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v Delivers only as much liquid as is instantaneously needed; 
does not need to know the instantaneous demand from the silicon detector 
cooling circuit – works to eliminate unevaporated liquid in the exhaust 
(though this can also be made available if desired)

v Eliminates the need for a heater in the exhaust
to vaporize any remaining liquid;

(in the present system  heaters are  required to operate reliably in any  
orientation in stratified liquid-vapor and biphase coolant mixtures)

v Coupled with cold delivery using precooling from separate
circuits operating the same coolant, enthalpy can be 
maximized without a local (ID volume) heat exchanger per 
circuit as at present; 

v Not based on particularly new principles; 
replaces the on-evaporator vapour pressure bulb flow control system with an 
electronic system for an environment where VPB’s cannot be installed

Advantages of dynamic flow variation

Thermosyphon workshop, CERN, July 6, 2009



(1) Valve body with membrane and connected stem tip

(2) Injectors of varying sizes, variable over certain 

pressure range by pressure on stem tip (1)

(3) Vapour pressure bulb containing 
same process fluid as cooling circuit, 
clamped to evaporator exhaust tube and
acting on stem tip (1) to vary flow rate, 
avoiding unevaporated liquid in 

downstream tubing  
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PRE-HISTORY…



In our application, radiation length concerns preclude the 
placement of vapour pressure bulbs (VPBs) and dome loaded 
throttle valves on the evaporators (SCT & pixel structures): 

capillaries also preferred for innermost delivery tubes
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Simply moving VPBs and throttle valves  to the service 
platforms does not help: the entire supply and return tubing 
through the magnet would be redefined as the evaporator 

and would operate at – 27ºC in the present system

Correct solution is to use a dome-loaded pressure regulator 
on the service platforms and a low mass measurement of 
post-evaporator temperature (PT100, NTC thermistor etc) 
with combined electro-pneumatic feedback to pressure 

regulator. This was demonstrated in 2000 but not taken up.
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C3F8 Cycle indicating the wide variation of flow 
possible in combination with optimized pre-cooling

The better the pre-cooling, the wider the range 
for linear flow variation (before liquid line crossed)

Pre-cooling temperature defines condenser pressure
and compressor output pressure.



Example of  ligquid supply multi - tube bundle sized for passing through 
ATLAS magnet to ID volume (Andy Nichols, RAL, 2000-2001) 

TRACING TUBE: 
5 INLET TUBES 

ACTIVE 
HEATING 

INSULATION Precooling Supply Tube: Precooling Return Tube: 
Loop-back
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Principe «Principe « onon--detectordetector » de refroidissement » de refroidissement 
(toutes fluides) (toutes fluides) 

Stave pixel: Canal « D » de refroidissement 
en alu DH=3.6mm, l ~ 83 cm, P ~ 122W/stave

Dispositif de livraison liquide
Réglage de debit par détendeur
amont d’un restriction 
(qui provoque l’expansion J-T:
capillaire sert aussi comme
tube fin de livraison liquide)

Déverseur/
Back-pressure
regulator pour 
chaque circuit

(Pevap individuelle)

Dispositif de réglage
de la température
moyenne de fluide
dans la structure à refroidir

Concentration de 
liquide dans le tube
Max (ideale) = 100%, Min (ideale) = 0

Reunion ATLAS –mécanique IBL, 
LAPP, Annecy, le 10 juin 2009



Back-pressure
regulator (Pevap)

Flow variation (flow regulator)
for variable thermal load on a pixel stave

Regulator 
control of flow 

Capilliary
(resistance)

Flow
proportional

to pressure here
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Regulator

Pixel stave

Capacitance
(volume of liquid
supply tubing)

Condenser

Capillary

Discharge of capacitance through capillary

Equivalent electric circuit
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Ce qui a été implementé par ATLAS (2)

Pas de réglage
dynamique

Réglage dynamique;
(Gamme entre 0% et
~ 150% puissance Si)

(m(H+Cp*∆∆∆∆T(-25ºCèèèè20°C),
toutes orientations

Reunion ATLAS –mécanique IBL, 
LAPP, Annecy, le 10 juin 2009
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How to avoid this?
Deliver sufficient fluid to evacuate the heat from the Si modules

(variable; function of n° of modules powered per stave,  Ileak etc…)
but not too much (to avoid evaporation in ~ 25m tubing)!

One intelligent technique;
Feedback from temp. Sensors on exhaust tubing to flow regulators;

Condensation risk if vapour exhaust tube temperatures
are below the local dew point(s)

Done by Proportionnel, Intégrale & Dérivative firmware bloc;

Object: maintain temperature downstream of evaporator a few °C above Tevap
defined by the backpressure regulator downstream of 25m exhaust tubing: 

Thermistor or PT100 to E-LMB analog input 
+ DAC output (0-10VDC) to flow regulator (coolant mas flow)

PID could have been easily added to E-LMB  (sufficient memory in µcontroller)

p(t) = Kc[e(t) + (1/ττττI) ∫∫∫∫0000
t
e(t*)dt* + ττττD(de/dt)]
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6-8 December 2006 ATLAS HLUTW, Liverpool

Evaporative Cooling System Exhaust Tube StudiesEvaporative Cooling System Exhaust Tube Studies
verification of operation of proportional flowverification of operation of proportional flow



#include <io.h> 
#include <interrupt.h> 
#include <math.h> 
#include <sig-avr.h> 
#include <timer.h> 
#include <wdt.h>
#include <eeprom.h>
#include "mfc.h" 
uint8_t volatile dispch, map, input, ziff, flash, fon; 
int16_t volatile temp, disp[DISPLAYS], par[PARAMS], aktpar, 
aktsig
n; 
int16_t last_error, acc_error, lastout; 
static int16_t dummy_attribute_((section (“.eeprom”))) = 0;
static int16_t savepar[PARAMS] _attribute_((section 
(“.eeprom”))
) = {
PAR1, PAR2, PAR3, PAR4, PAR5, PAR6, PAR7
} ;
void delay( uint8_t anz ) {
uint8_t i;
uint16_t j, k;
for ( i = 0; i < anz; i++ )

for ( j = 0;  j < 32768; j++ ) k += j; 
}
int16_t round (float t ) {
t *= 10;
if ( fabs( t ) == t ) return (int16_t) ( t - 0.5 ) ;
else return return (int16_t) ( t + 0.5 ) ;
}
void display( int16_t n) {
uint8_t tmp; 
if  ( n < 0) { 
n = -n ;
sbi( PORTC, CMINUS ) ;
} 
else cbi ( PORTC, CMINUS) ;
if ( input && aktsign && (  ziff ! =4  fon ) )
sbi( PORTC, CMINUS ) ; 
if  ( n > 999 ) n = 999; 
tmp = ( n / 100 ) ;
if ( ziff  == 1 ) FLASH ( SEG1, tmp ) ;
else {

if ( tmp == 0 && ! ziff )
SEG ( SEG1, 

SEGBLANK ) ;
else 

SEG ( SEG 1, tmp ) ;
}

PID Algorithm burned into 
ATMEL microcontroller
GNU  èèèè microcode

Thermosyphon workshop, CERN, July 6, 2009



ATLAS DCS E-Local Monitor Board

Ø Node CAN bus (è32 on a bus)
Ø Resistant to 50KRad

(10 yr/cavern ATLAS @1033)
Ø 64 analog inputs (PT100 etc.)
Ø 32 bits DI/O
Ø 2Mo program space in µ-controller

Carte mere

Sensor inputs

Sensor inputs

Sensor inputs

Sensor inputs

CAN

Connectors for periperals 
(e.g. DAC card)

Note: no PID resistant to 50KRad existed in commecial market
What about controller for cavern rates at L~1034 operation?
(Maybe will have to use PLCPID or E-LMBs in USA15…)
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Back-pressure
regulator (Pevap)

Needle valve
(resistance)

Rapid response pressure regulation (by backpressure regulator only)
for variable thermal load on a pixel stave

Back-pressure regulator 
control of flow 

Needle valve
(resistance)

Capilliary
(resistance)

Flow
proportional

to pressure here
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Valve 1

Valve 2Pixel stave

Capacitance
(volume of liquid 
supply tubing) 

Condenser

Capillary

BPR

Rapid discharge of capacitance via parallel path
(BPR+ valve 2)

Equivalent electric circuit



“Cold-Nosing” The Liquid Supply Tubes
 

TRACING TUBE: 
5 INLET TUBES 

ACTIVE 
HEATING 

INSULATION 

Capillary Connection between Input and Output Pre-
Cooling Tubes in Type 1 Service Area

Precooling Supply Tube: 
Flow set by Forward 

Regulator 
(shared?)

Precooling Return Tube: 
Precooling Temperature
Set by Backpressure 

Regulator 
(shared?)
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20

Chiller Cold transfer

LHCb-VELO: 2PACL pumped liquid system
Fluid: CO2

Pump

Liquid Vapor

2-phase

Pr
es
su
re

DetectorCooling plant

Liquid circulation

Enthalpy

Chiller

As in CO2 refrigeration industry :
Subritical vapor-compression cycle

Compressor

Pr
es
su
rε

DetectorCooling plant

Liquid supply
Warm transfer

HexGas return

Liquid Vapor

2-phase

Enthalpy

CO2 Closed cycle systems
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Precooling Capillary (under insulation)

Downstream PT100 & NTC
Temperature sensors

Upstream PT100 & NTC
Temperature sensors
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Système au CPPM pour qualification des échelles 
(“staves” ) ATLAS Pixels
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T= -20C, P>=8.2 bar
(subcooled)
Point B

P=1.67 bar
T should be above dew point (12C)
 (point well to the right of
 F-superheated vapour)

T=25C, P=8.7 bar
(saturated liquid)

Point A

P=1.67 bar
T= - 25C
(two phase: 95%mass of liquid)
Point A'

Evaporative Cooling Demonstrator:
Concept for Sub-cooling of C3F8 liquid 
with Counter-Evaporating C3F8 liquid

in Heat Exchanger. 

AN ENTHALPY TRANSISTOR.

To compressor input
via b.p regulator 

(Set below boiling pressure of load)

Warm C3F8 liquid
from condenser

Cold C3F8 liquid to load

Progressive Feedback for 
Thermal Inertia

Feedback Mass Flow Regulator 
(Base Current)
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HOW DOES IT WORK? (1)
STARTUP (The case for 1 kW load cooling)

T= -20C, P>=8.2 bar
(subcooled)
Point B

P=1.67 bar
T should be above dew point (12C)
 (point well to the right of
 F-superheated vapour)

T=25C, P=8.7 bar
(saturated liquid)

Point A

P=1.67 bar
T= - 25C
(two phase: 95%mass of liquid)
Point A'Start-up “Base Heat Flow” = 0

“Base Mass Flow” = 0

Start-up Enthalpy at Load
∆∆∆∆H = 45kJ/kg (F-A’)

Mass Flow = 22 g/sec Q=0.47 Almost no (pressure) margin of linear flow 
regulation before crossing Saturated Liquid 

Line 
@ 9 bar(a)

Load Sheet

From Condenser To Compressor
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HOW DOES IT WORK? (2)
RUNNING (The case for 1 kW load cooling)

T= -20C, P>=8.2 bar
(subcooled)
Point B

P=1.67 bar
T should be above dew point (12C)
 (point well to the right of
 F-superheated vapour)

T=25C, P=8.7 bar
(saturated liquid)

Point A

P=1.67 bar
T= - 25C
(two phase: 95%mass of liquid)
Point A'

Run State “Base”Enthalpy
∆∆∆∆H = 95kJ/kg (F2-E2): Q=0.96

Heat Energy to Extract: 500W, 
“Base” Mass Flow [Sheet (2)] = 5.2 g/s 

Run State Load Enthalpy 
∆∆∆∆H = 95kJ/kg (F-E)

Mass Flow = 10.4 g/sec: 
Q=0.96

Linear flow regulation range (BC) = 4 bar in 
addition to 1 bar ∆∆∆∆P (CD) on capillary before 
crossing Saturated Liquid Line @ 2 bar(a)

Load Sheet

“Base” Sheet (2)

From Condenser To Compressor


