 resembles a pure gas on the right of the parabola.
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Figure 6: P-H-diagram of CO,. The critical temperature of CO, is 30.978°C and the
critical pressure 73.77 bar [§]. The dark blue line represents the pressure in
[MPal, the light blue line resembles the volume in [m?/kg], the green line shows
the vapour quality in percentage and the magenta coloured line displays the
entropy in |kJ/(kg K)|. The top of the 2-phase dome is marked by a red star.



Note that the isotherm in the 2-phase parabola is parallel to the isovolumetric. This
is due to the integral:

P(‘/gas - Viiquid) - / P.-dv
Q

being independent of the path €2 in the 2-phase parabola. And Equation [3.1] suggests
dG=0—dP=0«<dT =0.

3.2. Boiling

There are two modes of boiling inside tubes, nucleate boiling and film boiling. The one
that occurs depends on the heat flux. Nucleate boiling results from a low heat flux.
Small vapour bubbles form on nucleation sites at the surface - Figure[7al In film boiling
mode, the entire surface is covered in vapour - Figure [7b] This can only happen in
heat fluxes above the critical heat flux. This is called dry out. The heat flux in the
configurations to be tested will be below the critical heat flux. This concept applies to
pools, when working in tubes, as in the case of this assignment, dry out can also be
caused by turbulence.

Figure 7: a) Nucleate boiling: bubbles of vapour form on nucleation sites. b) Film
boiling: the whole surface is covered in vapour. [12]

3.3. 2-phase flow inside tubes - convective boiling

Two models are presented to describe forced convection boiling inside tubes. One from L.
Friedel [6] and one from J. G. Thome [4] and [5]. They are both based on the following
theories. The boiling mechanism in a tube is a mixture of pure nucleate boiling and
film boiling because of turbulence in the flow. Additionally, when the vapour quality
rises, the amount of liquid decreases and film boiling becomes more evident in the tube,
without critical heat flux having been applied to the tube. With a rising vapour quality
different effects arise. In the Thome Model, these are accounted for by dividing the
2-phase regime into several flow patterns, each with a distinct function. The defined
functions are used to calculate pressure drop and heat flux. The different flow regimes
are displayed in Figure [§] The Friedel Model treats the 2-phase state as a homogenous
mixture, described by a 2-phase multiplier.
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Figure 8: Different flow regimes in convective flow boiling inside tubes [12].

In general, the heat flux through tube walls can be derived from Fourier’s law:

AT (3.2)

Qenv = 1 1

1 da
ok T oA T oo ln(di)

Where A;/, is the inner/outer surface of the tube, d;/, is the inner/outer tube diameter,
L the length of the tube, A the thermal resistance of the tube and o/, the inner/outer
heat transfer coefficient. This coefficient is constant for air external to the tube but
has to be dynamically calculated for liquid inside the tube. The critical variable for the
purpose of this discussion is «;, the heat transmission coefficient of the fluid inside the
tube.

Applying the Thome Model, the heat transmission coefficient «; is derived from:

_ HdryOzV + (27T - Hdry)awet
2m

i

The transmission coefficient is a function of the individual state. The dry out angle 8q,y,
the liquid heat transfer coefficient o and the vapour heat transfer coefficient oy are
functions of this individual state. It is important to note that for all states where the
tube wall is wet, the heat transmission coefficient has the same order of magnitude. As
soon as the the tube wall dries out the heat transmission coefficient drops by several
orders of magnitude. For exact calculation methods please see [5].

Using the Friedel Model the heat transfer coefficient is calculated via the Dittus-Boelter
equation ([15]):

A

=g (0.023- Re”® - Pro%).

3.4. 2-phase flow inside tubes - pressure drop

In general, pressure drop is composed of three parts momentum, gravity and friction.
giving:

AP = Apy, + Apy + Apy (3.3)

10



The pressure drops from momentum and gravity are calculated using a similar approach.
In order to calculate momentum, a separate flow model is used which is sensitive to the
relative fraction of liquid and vapour flowing inside the tube.

R (T ) N TES
prl =)  pvely  Lo(l—e)  pvely,
The pressure drop is mainly dependent on mass flow, m and the vapour quality, x. The

other components in the equation are defined in the Unit Conversion Table in the Ap-
pendix.

The gravitational pressure drop is derived from a homogenous flow model :

AP, =g - pu - Ah - sin(6)

The gravitational pressure drop is mainly influenced by the change in height, Ah. The
homogenous density, py, and its dependent variables can be found in [4].

The frictional pressure drop can be calculated using two different approaches. Depending
on either the Thome Model or the Friedel Model. The Thome model uses flow patterns
for each individual state. For example, the frictional pressure drop for the liquid phase
is found by:

L m
APhq 4f11q . 9. oL
To give another example, the frictional pressure drop flow pattern for stratified wavy

flow is calculated from:
L py - uy

APgy = 4fswd— 5
eq

The Friedel Model uses a different approach to calculate the frictional pressure drop
using a dimensionless 2-phase multiplier ¢ to account for the 2-phase behaviour:

AP = ¢* - APy

The Two phase multiplier ¢? > 1 is derived from Friedel’s correlation. For more details
see [0]. The liquid pressure drop is arrived at through the Darcy-Weifsbach equation:
L pL
APBiq = fi Dd—eqjui
Where the friction factor fp is found from either by solving the Coolebrock equation for
turbulent flow:

1 5.1 ( € n 2.51 )
= — . Og
NG Y\3.7-dg Re-Jfp
or the Blasius equation for laminar flow:
0.184
" Re02

f8

11



If the Reynolds Number, Re, is above 4000, the Coolebrock equation is used. If Re is
below 4000 the Blasius equation is taken. In the case Re being smaller than 2300, the
Blasius equation simplifies to:

64
fo =5

Note that the Reynolds Number is a function of the mass flow:

Re = —m deq

v

3.4.1. Other pressure drop effects

The previously discussed pressure drop effects are only applicable to straight tubes of
constant diameter. More complex geometries such as bent tubes, or tubes of different
diameter stuck together, are discussed below.

The calculation for a bent tubes is modelled on a longer tube with an equivalent pressure
drop. In the case of 2-phase flow, a 2-phase multiplier is multiplied by the computed
pressure drop. The single-phase liquid phase pressure drop for bent tubes is derived by:

APy = > L. ( n ) (3.4)

T .2
4 deq

¢ €10,...,1] is a dimensionless scalar.
In a 2-phase scenario, the pressure drop is derived in the same way as through the Friedel
model:

A]Dbend two phase — ¢2 ) APbend (35)

In the case of cross-section reductions, there are two types to consider: decreasing and
increasing cross-sections.
To calculate decreasing cross-sections one has to use the formula:

2
oL - u
APc—s—change = gE 9 L
Here (g ~ a — 04 - fo/f1 and a ~ 0.425, and f; > f, represent the cross-sections of
the tubes. This is only valid for turbulent flow where Re — oo. For laminar flow, an
offset off a ~ 1.05 has to be chosen.
For increasing cross-sections one uses:

AN oL
APc—s—change = ( - E) TL (37)

A tube distributor can be modelled as serially connected t-pieces and one standard
branch. The pressure drop of the t-pieces is calculated by averaging the pressure drop
across all t-pieces. This extrapolation is possible as they are connected in a series. In
this case the pressure drop over the parallel tubes must to be equal. The pressure drop
across a single t-pieces is calculated using Equation [3.6], where ¢ = 0.85 for lines exiting

(3.6)
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the distributor and ¢ = 0.25 for lines entering the distributor.

The pressure drop across valves is calculated in the same way, where (.1 ranges from
3 to 5 [13].

4. Experiment Setup

Two experiments to mimic the circumstances as they will appear in the detector opera-
tion in Belle IT were set up. One was set up in a laboratory in the HERA WEST hall at
DESY in Hamburg. This experiment was conducted to study the cooling power of the
SCBs and to get familiar with the operation of MARCO. The other experiment was set
up in the Test Beam Facility at the Synchrotron 2 at DESY. This experiment was set
up to provide the cooling for the future test beam experiments. The data gained from
the first test runs could be used in the context of this assignment.

The setup of the experiments is explained in this chapter.

The experiments can be considered in two parts - the thermal mockup and the CO,
supply system.

4.1. CO; supply system - MARCO

A Multipurpose Apparatus for Research on COy (MARCO) is used as the CO, source
for the experiment. MARCO uses a 2-phase accumulator controlled loop to provide COs
of a set point temperature [2]. An overview of the apparatus can be found in Figure |§]
Two pumps - PM101 and PM102 in Figure[I0]- provide the mass flow to the experiment.
The adjustable mass flow ranges from 5g/s to 30g/s. A pressure drop above 10 bar
triggers a security algorithm shutting down the pumps. This results in an upper limit
of approximately 12 g/s depending on the experiment connected. The pressure drop is
measured between the outgoing (PR106 in and incoming (PR118 in CO, flows.
The CO, is cooled by a chiller (HX101 in [10). The temperature of the cooled liquid
can be set between 25° and -40°. The pressure controlled by heating or cooling the
accumulator.

MARCO can be completely controlled via computer, and all parameters set and read
from there.

13
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Figure 10: Design layout of MARCO. The blue highlighted part is the chiller. The COy
is cooled by the chiller. The pressure can be controlled by an accumulator
(AC119). The mass flow of the COj is driven by 2 pumps (PM101 and
PM102) [9].

4.2. The thermal mockup in HERA WEST

The thermal mockup in the HERA WEST setup consists of the support and cooling
block (SCB) and its supplying tubes. There are four parallel SCBs and a heater fed by a
distributor which is connected to MARCO. The transfer lines connecting the distributor
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and the SCB inlets are isolated against the environment by a vacuum of approximately
1-107° bar.

The tube from MARCO to the distributor is 3.27m in length. The distributor is 0.9 m
long the return tubes have the same parameters. One branch of SCB line consists of
8 m of vacuum isolated transfer line, consisting of three cooper tubes, a 0.12m outlet,
SCB inlets of 0.12m and, 0.5m the SCB itself. The return line to the distributor is
similarly arranged. A more detailed description can be found in Table [2| and Figure
The length of the tubes connecting the distributor and the SCB-inlets is chosen such
that the fluid will be saturated by pressure drop as it enters the SCB.

On the SCBs there are thermal MHP-20 resistors glued onto a copper plate to simulate
the heat load dissipated by the PXD. Each SCB has a heat probe glued on one of the
copper plates to monitor the temperature. A temperature higher than 60°C would
trigger a safety loop and shut down the power supply to the heaters on the SCBs. A
picture of the setup is shown in Figure [12]

Another heater runs parallel to the SCB lines, and consists of a 0.86 m long concentric
tube with a heater element as its core. This construction will be used to mimic SVD
behaviour in later studies.

MARCO is a 2-phase accumulator controlled loop circle (2-PACL) device delivering
the flow of cooled COq. Data is acquired though MARCO’s interface. Figure [I1] depicts
the setup.

Figure 11: The HERA WEST set up. The thermal mockup of the PXD is in the centre
of the photograph. MARCO is in the right hand corner.
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Figure 12: Close-up view of the SCBs in the thermal mockup. In a dry volume with
heaters mounted on copper plates screwed to the top of the SCBs.

4.3. The thermal mockup in the test beam laboratories

The thermal mockup in the test beam laboratories is organised similarly to the HERA
WEST setup. Despite there being six parallel lines fed by the distributor, only 4 were
used. A heater was installed in series in the returning line to MARCO. There is no SCB
connected between the transfer lines. The inner and outer tube of the concentric line
are connected directly with each other. See Figure [13|

The distributor and MARCO were connected 3.9 m of tube, and 12.3m of concentric
transfer line provided a connection to and from the adjacent experimental area. The
inner and outer part of the concentric line are connected with a 0.3m tube extension
using a t-piece.

16



Vacuum pump

Figure 13: The test beam laboratory. MARCO is on the left of the photograph, the dis-
tributor is in the centre. The transfer lines go to the neighbouring laboratory.

5. Experimental Results

The HERA WEST setup was used to perform the experiments that provided the first
three sets of measurements. MARCO was then moved to the test beam laboratories
before proceeding with further experiments.

An initial measurement was conducted to investigated the pressure drop over two
parallel SCBs to control if all SCB were manufactured equivalently. It was was not
possible to measure a single SCB, because the pressure drop was above 10 bar and the
security loop would have shut down MARCO. Thus two SCBs in parallel were taken.
All possible combinations of the four SCBs were measured at a total mass flow of 5g/s
and with no heat load applied. The results can be found in Table [T}

No significant difference in the manufacturing quality of the SCBs was found. All
discrepancies were within the range of the error margin. This enabled the pressure drop
over the experiment to be interpreted as an average pressure drop over one of the PXD
cooling lines in subsequent measurements. The total mass flow was divide by the number
of lines supplied from the distributor.

In the next measurement only the pressure drop on the heater was measured. The supply
lines to the distributor were all closed and no heat load was applied.
The results are displayed in Figure

17



Table 1: Results of the equality measurement. The SCBs are numbered from 1 to 4.
The numbers display the pressure drop over two SCBs in bar at a total mass
flow of 5g/s.

# 7#1 72 #3 #4

#1 X 4.3£0.2 4.1+0.2 4.1£0.2
#2 4.3£0.2 X 4.240.2 4.3£0.2
#3 4.1+0.2 4.2£0.2 X 4.1+0.2
#4 4.1+0.2 4.3+£0.2 4.1£0.2 X
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Figure 14: Measured pressure drop on heater only.

While performing this measurement the upper mass flow boundary was found to be
30g/s. In addition is was possible to determine that the pressure drop from the non-
linear part of the curve was smaller than the linear part. It could be that the gravitational
effects are more evident than frictional, when comparing MARCO and the mockup. As
the pressure drop characteristics of MARCO and the filters are unknown this explanation
remains theory at this stage.

A further reading was taken to measure the pressure drop on all 4 SCBs related to
the heat load applied. The results are depicted in Figure [15| To access lower ranges
of mass flow in the heated measurements the heat source on one line was turned off.
Using fit function from measurements taken under unheated conditions it was possible
to determine the mass flow in the unheated branches by solving dP = h(zx) for x. The
mass flow in the other branches then is consequently 1 = M —n-z, where M is the total
mass flow, x the mass flow found from the fit function, and n the number of unheated
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branches. The fit function of the unheated measurement is:

h(z) = 0.69 £+ 0.05 - x + 0.43 4+ 0.02 - 2*

While this measurement was conducted the temperature on the heaters did not exceed
60° C' and the safety loop was not triggered. A recording of the temperature of the
sensors on the SCBs was not possible. It can not be concluded if a dry out in the SCB
occurred because two SCBs were measured in parallel and a dry out at the end of a
single one might not cause a measurable effect due to the high thermal conductivity of
the modules.

E——T /
— 101£1.1 W & = (
—— 839+ 1W / : /
/ :
— 50+ 0.8W
25.1+ 0.5W ‘ i

dP (average on each SCB) [Bar]

5f /

o e

Zf e

1F

OE\ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.5 15 2 25 3 35

Massflow (average on each SCB) [g/s]

Figure 15: Measured pressure drop on parallel SCBs under equal conditions. The mass
flow was determined by dividing the total mass flow by the number of par-
allel branches. The first three points of the heated measurements have been
extrapolated using the fit function of the unheated measurement.

6. Numerical Methods

This chapter gives an overview of the numerical methods used in the simulations, and
the structure of the programme CoBra.

6.1. The programme

The MATLAB function CoBra [3] was used to perform the simulations. The structure
of this function is depicted in Figure [16] The function calculates the thermodynamical
properties of one branch of PXD cooling line as it runs from the distributor through the
experiment and back to the distributor. A finite element convergence mechanism is used
to calculate pressure drop and heat transfer of COy evaporation inside the tubes, based
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on the Cheng-Ribatski-Wotjan-Thome CO, flow pattern map [4], [5] in MATLAB. The
structure of the dependencies between the variables of this mechanism is displayed in

Figure [16]

Inp_-ut values :
geometry, Q... m, T, P, T

sp*t osp?

dP (x)= f (State,m, ...)~
o,(x)=

f(State , m,...)—

O(x)=f(a,, State , #,...)*

while|H,.(x)—H,.,1 (x)|>c

Figure 16: Structure of the CoBra subroutine Cooling Branch. The arrows indicate
dependencies between the parameters.

A geometry file is called up by MATLAB and basic tube-dependent parameters, such
as the length of the tubes etc. are assigned. The boundary condition is a fixed-outlet
pressure, based on the temperature set point Tg,. This set point is calculated by the
MATLAB subroutine refprop.m (NIST) that uses REFPROP (NIST).

The geometry is chopped into y sections where each section represents one tube as it
was defined in the geometry file. These sections are again chopped into z smaller sections
to represent the finite elements. The starting values H;(z) and P;(z) are calculated based
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on a set point temperature Ty, defined by the user, where 7 is the number of the iteration
and z is the number of the finite element.

The euclidian norm of the H-vector relative to its value in the previous iteration was
chosen as convergence criterium of the while loop. Such that:

\/Z (H(2) — Hia(2))2 = |(2) — Hia(2)] < c

Where c is a constant set to 0.01J/kg .
The enthalpy was chosen because it displays the heat uptake (6Q):

dH =T -dS+V -dP |T - dS =0Q
- 50
Within an element the pressure drop was considered to be zero. The properties H =

f(P,T) and P = f(T) were calculated using REFPROP. The parameters Hy and Py
used for the iteration start were calculated from the temperature set point.

6.2. Computation of the parameters

The following gives a more detailed description of how the parameters in Figure [16| were
calculated.

6.2.1. Enthalpy

Enthalpy is a function of the heat load. The enthalpy defines the state (=flow pattern in
the Thome Model) of a single finite element. The derivation of which is discussed here.
The local enthalpy gradient dH is computed using:

ar = <

m

So that the enthalpy of a single element can be computed by:

H(z+1)=H(z)+dH(2)

() is calculated using the following relationship:

Q = Qload + Qenv + Qex

@ is the total heat flow. Qjoaq is the heat flow from the applied heat load and Qe is the
heat flow to the environment caused by the temperature gradient to the environment
respectively. The environmental temperature Ty, is set to 20° C'.

One can find:

(Q1oaa = const.
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Because the heat dissipation of the PXD readout electronics is considered to be constant,
and the tube-tube exchange term:

Qex =0
Which is the case for non concentric tubes. Using equation [3.2 one can find:
Q o Tcnv - T(Z)
e 1 1 1 1 1 do + 2dinsu 1 1 do
ai(2)A;(z) + ao(z)Ao(z) + 27-(L(2+1)—L(z)) )\insu Il( do ) + )\_t n (El)
=T

Teny — T'(2)
1 1 1
ai(2)Ai(2) + ao(2)Ao(2) + 2m-(L(z+1)—L(2)) ) F(Z)

Note that in contrast to Equation [3.2] this equation has an insulation term. The ge-
ometry factor I' is already calculated in the geometry file as it only consist of external
parameters. The geometry factor represents the thermal resistance of the tube and its
insulation from the environment. Q)y.q ranges from 0 W to 100 W.

This programme could also be used to calculate concentric tubes, in which case (Qex
will be set to greater or less than zero using the equation:

T(z)—T(Z)

L4 14 ! ! In &
adi Taodo T AL(Z) \ 21N\ d;

= Ry

Qex =

Where Riyne is the thermal resistance of the tube between the fluids. Since it is an
external parameter it is also calculated in the geometry file.

6.2.2. Pressure
The pressure is calculated from initial pressure F, and the pressure drop dP:
P(z+1) = P(2) +dP(z)

Where z displays the number of the finite element. The pressure drop is determined
from Equation [3.3] For the implementation of Equation [3.4] [3.6] and [3.7] a flag vector
flag(z) that is filled with zeros has been defined in CoBra. Only locations with bends or
changes in diameters carry a number one. "If conditions" within the programme check
if the functions for the equations have to be called upon.

7. Simulations

CoBra was used to simulate experiments. The measured pressure drop could not be
reproduced in adequate accuracy by the simulation. This section analysis the problems
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encountered, and identifies and discusses potential solutions.

7.1. Simulations performed

First the HERA WEST setup was simulated.

The temperature set point was set to -20° C. The geometry used is displayed in Table [2]
The Main pressure drop took place in tube 9 - the SCB.

Because the distributor supplied 4 parallel PXD branches, the mass flow has to be
multiplied by a factor of 4 at the distributor inlets. The distributor inlets were the first
and last 5 tubes in the geometry. Gravitational effects in the distributor (tube 5 & 13)
were neglected.

I' of tube 6 and 12 was set to zero. These were the transfer lines from the distributor
to the SCB inlets and back. These lines had an isolating vacuum, so there was no
temperature gradient to the environment.

Table 2: MARCO geometry: as this geometry was used, the mass flux 7 as multiplied
by 4 on the first and last 5 tubes. This had to be done because the distributor
supplied 4 parallel PXD branches. See Figure [17| for a sketch of this geometry.

# di [mm] Lim] 0[] T [W/(Km)]

41 6 017 0 0.1
49 6 14 90 0.1
#3 6 1.4 0 0.1
44 6 03  -90 0.1
#5 6 0.9 0 0.1
46 2 8 0 0

4T 2 012 0 0.62
#8 1.7 012 0 0.57
49 1.2 0.5 0 0.50
410 1.7 012 0 0.57
411 2 012 0 0.62
#4122 8 0 0

413 6 0.9 0 0.1
414 6 0.3 90 0.1
415 6 1.4 0 0.1
416 6 1.4 -90 0.1
LT 6 017 0 0.1

The models are not able to describe measured pressure drop sufficiently. The corre-
lation of applied heat load and pressure drop can not be projected correctly. They fail
to predict the observations without heat load by at least a factor of 3 if the function is
not altered to fit the geometry - see Figure 26| and Figure 27| in the Appendix.
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Figure 17: Sketch of the geometry in the HERA WEST setup not to scale. See Table
for the parameters of the tubes. Tubes 1 and 17 are connected to MARCO.

In subsequent simulations, the Friedel Model was used, because it initially gave better
results. Additional simulations using the Thome Model can be found in the Appendix.
The first alteration to the simulation was the introduction of bends to introduce more
friction in the SCBs, as the densely folded channel in the SCB was thought to be the
main cause for pressure drop in the system. This approach did not lead to a satisfying
description of the system. Introducing 12 bends was already too much to describe the
measured curve. Conflictingly the geometry of the SCB suggests the introduction of 40
bends. A comparison of measured data and a simulation with 12 implemented bends is
displayed in Figure [I§ The curvature of the parabolas differ. The 2-phase multiplier
in Equation had to be set to 1, otherwise an offset would have appeared as can be
seen in Figure 28| in the Appendix. The difference in the curvature of the fits means a
missscalling with the mass flux. This implies that one of the constants in front of the
quadratic term in Equation could have been wrongly computed.
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simulation at OW with 12 bends and ¢?=1
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Figure 18: Comparision of a measurement at 0 W in the HERA WEST geometry and a
simulation using CoBra with 10 bends and the Friedel model.

By reducing the number of bends by one, the simulation quality could not be improved,
as shown in Figure [19]

10

simulation at OW with 11 bends and ¢*=1

measurement at Q=0W; Tsp=-20°C

6 /|

dP (average on each SCB) [Bar]
2]

Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
00 0.5 1 15 2 25 3 3.5 4
Massflow (average on each SCB) [g/s]

Figure 19: Comparision of a measurement at 0 W in the HERA WEST geometry and a
simulation using CoBra with 11 bends and the Friedel model.

When applying heat flux the discrepancies are even more marked - see Figure This
suggests that this approach is not correct.
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Figure 20: Comparision of a measurement at 100 W in the HERA WEST geometry and
a simulation using CoBra.

Another simulation was done for the test beam setup.
The geometry is displayed in Table 3| and Figure [21]

Table 3: Test beam geometry. This geometry neglects gravitational effects because they
were found to cancel each other out. See Figure @ for a sketch of the geometry.

# di[mm] Lm] 6] I [W/(Km)

#1 6 3.6 0 0.1
#2 6 0.3 0 0.1
#3 6 0.4 0 0.1
44 2 113 0 0

#5 2 0.7 0 0.5
46 2.42 113 0 0

4T 6 0.4 0 0.1
48 6 0.3 0 0.1
49 6 028 0 0.1
#1010 0.086 0 0.13
#11 9.7 063 0 0.13
#12 6 0915 0 0.1
#13 6 3.3 0 0.1

A comparison of a measurement by Dipl. Ing. Reimer Stever and a simulation can
be found in Figure 22 The geometry does not have a SCB. To fit the pressure drop,
Equation [3.6]and [3.7 have been used to mimic valves, a distributor, effects from changing
diameters and filters. Each point with a changing diameter in Table [3| has been modelled
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Figure 21: Sketch of the geometry as used in the test beam simulations - not to scale.

Gravitational effects are ignored because they were found to cancel each other

out in previous simulations. The Parameters associated with the numbers can
be found in Table .

as such. Two filters were put in the end and the beginning of tubes 1 and end of tube 13.
They were modelled as valves using Equation where ¢ = 5 and d = 0.035m. These
values were found to fit the curve. The heat exchange between the concentric transfer
lines could not be computed because the simulations did not converge.
Another simulation without the alterations is shown in Figure 29]in the Appendix.

The pressure drop here is significantly smaller than in the HERA WEST setup al-
though the tubes are longer. This proves that the pressure drop in the HERA WEST
setup is mainly taking place in the folded SCB channel.
Some constant amount of pressure drop is still needed to fit the measured function, but
it is not clear what the cause of this could be. Possible mechanisms are either the heat
exchange that has not been simulated or the way the filters were modelled.
The changes in the program implemented in the second step could not be applied to
the HERA WEST geometry because the numerical pressure fluctuations caused the re-
sulting temperature to be higher than the critical temperature of CO,. If this happens
REFPROB throws an exception and the data point can not be calculated. This happens
for all data points. The oscillation of the pressure drop of the last data point in the
first shown simulation (Figure is displayed in Figure Each value depends on the
previous one. If the second value is above 100 bar the exception is thrown. This suggests
starting the iteration from linearly rising values and not from constant ones. It is pos-
sible that initialising the iteration with a pressure gradient of about 0.001 bar between
the elements could decrease the height of the oscillations and expand the calculable
parameter range.

Although the measured pressure drop could not be reproduced, single effects could
be understood sufficiently. The pressure drop and resulting temperature profile of the
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Figure 22: Comparison of a measurement and simulation in the test beam setup. The
geometry used is shown in Table .
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Figure 23: Graph of the numerical oscillation to the pressure drop on the HERA WEST
geometry. The fourth and fifth data points are 0.02 bar lower than the sub-
sequent points. The pressure drop is converging at 8.32bar - the last data

point in Figure
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HERA WEST geometry are shown in Figure 24 The tube marked A has pressure drop

Figure 24:

Delta T (C) & Delta P(Bar)

> —»
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.
——— dT Tube wall (°C)
—— dT Fluid (°C)

dP Fluid (Bar)

Il I I

s 10, ‘ 12 ‘ 13 14 15 16 ‘17

15 20 25
Branch length (m)

Pressure and temperature progression in the HERA WEST geometry in a
simulation at 0 W, 3.5g/s mass flow and 12 bends implemented. The ver-
tically dotted lines and the numbers in-between mark the tubes as they are
defined in Table .The characters are explain in the text below.

from gravity. This tube is ingoing and vertical, therefore the pressure is increased. In
B the opposite is the case. The same is happening at F and G respectively. C and D
mark the space between which the bends are implemented. The pressure is reduced by
5.25 bar in this section only. EE marks the entrance into the 2-phase state.

The related enthalpy diagram is displayed in Figure 25 but as the heat flux did not
scale correctly, the quality of the information is questionable.
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Figure 25:

Isotherm: -20°C

Pressure (Bar)
8
T

10 | | | | | | |
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Enthalpy (kJ/kg)

Enthalpy progression in the HERA WEST geometry in a simulation at 0 W,
3.5g/s mass flow and with 12 bends implemented. The small circles and the
numbers tag the tubes found in Table [2l The green line marks the 2-phase
state. The blue line marks the isotherm at —20° C.
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8. Conclusion

In the context of this thesis the COy cooling system of the inner detector systems of
Belle IT was analysed. The focus was on the pressure drop characteristics of the tubes.
Three measurements were conducted and produced analysable data.

The reproducibility of the SCB manufacturing standard could be verified.

The change in pressure drop with respect to the applied heat load has been measured in
the HERA WEST setup. No dry out behaviour could be verified. This does not mean
that no dry out occurred.

A further measurement in the test beam set up demonstrated that the main pressure
drop took place in the folded channel of the SCB.

Although the measured temperature on the heated SCBs did not exceed 60°C in all
configurations, it is strongly suggested that similar measurements with installed SVD
cooling lines as they would appear in the detector operation in the experiment be per-
formed.

Several simulations successfully produced data. However they failed to emulate the

circumstances as they could appear in existing experiments. The quality of the simu-
lations remains unproven, which is the reason they were only performed for the PXD
systems.
In spite of these results the simulations can be used as a qualitative tool for the analysis
of different geometries. The quantitative miscalling demonstrates how critical detailed
measurements are to truly understand what is happening inside the tubes. However, it
can be concluded that the simulations in this assignment have contributed to a better
comprehension of the behaviour of the fluid and of the interaction of the tubes and fluid.
When undertaking future simulations, it is strongly advised that the numerical be-
haviour of CoBra be investigated. A significant advantage could be gained by switching
to a faster programming environment like for example FORTRAN because the MAT-
LAB interpreter is unsatisfactorily slow. REFPROB could be replaced by COMSOL
Multiphysics when a migration to faster computing environments was intended.
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A. Appendix

A.1. Unit conversions

Parameter Description unit conversions

m mass flow ke /]

z coordinate of the finite element none

T temperature [°C]

H enthalpy [J/kg]

P pressure [bar]|

c condition of the while loop [J/kg|

dpP pressure drop [bar]|

Vv volume of one element [m?]

0Q heat uptake [J/kg]

Q heat flow (W]

A surface [m?]

Qi/o/v/wet ~ inner/outer/vapor/wet heat transmission coefficient [W/(K-m?)]
length [m]

Aiso/t isolation/tube thermal conductivity [W/(m-K)]

di/o inner /outer diameter [m]

diso thickness of isolation [m]

Riube thermal resistance of the tube [(K-m)/W]|

r geometry factor [W/(m-K)|

f friction factor none

deq equivalent diameter [m]

Pv/L vapour/liquid density [kg/m3|

Uy /L, vapour/liquid mean average velocity [m/s]

x vapour quality none

€ cross-sectional vapuor void fraction none

g gravitational acceleration [m/s?]

PH/x homogenous /relative density [kg/m3|

h heigth [m]

0 angle relative to earth surface |degree]

Oary angle of dry/wet tube perimeter |degree]

? two-phase multiplier none

¢ pressure drop multiplier none

Re Reynolds Number none

v viscosity [m? /s

Pr Prandel Number none

Table 4: Parameters used in the assignment.
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A.2. Additional simulations
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Figure 26: Comparision of a measurement at 0 W in the HERA WEST geometry and a
simulation using CoBra and the Friedel model with no any alteration.
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Figure 27: Comparision of a measurement at 0 W in the HERA WEST geometry and a
simulation using CoBra and the Thome model with no alteration.
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Figure 28: Comparision of a measurement at 0 W in the HERA WEST geometry and a
simulation using CoBra and the Friedel model using a dynamically computed
2-phase multiplier.
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Figure 29: Comparision of a measurement at 0 W in the test beam setup with no alter-
ation of the Friedel Model.
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