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The Large Hadron Collider (LHC) is a 26.7 km high-energy proton and ion 
collider based on several thousand high-field superconducting magnets operating 
in superfluid helium below 2 K, now under commissioning at CERN. After a 
decade of development of the key technologies, the project was approved for 
construction in 1994 and the industrial procurement for the cryogenic system 
launched in 1997, concurrently with the completion of the R&D program. This 
imposed to base the sizing of the refrigeration plants on estimated and partially 
measured values of static and dynamic heat loads, with adequate uncertainty and 
overcapacity coefficients to cope with unknowns in machine configuration and in 
physical processes at work. With the cryogenic commissioning of the complete 
machine, full-scale static heat loads could be measured, thus confirming the 
correctness of the estimates and the validity of the approach, and safeguarding 
excess refrigeration capacity for absorbing the beam-induced dynamic loads. The 
methodology is applicable to other large cryogenic projects such as ITER or the 
International Linear Collider (ILC). 

 
 
MAIN FEATURES OF LHC CRYOGENICS 
 
At the time of this conference, the eight 3.3 km long sectors of the Large Hadron Collider (LHC), some 
100 m below Geneva, Switzerland, will have reached their operating temperature of 1.9 K, filled with 
some 80 t superfluid helium, the coolant which permits the several thousand superconducting magnets 
using Nb-Ti conductor to operate at high field and thus guide, focus and bring into collision the rigid 
7 TeV proton beams in the accelerator, opening a new window on the structure of matter, the forces of 
nature and the history of our universe. The LHC features the largest helium cryogenic system in the world 
[1, 2], with 140 kW @ 4.5 K and 20 kW @ 1.8 K installed refrigeration capacity, a cold mass of 37’000 t 
with a cold surface area of 50’000 m2, and some 130 t of total helium inventory. Each sector is cooled 
from a compound cryogenic refrigeration plant through cryogenic lines running down the access shafts 
and along the tunnel. Each plant consists of a 4.5 K refrigerator with 4 MW of installed compressor 
power, providing several cooling duties at different temperatures (Table 1), and a 1.8 K unit equipped 
with cold and warm sub-atmospheric compressors. Four of the 4.5 K plants were recovered from the 
previous LEP2 accelerator [3], operated until 2000, and adequately upgraded for LHC service [4], while 
four new ones were procured from industry, on the basis of a functional and interface specification issued 
in 1997 [5]. Following a development program of the specific technologies – cold hydrodynamic 
compressors, helium subcooling heat exchangers, thermodynamic cycle optimization – the eight 1.8 K 
units were also procured from industry on the basis of competitive tendering in 1998, and their design and 
performance validated on pre-series units [6]. The long lead times for industrial procurement of such 
complex plants, combined with the need for early refrigeration capacity at the location of the test station 
for LHC magnets, imposed to define the sizing of the plant [7] at a time when the thermal design of the 
machine components, although established from first principles and partial experimental work, was not 
fully validated, the final configuration of the accelerator was not yet established, and some of the basic 
processes for beam-induced heat loads still largely speculative. The management of risk associated with 
these uncertainties is the subject of this article. 
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Table 1  Installed cooling duties in the LHC sectors 

Temperature level High-load sector Low-load sector  
50-75 K 33000 31000 [W] 
4.6-20 K 7700 7600 [W] 

4.5 K 300 150 [W] 
1.8 K 2400 2100 [W] 
3-4 K 430 380 [W] 

20-280 K 41 27 [g/s] 
 
 
ESTIMATED HEAT LOADS AND THEIR UNCERTAINTIES 
 
Heat load was assessed and reviewed all along the project duration. Several exercises were formalised 
following the project definition: the Yellow Report (YR) in 1987 [8], the Pink Book (PB) in 1991 [9], the 
White Book (WB) in 1993 [10], the Yellow Book (YB) in 1995 [11] and two reviews in 1997 and 2000. 
The first review has frozen the values for the cryoplant specifications and the second one has established 
the reference data of the Design Report (DR) [2]. 

The first heat load assessment was made for the YR from first principles after defining the main 
levels of thermal shielding and heat interception. Thermal budgets were defined for the main components 
like the supporting system, the thermal shielding and the radiative insulation without knowing the final 
technology and configuration. At this stage, the machine layout, especially in the insertion regions was 
not fully defined and rough scaling had to be applied. To refine the heat load assessments, tests were 
performed on single components [12, 13], a full-scale cryostat thermal model [14], full-scale prototypes 
of magnet cryostats [15] and magnet strings [16], and pre-series of the cryogenic distribution line [17] 
from 1991 to 2001. Figure 1 shows the evolution of the static heat inleaks, of the dynamic heat loads and 
of the installed refrigeration capacity throughout the assessment exercises for the four main temperature 
levels. 
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Figure 1 Evolution of estimated static and total heat loads, and of installed refrigeration capacity per sector 
 

The heat loads at the 50-75 K temperature level are mainly driven by static heat inleaks of thermal 
shields and support heat intercepts. The main changes are due to the introduction in 1995 of the separate 
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cryogenic distribution line, which increases the overall thermal shield surface area. Moreover an early 
design of HTS current leads attached to this level added a dynamic heat load. 

The heat loads at the 5-20 K temperature level are driven by the beam-induced heating falling on the 
beam screens and by the heat intercepts. The first peak observed corresponds to the ambitious beam 
energy and beam current parameters proposed in 1991. The increase observed after 1995 corresponds to 
energy deposition from photo-electrons resonantly accelerated by the beam potential (“electron cloud”), a 
now predominant phenomenon neglected in the previous estimates. 

The heat loads at the 1.9 K temperature level are driven by the static heat inleaks, by resistive 
dissipation in superconducting cable splices, by beam-gas scattering and by secondary particles escaping 
the detectors during collisions. The static heat inleaks remained about constant; the increase due to the 
better definition of the equipment has been compensated by the optimisation and the simplification of the 
cooling scheme. Concerning the dynamic heat loads, the increase observed is coming from the proper 
assessment of energy deposition by secondary particles, as well as from the increase in the number of 
magnet electrical circuits (three main 13 kA circuits from 1995 instead of one previously). 

The last load concerns the cooling of the current leads which were based until 1994 on conventional 
technology, thus requiring pure liquefaction cooling. With the multiplication of the number of electrical 
circuits and the emergence of industrial HTS materials with controlled properties, HTS current leads were 
first proposed in 1995, requiring reduced liquefaction duty at 4.5 K and non-isothermal cooling between 
50 K and 300 K in addition to the 50-75 K loads. Later, a new type of HTS lead was developed needing 
only reduced liquefaction at 4.5 K and non-isothermal cooling between 20 K and 300 K. This new design 
increased the flow-rate requirement but simplified the cooling scheme and the lead design [18, 19]. 

Figure 2 shows the evolution of the ratio of installed refrigeration to total estimated heat load for the 
different cooling duties. This ratio was initially taken at 2.5 in the early conceptual design of 1987. As the 
LHC design evolved towards more detail and less uncertainty, concomitant with the appearance of 
previously unknown or neglected phenomena, the ratio gradually decreased. With the exception of current 
lead cooling, it however remains above 1.5, thus providing adequate overcapacity for ensuring smooth 
long-term operation of the cryogenic plants, an essential condition of reactivity in transients, e.g. quench 
recovery, and a buffer for potential loss of capacity in time. The remaining capacity ratio for current lead 
cooling is 1.2, i.e. 20 % above the most recent assessment; since then, all the leads were individually 
tested, yielding heat loads according to the specification, and are now operated in the LHC. 
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Figure 2 Evolution of installed refrigeration to total heat load ratio per sector for the different cooling duties 
 
 
SPECIFIED AND MEASURED CRYOPLANT PERFORMANCE 
 
Conversion of sector cooling duties into refrigeration capacities 
For the 4.5 K refrigerators the cooling duties listed in Table 1 had to be converted into refrigeration 
capacities at the cold box interface [20], taking into account the cryogenic architecture of each sector. 
This led to the specified capacities given in Table 3. The high-load sectors of the LHC are supplied by 
four new 4.5 K refrigerators, while the low-load sectors reuse upgraded refrigerators of the LEP collider. 
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Table 3   Required refrigeration capacity for the 4.5 K refrigerators 

Temperature level Unit New refrigerator Upgraded refrigerator 
from [19] specified 2004 

50-75 K [W] 33000 31000 31000 
4.5-20 K [W] 20700 16700 19500 

4.5 K [W] 4400 3500 4150 
20-280 K [g/s] 41 27 27 

 
For the 1.8 K units, the required capacity equals the cooling duty in Table 1 as no conversion was 
necessary. All units were specified to satisfy the more demanding needs of a high-load sector. 
 
Measurement principle and equipment 
In order to test the refrigeration capacities in proper conditions, special test cryostats were built for the 
4.5 K refrigerators [21] and for the 1.8 K refrigeration units [22]. The heat loads at the different 
temperature levels were applied by means of calibrated electrical heaters. 

According to the specification, all refrigerators had to provide the specified capacities in order to 
pass the tests. The necessary electrical power input to the cycle compressors to reach the tested capacity 
was not limited. The actual electrical power consumption necessary to pass the tests was compared to the 
guaranteed value in the original proposal, and the difference converted into a commercial bonus or malus, 
through a shared-incentive formula. The performance measurements were only carried out once all 
transients and other specified operational features of the different refrigerators had been demonstrated. 
 
Results 
Table 4 shows the results of the reception tests for the new 4.5 K refrigerators. For the refrigerator located 
at PA18, the specified heating capacity could not exactly be applied to the test cryostat due to a problem 
with the 400 V AC supplied by CERN. 

Table 4  Measured and guaranteed performance of the new 4.5 K refrigerators in installed capacity mode 

LHC location PA18 PA4 PA6 PA8 
Supplier Air Liquide Air Liquide Linde Linde 
Guaranteed energy consumption [kW] 4204 4204 4275 4275 
Measured energy consumption [kW] 4297 4474 3964 4095 
Measured cryogenic capacity [% of specified] 97.3 101.5 100.1 99.3 
COP [W/W] 248 247 222 231 

 
For the upgraded refrigerators recovered from LEP, the specified performance given in Table 3 

which dated from 1997, was revised in 2004 and considerably increased as result of the growth in 
calculated heat loads. As these refrigerators have no interface that would allow the connection to a test 
cryostat, it is not possible to measure their final capacity. Only tested was the performance of the 
upgraded turbines in order to verify that it meets the specification. 

The first 1.8 K unit from each of the two suppliers - called “pre-series unit” - was validated by 
extensive testing at CERN before launching the production of the following series units. Both pre-series 
units were successfully tested, demonstrating a COP of about 900 W/W and lower power consumption 
than guaranteed [23]. In addition, all cold compressor cartridges of the series units as well as spare 
cartridges were tested, using the pre-series units as test benches, to properly assess their performance as 
components. They all performed reproducibly to better than 2 % [24]. 
 
 
MEASURED HEAT LOADS ON LHC SECTORS 
 
Static heat loads to the superconducting magnet baths at 1.9 K were measured on sectors as they became 
available during commissioning. The magnets operate in static pressurized superfluid helium (HeII) baths 
at 1.3 bar, delimited by hydraulic restrictions every 214 m. Heat is removed from the pressurized HeII 
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through heat exchange with saturated HeII at 16 mbar in a separate cryogenic circuit, in which the helium 
supplied at about 3.6 bar, 5 K by the cryogenic plant is subcooled in a counter-flow heat exchanger, 
expanded to saturation and vaporized by the heat load. The superheated vapour is returned to the suction 
side of the cold compressors in the cryogenic plant [1]. 

The cooling scheme permits two independent methods of assessing the heat load to the 1.9 K level. 
One is local, by measuring the change in internal energy during natural warm-up of a hydraulically 
isolated 214 m long section with active cooling stopped and temperatures remaining below the superfluid 
helium transition [25]. The other method is global, by measuring the return flow of superheated helium 
vapour at 16 mbar to the cryogenic plant from the complete sector, and correcting for the applied 
electrical heating in the HeII baths (Figure 3). 
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Figure 3 Principle of global heat load measurement at 1.9 K of LHC sector 
 

The average nominal budgeted heat load at 1.9 K is 0.21 W/m. The local method was applied to 
parts of sectors 2-3, 5-6 and 7-8, yielding results of up to 33 % below nominal for particular sections. The 
global method was applied to sectors 5-6 and 7-8 [26]. Measurements give 0.20 and 0.21 W/m, 
respectively, in good agreement with the estimates. Static heat load to the thermal shield of the magnets 
and cryogenic line in the tunnel (50-75 K level) were assessed by measuring the enthalpy change of the 
helium along a complete sector and evaluating the corresponding mass flow. The resulting 6.5 ± 0.6 W/m 
is 18 % below the budgeted value. Figure 4 summarizes the sector heat load estimates and measurements. 
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Figure 4  Estimated and measured sector heat loads at 1.9 K and 50-75 K 

 
CONCLUSION 
 
Definition and specification of helium cryogenic plants for large projects must be made early, in view of 
procurement lead times and in some cases, of the interest of using them for reception testing of 
components. The risk incurred, to freeze refrigeration capacity before the heat loads of the project are 
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comprehensively assessed and the dynamic effects fully understood, can be mitigated by the adoption of a 
contingency factor coping with such uncertainty. Moreover, plant overcapacity is needed for operational 
flexibility, reactivity and possible upgrade, and should not be unduly used as contingency for uncertainty 
in heat loads. The LHC experience has shown that a contingency factor of 2.5 on estimated heat loads at 
the beginning of the project was just sufficient to meet the final overcapacity target of 1.5. This available 
overcapacity was confirmed by the measured static heat loads on complete sectors. The LHC approach 
should be easily transposable to projects like ITER or ILC, characterized by large dynamic loads (nuclear 
heating, eddy currents, RF losses), for which the remaining differential between installed capacity and 
achieved static heat loads will eventually set the performance limit of the machine. 
 
 
REFERENCES 
 
1. Lebrun Ph., Cryogenics for the Large Hadron Collider, IEEE Transactions on Applied Superconductivity, Vol. 10-1 
(2000) 1500-1506  
2. Brüning O., Collier P., Lebrun Ph., Myers S., Ostojic R., Poole J., Proudlock P. (ed.), LHC Design Report, Vol. 1, 
CERN-2004-003 (2004) 
3. Claudet S., Erdt W., Frandsen P., Gayet Ph., Solheim N. & Winkler G., Four 12 kW / 4.5 K cryoplants at CERN, 
Cryogenics Vol. 34 ICEC Supplement (1994) 99-102 
4. Wagner U. & Claudet S., Upgrade of four cryogenic helium refrigerators used in the LEP collider for LHC refrigeration, 
Proceedings of ICEC21 Prague, Icaris (2006) 39-42 
5. Claudet S., Gayet Ph. & Wagner U., Specification of four new large 4.5 K refrigerators for the LHC, Advances in 
Cryogenic Engineering, Vol 45B (2000) 1269-1276 
6. Claudet S., Gayet Ph., Jager B., Millet F., Roussel P., Tavian L. & Wagner U., Specification of eight 2400 W @ 1.8 K 
refrigeration units for the LHC, Proceedings of ICEC18 Mumbai, Narosa Publishing (2000) 207-210 
7. Lebrun Ph., Riddone G., Tavian L. & Wagner U., Demands in refrigeration capacity for the Large Hadron Collider, 
Proceedings of ICEC16 Kitakyushu, Elsevier Science, Oxford (1997) 95-98 
8. Brianti G. & Hübner K. (ed.), The Large Hadron Collider in the LEP tunnel, CERN 87-05 (1987) 
9. The LHC Study Group, Design study of the Large Hadron Collider (LHC), CERN 91-03 (1991) 
10. The LHC Study Group, The Large Hadron Collider Accelerator Project, CERN/AC/93-03(LHC) (1993) 
11. The LHC Study Group, The Large Hadron Collider Conceptual Design, CERN/AC/95-05(LHC) (1995) 
12. Lebrun Ph., Mazzone L., Sergo V. & Vullierme B., Investigation and qualification of thermal insulation systems between 
80 K and 4.2 K, Cryogenics  Vol. 32  ICMC Supplement (1992) 44-47 
13. Danielson H., Lebrun Ph. & Rieubland  J.M., Precision heat inleak measurements on cryogenic components at 80 K, 4.2 
K and 1.8 K, Cryogenics  Vol. 32  ICEC Supplement (1992) 215-218 
14. Dufay L., Ferlin G., Riddone G., Rieubland J.M., Rijllart A., Szeless B. & Williams L., A full-scale thermal model of a 
prototype dipole cryomagnet for the CERN LHC project, Cryogenics  Vol. 34  ICEC Supplement (1994) 693-696 
15. Benda V., Dufay L., Ferlin G., Lebrun Ph., Rieubland J.M., Riddone G., Szeless B., Tavian L. & Williams L., 
Measurement and analysis of thermal performance of LHC prototype cryostats, Advances in Cryogenic Engineering, Vol. 41A 
(1996) 785-792 
16. Blanco E., Calzas C., Casas J., Gomes P., Knoops S., Serio L. & van Weelderen R., Experimental validation and 
operation of the LHC test string 2 cryogenic system, Advances in Cryogenic Engineering, Vol. 49A (2004) 233-240 
17. Riddone G., Rybkowski D. & Trant R., Results from the qualification of the three pre-series test cells for the LHC 
cryogenic distribution line,  Proceedings of ICEC19 Grenoble, Narosa Publishing (2003) 87-90 
18. Ballarino A., Ijspeert A. & Wagner U., Potential of high-temperature superconductor current leads for the Large Hadron 
Collider, Proceedings of ICEC16 Kitakyushu, Narosa Publishing, Elsevier (1997) 1139-1142 
19. Ballarino A., HTS current leads for the LHC magnet powering system, Physica C Vol. 372-376 (2002) 1413-1418 
20. Tavian L. & Wagner U., LHC sector loads and their conversion to LHC refrigerator capacities, LHC Project Note 140, 
CERN (1997) 
21. Gruehagen H. & Wagner U, Measured performance of four new 18 kW@4.5 K helium refrigerators for the LHC 
cryogenic system, Proceedings of ICEC20 Beijing, Elsevier (2005) 991-994 
22. Claudet S., Ferlin G., Gully P., Jager B., Millet F., Roussel P. & Tavian L., A cryogenic test station for the pre-series 
2400 W@1.8 K refrigeration units for the LHC, Proceedings of ICEC19 Grenoble, Narosa Publishing (2003) 83-86 
23. Claudet S., Ferlin G., Millet F. & L. Tavian, 1.8 K refrigeration units for the LHC: performance assessment of pre-series 
units, Proceedings of ICEC20 Beijing, Elsevier (2005) 999-1002 
24. Millet F., Claudet S. & Ferlin G., Performance assessment of 35 cold hydrodynamic compressors for the 1.8 K 
refrigeration units of the LHC, Advances in Cryogenic Engineering, Vol. 51B (2005) 1837-1844  
25. Maglioni C., Parma V., Poncet A., Serio L., Experimental validation of the thermal performance of the 1.9 K magnet 
cryostats during the commissioning of the LHC, paper presented at this conference 
26. Serio L., Bouillot A., Casas-Cubillos J., Chakravarty A., Claudet S., Gicquel F., Gomes P., Kumar M., Kush P.K., 
Millet F., Perin A., Rabehl R., Singh M.R., Soubiran M. & Tavian L., Validation and performance of the LHC cryogenic 
system through commissioning of the first sector, Advances in Cryogenic Engineering, Vol. 53B (2008) 1411-1418 

840


	ICE22-ICMC2008 - Seoul, Korea, July 21-25, 2008
	Main Screen
	Title
	Contents 
	Preface
	ICE Committee Members and ICMC Board Members
	Local Organizing Committee Members
	Sponsors and Exhibitors
	Conference Snaps
	SPECIAL SESSION,“100 YEARS OF LIQUID HELIUM”
	Heike Kamerlingh Onnes and the Road to Liquid Helium
	Helium liquefaction and refrigeration since 100 years
	Sub-Kelvin technology towards absolute zero
	Helium: Past, Present & Rising FutureA Perspective on Key Market Issues from an Industry Leader

	PLENARY SESSION
	The Cryogenic System of KSTAR, a Superconducting Tokamak
	Present status and future trends of high temperature superconductor power applications in Japan
	WHAT "NORMAL" REFRIGERATION CAN LEARN FROM CRYOGENICS (MENDELSSOHNAWARD LECTURE)

	LARGE SCALE REFRIGERATIONS 
	900-L liquid xenon cryogenic system operation for the MEG experiment
	Cryogenic operation methodology and cryogen management at CERN over the last 15 years
	USING DYNAMIC SIMULATION TO SUPPORT HELIUM REFRIGERATOR PROCESSENGINEERING
	The control system for the cryogenics in the LHC tunnel
	Characteristic Tests of a 1600W- class Refrigeration System at 10K to 70K
	Experimental validation of the thermal performance of the 1.9 K magnet cryostats during thecommissioning of the LHC

	J-T, G-M AND STIRLING CRYOCOOLERS
	Reliability of Stirling cryocooler with gas bearing system
	A simple method of temperature smoothing for a 4 K Gifford-McMahon refrigerator
	Performance Realization of Single Stage Stirling Cryocooler at ISRO
	Improvements of the mechanical coolers operating below 4.5 K for space use
	Ultra-Low Vibration Cryogenic Refrigerator for “Dry Cooling” Technology

	PULSE TUBE CRYOCOOLERS
	Experiments on a pulse tube refrigerator with an orifice inertance or a lumped-boost configuration
	A 4 K single-stage Stirling type pulse tube cryocooler precooled by G-M type pulse tube cryocooler
	Tests of Four PT-415 Coolers Installed in the Drop-in Mod
	On-Demand LOX & LN2 By On-Site Acoustic Liquefiers
	20K Pulse Tube Cryocooler for space applications
	Developments on a wide range of coaxial Pulse-Tube Refrigerators at THALES Cryogenics
	High Frequency Pulse Tube Driven By a Miniature Thermoacoustic Engine
	CFD simulation of fluid flow and heat transfer in high frequency pulse tube refrigerators
	Investigations of two-stage pulse tube cryocooler operating down to 2.5 K
	Investigation on a single-stage coaxial pulse tube cryocooler for small particle detectors at CERN
	OSCILLATING FLOW CHARACTERISTICS OF ELEMENTS IN A PULSE TUBE COOLER
	Lateral motion of the cold stage in a pulse tube cryocooler with self-cancellation method
	Numerical Simulation of the High-Frequency Miniature Pulse Tube Refrigerator with TaperedRegenerator
	Investigation of two-stage high frequency pulse tube cryocooler with precooling
	Experimental investigation of a thermal-coupled two-stage pulse tube refrigerator
	Experimental investigation on the onset temperature gradient using the multifunction cascadethermoacoustic device
	Analysis of a vibration reduction system for pulse-tube cryocooler
	Identification of Vibration Sources in Pulse Tube Cryogenic Cooler
	Vibration Control of a Pulse Tube Cryogenic Cooler in Vibration-SensitiveInstrumentation

	GAS SEPARATION AND LIQUEFACTION
	Cryogenic removing of carbon dioxide in small natural gas liquefaction system
	Large-scale hydrogen separation from coke-oven gas
	Dynamic characteristics of single stage mixed-refrigerant natural gas liquefaction process
	Analysis on distillation column in low concentration CMM liquefaction system
	DESCRIPTION OF A SYSTEM DESIGNED BY AIR LIQUIDE DTA AND DEDICATED TOTHE RECOVERY AND RE-CONDENSATION OF LIQUID HELIUM CONTAINERSPERMANENT BOIL-OFF
	EVOLUTION OF THE STANDARD HELIUM LIQUEFIER RANGEDESIGNED BY AIR LIQUIDE
	Adaptation of advanced control to the helium liquefier with C-PREST
	A simulation study for the virtual commissioning of the CERN central helium liquefier

	CRYOGENIC FLUIDS
	Flow characteristics of slush nitrogen in various types of pipes
	A 3-D model of superfluid helium suitable for numerical analysis
	Superfluid Turbulent Flow Characteristics of Thermal Counterflow Jet Measured by PIV
	Cavitation Feature of He II Flow Through a Venturi Channel
	On the viscosities of the quantum fluid helium by molecular dynamics simulation
	The thermal conductivity of liquid helium-3
	THE RAS LAFFAN HELIUM RECOVERY PLANT

	HEAT TRANSFER
	Thermal behaviors of Rutherford type stack of cables with polyimide isolation in normal andsupercritical helium
	Visual observation of the superheated state of He II in narrow two-dimensional channel
	Effects of Location and Influx Angle of Precooling Return Flow on Thermal Stratification in LiquidOxygen Tank of Rocket
	Overcoming Slowly-developing Maldistributions in Horizontal Heat Exchangers
	Experimental study of film boiling in helium natural convection boiling flow
	Advanced cryogenics cooling technique using metal porous media with liquid nitrogen
	Should cryogenic heat exchangers be operated in a vertical or an horizontal position?
	Heat transfer characteristics related to the superheatingin two-dimensional channels in He II
	Investigation on heat transfer performance of a vertical wickless heat pipe at cryogenictemperature
	Heat transfer and pressure drop reduction of slush nitrogen in a turbulent pipe flow
	Forced convection heat transfer to supercritical fluids
	Pressure drop and temperature rise in He II forced flow through an orifice plate
	Vapor behavior around a thin wire during film boiling in He II under atmospheric down to saturated vapor pressure condition
	Visualization study of film boiling in saturated He II under low gravity environment
	Forced convection heat transfer of nitrogen at supercritical pressure
	Experiments and 3-D numerical analyses for heat transfer from a flat plate in a duct withcontractions filled with liquid He II
	Numerical Simulation of Upward Subcooled Boiling Flow of Refrigerant-113 in a VerticalConcentric Annulus
	Multi-phase CFD Analysis of Cryogenic Cavitating Flows through Elbow Pipe
	Numerical simulation of thermal convective instability in helium at supercritical pressures

	INSTRUMENTATION AND PROCESS CONTROL
	Electronic Instrumentation for Multiplexing Palladium based hydrogen gas sensors
	Modular data acquisition system for cryogenics
	Numerical simulation of a superconducting level sensor for liquid hydrogen with MgB2 wire
	Calibration of capacitance type cryogenic liquid level sensor using discrete array type liquid levelindicator
	Evaluation of temperature distribution of multi-layer insulations using Fiber Bragg Gratingsensors
	The demonstration of active magnetic regeneration (AMR) using gadolinium and gadolinium alloyfor the magnetic material
	Quality assurance of LHC cryogenic instrumentation during installation and commissioning
	An Adiabatic Calorimeter Based on a Closed-Cycle Refrigerator for High-Accuracy ThermometerCalibrations Between 13 K and 84 K
	Smart sensors at temperatures down to 77 K
	Optical system for cryogenic liquid level measurements in small volumes
	Investigations on fiber Bragg cryogenic temperature sensors
	Comparison of TVO – and Cernox temperature sensors
	The upgrade of the control system for the CERN/NA62 liquid krypton detector

	CRYOSTATS AND INSULATION
	Heat leak measurement on zinc-coated cryogenic pipe for superconducting power transmission line
	Performance of the Cryostat for a Prototype ILC DC Combined Function SuperconductingQuadrupole-Dipole Magnet
	The Impact Of Directional Emissivities On The Heat Transfer Between Cryogenic AluminiumSurfaces Down To Liquid Helium Temperatures
	The effects of compression on heat transfer through fibrous insulation materials over thetemperature range +20°C to -160°C
	Thermal radiation through a metal pipe and its reduction
	Cryogenic setup for Q-factor measurements on bulk materials for future gravitational wavedetectors

	NEW DEVICES AND NOVEL CONCEPTS
	Dynamic Simulation of a 1.8K Refrigeration Unit for the LHC
	Study on a regenerator utilizing multi-temperature heat sources in a thermoacoustic engine
	Experimental design and simulation of offloading system for LNG-FPSO
	SuperSuburb – A Future Cryo-powered Residential Community
	Development of miniature co-axial pulse tube cryocooler with novel integral cold finger
	Radiation analysis of anti-Stokes fluorescent cryocooler with network-matrix method
	A single-stage GM-type pulse tube cryocooler reached 10 K
	A Rapid Vent System of Liquid-Nitrogen Cryostat
	Series assembly of cryogenic lines in confined environment by orbital welding.
	The correlation two-phase flow meter
	A CLOSED CYCLE HELIUM SORPTION PUMP SYSTEM AND ITS USE IN MAKINGHYPERPOLARIZED COMPOUNDS FOR MRI IMAGING
	Impedance modulation of linear generator on the coaxial traveling-wave thermoacoustic engine
	An Efficient Helium Sorption Pump in the 1 K Temperature Range with a Small Footprint

	FUSION
	Conceptual design of the cryogenic system for ITER
	Review of conceptual design of ITER cryoplant system
	Development of the Cryogenic Circuit Conductor and Coil (4C) Code for thermal-hydraulicmodelling of ITER superconducting coils.
	Cryoline for torus and cryostat cryopumps of ITER: the engineering design pathway
	Establishment of investigation process on neutron irradiation effect of superconducting magnetmaterials for fusion
	Design, construction and performances of the KSTAR Helium Refrigeration System
	Thermohydraulic studies related to pulsed heat loads generated by JT60-SA tokamak
	Control interface between W7-X control systems and helium refrigerator
	Progress Report of the Cryo-Plants for Wendelstein-7X
	The commissioning results of the warm compression system for the KSTAR helium refrigerationsystem
	Preparing the test facility TIMO-2 for the acceptance tests with the ITER torus cryopumpHaas, H.*,
	Thermohydraulic analysis for the ITER superconducting coils
	Commissioning results of the KSTAR helium refrigeration system

	ACCELERATORS
	TEST STAND FOR TESTING XFEL MAGNETS
	Analysis for liquid cryogen spillage in the superconducting cyclotron building at VECC
	The Status of Cryogenic System Design for Taiwan Photon Source
	Design of the cryogenic system for SSRF
	Thermal analysis of UHV beam tube of SIS100 for FAIR
	Performance test of a helium refrigerator for the cryogenic hydrogen system in J-PARC
	Commissioning of the cryogenic hydrogen system in J-PARC: first cool-down operation withhelium
	EXPERIMENTAL TESTS OF FAULT CONDITIONS DURING THE CRYOGENICOPERATION OF A XFEL PROTOTYPE CRYOMODULE
	Cryogenic distribution for radioactive secondary beam fragment separator (Super-FRS) of FAIR
	A cryogen free magnesium diboride dipole magnet
	Commissioning of the cryogenic hydrogen system in J-PARC: Preliminary operation by helium gas
	Cryogenic system for VECC K500 superconducting cyclotron
	SUMMARY AND RESULTS OF THE CRYOPLANT OPERATION FOR HERA
	Cold electrical connection for FAIR/ SIS100
	Commissioning of the Cryogenic Plant for the Cryogenic Storage Ring (CSR) at Heidelberg

	SPACE CRYOGENICS
	Milligravity flight experiments of a continuous ADR
	Comparison of two empirical cryocooler models
	AIR LIQUIDE SPACE PULSE TUBE CRYOCOOLERS AND ASSOCIATED COOLER DRIVEELECTRONICS
	Design principles and operational results of the cryogenic system for the ATLAS liquid argoncalorimeter
	50 mK continuous cooling for space by a pre cooled demagnetization refrigerator
	EXPERIMENTAL STUDIES OF THE EFFECT OF CRYOGENIC TREATMENT ONRESIDUAL STRESSES IN INTEGRAL DIAPHRAGM PRESSURE TRANSDUCERS FORSPACE APPLICATIONS

	SUPERCONDUCTNG MAGNET
	Influence of mass flow on the upgraded cooling system for the LHD helical coils
	Operation and control of cold compressors in subcooling system for LHD helical coils
	Conduction cooling system for superconducting magnet using a two-stage cryocooler
	Measurements of heat transfer through Rutherford superconducting cable with different electricalinsulation wrapping schemes
	First cool-down and test at 4.5 K of the ATLAS superconducting magnet systemassembled in the LHC experimental cavern
	Cryogenic heat load and refrigeration capacity management at the Large Hadron Collider (LHC)
	CRYOGENIC MAGNET TEST FACILITY FOR FAIR

	LTS APPLICATIONS
	Summary report on the cryogenics summer school in these ten years
	Towards beyond-1 GHz NMR: Field stabilization and NMR measurement in the external currentmode
	AC Loss Analysis on Superconducting Coupling Solenoid in MICE
	Pressure Drop Measurements In Cable-In-Conduit Conductors(CICC) With Different Layouts
	Thin cryogenic X-ray windows

	HTS APPLICATIONS
	Thermal Isolation for Fiber-Based Microcryocooler for HTS Electronics*
	AC loss of a tri-axial HTS cable composed of 2 layers per phase with balanced and homogenouscurrent distribution
	Bi-2223 superconducting magnet working in sub cooled liquid nitrogen
	Vibration isolation characteristics in magnetic levitation type seismic isolation device composed ofHTS bulk and permanent magnet
	2nd generation HTS wire hybrid superconducting magnet system
	The 30 m HTS power cable development and test

	LOW-TEMPERATURE SUPERCONDUCTORS
	RECENT RESULTS OF R&D ON ITER RELEVANT NbTi AND Nb3Sn STRANDS IN BOCHVARINSTITUTE
	New model to study the influence of cabling pattern, magnet field profile and joint properties onshort sample qualification tests of ITER CICCs
	Progress and Status of Multifilamentary Nb3Sn Strands Fabricatedby Internal-tin Process for ITER in China
	Progress on an innovative insulation technique for Nb3Sn wind & react coils
	Fabrication and characterization of Nb/Al and Ta/Al superconducting tunnel junctions
	Effects of tin distribution in internal tin processed Nb3Sn strand
	Filament fracture and irreversible performance degradation in bronze and internal tin ITER typeNb3Sn strands

	COATED CONDUCTORS AND THIN FILMS
	Production of Second Generation HTS Wire
	Transport Performance of a 1 kA Current Lead Using TFA-MOD YBCO Coated Tapes
	REVERSIBLE STRAIN LIMIT OF CRITICAL CURRENTS AND THEIRUNIVERSAL ELASTIC STRAIN EFFECT FOR REBCO COATED CONDUCTORSFABRICATED BY DIFFERENT TECHNIQUES

	HTS BULK CONDUCTORS AND MgB2
	Effects of sintering temperature on the superconductivity of MgB2 made with high-puritycrystalline B precursor
	NOVEL BULK FABRICATION TECHNIQUE USING BA-CU-O SUBSTRATE
	Effect of metal oxide and lithium perchlorate addition on the superconducting propertiesof Bi2212 bulk superconductors prepared by melt-casting process
	INHOMOGENEITY OF MAGNESIUM DIBORIDE STRUCTURE AND ITS EFFECT ONCRITICAL CURRENT DENSITY

	BSCCO CONDUCTORS
	High performances DI-BSCCO (Dynamically Innovative BSCCO) wire and its applications
	Characterization of intrinsic Josephson junction stack using high-Tc superconducting Bi2Sr2CaCu2O8+δ
	Cylindrical superconductor of Bi-2223/Ni meshes composite bulk for current lead
	TEMPERATURE FEATURES OF THE ELECTRIC STATE FORMATIONOF Bi2223 SUPERCONDUCTORS

	PHYSICAL PROPERTIES AND AC LOSS
	Electrical Transport Measurements of Graphite flakes for Microelectronic Device Applications
	Cryogenic thermal expansion properties of Mn3(Cu0.6Nb0.2Ge0.2)N/epoxy composites
	Low temperature magnetic properties of Nb doped manganese nitride negative thermal expansionmaterials
	Effect of In on the low temperature thermoelectric properties of Bi-Sb Alloy
	Thermoelectric properties of n-type Ag-doped Bi-Sb alloys at cryogenic temperatures
	COMPUTER SIMULATION OF DEFORMATION BEHAVIOR OF 300 SERIES STAINLESSSTEELS IN LIQUID HYDROGEN
	Simple evaluation of hydrogen environment embrittlementof stainless steels at cryogenic temperature
	Fast Neutron Irradiation and Fluence Dose Conversion
	Evaluation of Total AC Losses in HTS Wires from AC Transport Current and Magnetization Losses

	Author Index
	Search 
	Exit



Experimental studies of the effect of Cryogenic Treatment on residual stresses in Integral Diaphragm Pressure Transducers for space applications

Nadig D.S. +, Jacob S. +, Karunanithi R. +, Subramanian D.*, Prasad M.V.N.*, Geetha Sen*

+Centre for Cryogenic Technology, Indian Institute of Science, Bangalore – 560 012, India


*Liquid Propulsion System Centre, ISRO, Bangalore, India


Any machined component is develops residual stresses during machining and heat treatment. In many cases, the presences of these induced residual stresses are seriously detrimental for the functional reliability of the system.  In this study, a cryotreatment system is designed and developed to reduce the residual stresses induced within the integral diaphragm of the pressure transducers during machining.  These pressure transducers machined out of precipitation-hardened stainless steel were cryotreated for 24 hours at 98K.  The residual stress results of cryotreated transducers indicated significant reduction. These reductions have reduced the problems of zero shift of the outputs of transducers. 

INTRODUCTION


The practice of cryogenic treatment on metals has been extensively employed since many years mainly for improving life of cutting tools. While the results of cryotreatment on cutting tools have been encouraging, there is still large scope for research to study the effect of cryogenic treatment in the areas of improving dimensional stability of machined parts and gauges, removal of residual stresses, conversion of Retained Austenite to Martensite in steels etc. The effects of Cryotreatment to reduce the residual stresses of Internal Diaphragm Pressure Transducers used for measurement of propellant pressures are discussed in this paper.


A typical Cryo treatment cycle involves mainly involves 3 phases where the metal samples are cooled gradually to cryogenic temperature (cooling period), holding for extended length of time (soak time) and gradual warming (warming time) to room temperature. In normal practice a complete cryotreatment cycle takes around 36 hours with 5 hours of cooling, 24 hours of soaking and 7 hours of warming. These parameters can be modified for optimized results.
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Figure 1  Cryo-Treatment Cycle



   When metals are gradually cooled to cryogenic temperatures, soaked for a prolonged period and warmed to room temperature at a predetermined rate, the lattice structure of the atoms change due to stresses being relieved during cryogenic treatment cycle.  In the case of ferrous metals, the soft, ductile, FCC structured austenite gets converted to strong and harder BCT structured martensite.  Apart from these changes, the precipitation of newly formed carbides dispersed uniformly in the hard martensite structure induces a dense lattice structure.
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[image: image3.wmf]In the present work, the effects of cryogenic treatment on Integral Diaphragm Pressure Transducers (IDLV) used for launch vehicles are carried out. These pressure transducers   machined from Precipitation Hardened Martensite Stainless Steel (APX4, Carbon - 0.06%, Cr-16%, Ni-4% and Mo-1%) are used for measurement of propellant pressures. In the pressure transducer (Figure 2), propellant pressure is applied on one side of the diaphragm and strain gauges are bonded on the other side. Due to the applied pressure, the diaphragm deflects and induces proportional strain in the gauges which produce electrical out put. These electrical outputs are calibrated in pressure units.


                                                               Input pressure


Figure 2  Integral Diaphragm Pressure Transducer (IDLV)



 Ideally, the pressure transducer outputs should obey linearity for all the values of input pressures exhibiting zero output pressure for no input. Apart from this the transducer output readings are expected to exhibit linearity over the entire range. The transducers have to be dimensionally stable for its useful life for total reliability. However, in the realization of these integral diaphragms from the raw material stage, stresses are induced during machining.  If these induced stresses are not removed before final assembly, they will induce residual strains in the diaphragm.  These strains in the diaphragm can cause drift in the output while functioning and the transducer performance will be unreliable.


Residual stresses in machined components are essentially locked up stresses induced in side the material during various stages of machining.  These stresses in turn induce residual strains which are spread all over the component.  These stresses can cause decrease in strength and durability.  Stress boundary areas are more susceptible to micro cracking which can lead to premature fatigue and even failure.  These stresses induce strains inside the component and can cause premature failure. Cryogenic treatment has been found very effective in releasing these residual stresses.


The main advantage of Cryotreatment on metals is known to be removal of stresses due to realignment of crystal structure.  With a view to reduce the internal stresses in the diaphragm, it was planned to cryo treat the material from the raw material stage to the final stage, after each stage of machining with the following action plan.


STEP 1:  Evaluation the initial properties of the raw material viz. Ultimate tensile strength, Yield strength, Percentage elongation, Hardness, Austenite content and residual stress level.


STEP 2: Cryo treatment of the raw material.(CT1)


STEP 3.Evaluation of the properties of the cryo treated samples and analysis.


STEP 4: Rough machining the raw material to remove 90% of the material.


STEP 5: Residual stress and hardness measurement 


STEP 6: Cryo treatment (CT2)


STEP 7: Residual stress and hardness measurement


STEP 8: Final machining of the material


STEP 9: Residual stress and hardness measurement


STEP 10: Cryo treatment (CT3)


STEP 11:Residual stress measurement


It was planned to cryo treat all the samples with cool down time of 8 hours, soak time of 24 hours at 98K and warm up time of 12 hours.  It was planned to evaluate residual stresses, and retained austenite using X- ray diffraction techniques.

CRYOGENIC TREATMENT SYSTEM


The cryotreatment system incorporates mainly the cryotreatment chamber and an auxiliary LN2 supply system to supply controlled quantity of LN2 to the chamber to maintain the rate of cooling, soaking and warm up.  The controlled LN2 supply to the chamber is carried out by using a solenoid valve activated by a PID controller. (Figure 3)
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Figure 3  Schematic of the cryotreatment system 

The cryotreatment unit is made of stainless steel with polyurethane foam (PUF) insulation.  It has a fan-motor assembly mounted centrally in the top cover. The samples housed in the meshed trays are gradually cooled to cryogenic temperature by the cold nitrogen gas forced convection continuously produced by the rotating fan housed below the buffer tank containing LN2 and the cold exchange from LN2 circulating in the copper tube heat exchanger brazed on the outer wall of the metallic shroud housed around the meshed trays.


The LN2 supply is regulated by a solenoid valve operated by a PID controller with predetermined set points.  Various cryotreatment cycles can be programmed to suit the requirements.  The temperatures of the specimens are measured using Platinum Resistance Temperature Detectors (RTD).  The temperature data of the samples read by PID over the period of the cryotreatment cycle are stored continuously using a data acquisition system.


[image: image4.png]





                 Figure 4  Photograph of the cryo treatment system 


The samples were cryotreated for a total duration of the 45 hours, which included 9 hours of cooling, 24 hours of soaking and 12 hours of warming to room temperature.  The PID controller was programmed as per the preset conditions of temperature and time.  The system was maintained at a low temperature of 98 K for 24 hours and specimens were allowed to warm up to ambient temperature by closing LN2 supply. 


The residual stresses and retained austenite levels were evaluated using X ray Diffraction techniques.


RESULTS AND DISCUSSIONS


The cryotreatment was carried out after each stage of machining from the raw material stage to the final product and residual stresses were evaluated at each stage as shown in the tabular column (Table 1).  It was evident that after each stage of machining, the stress level increased and this could be brought down by cryotreatment.  The final machined diaphragm had residual stress level much less than the raw material and this could be further reduced by increasing the duration of cryo treatment (36 hours).  


Table 1  Residual stress levels during various stages of cryotreatment (CT) of the diaphragm.


		Stage

		Raw material

		CT-1

		Rough


machining

		CT-2

		Final machining

		CT-3 

		CT for 36 hours



		Residual stress (MPa)

		-535

		-372

		-497

		-338

		-363

		-336

		-308






The cryotreated pressure transducers have yielded very encouraging results. Hysterisis effects could be reduced considerably by nearly 20% which promised long term stability. Additional proof pressure cycling for 20 cycles further stabilized the hysterisis loop. The produced stable Martensite limit deformation of the diaphragm with time and hence dimensional stability. These positive effects could improve the overall reliability of the transducer considerably.


CONCLUSIONS


From the results it can be clearly seen that cryotreatment significantly reduces residual stresses induced during each stage of machining. Residual stresses can be considerably reduced further by cryotreating the samples  for extended duration of time for 36 hours. There is still scope for optimizing the experimental parameters to obtain better results. Tempering effects can be  studied  after cryotreatment.  
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Any machined component is develops residual stresses during machining and heat treatment. In many cases, the presences of these induced residual stresses are seriously detrimental for the functional reliability of the system.  In this study, a cryotreatment system is designed and developed to reduce the residual stresses induced within the integral diaphragm of the pressure transducers during machining.  These pressure transducers machined out of precipitation-hardened stainless steel were cryotreated for 24 hours at 98K.  The residual stress results of cryotreated transducers indicated significant reduction. These reductions have reduced the problems of zero shift of the outputs of transducers. 

INTRODUCTION


The practice of cryogenic treatment on metals has been extensively employed since many years mainly for improving life of cutting tools. While the results of cryotreatment on cutting tools have been encouraging, there is still large scope for research to study the effect of cryogenic treatment in the areas of improving dimensional stability of machined parts and gauges, removal of residual stresses, conversion of Retained Austenite to Martensite in steels etc. The effects of Cryotreatment to reduce the residual stresses of Internal Diaphragm Pressure Transducers used for measurement of propellant pressures are discussed in this paper.


A typical Cryo treatment cycle involves mainly involves 3 phases where the metal samples are cooled gradually to cryogenic temperature (cooling period), holding for extended length of time (soak time) and gradual warming (warming time) to room temperature. In normal practice a complete cryotreatment cycle takes around 36 hours with 5 hours of cooling, 24 hours of soaking and 7 hours of warming. These parameters can be modified for optimized results.
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 Ideally, the pressure transducer outputs should obey linearity for all the values of input pressures exhibiting zero output pressure for no input. Apart from this the transducer output readings are expected to exhibit linearity over the entire range. The transducers have to be dimensionally stable for its useful life for total reliability. However, in the realization of these integral diaphragms from the raw material stage, stresses are induced during machining.  If these induced stresses are not removed before final assembly, they will induce residual strains in the diaphragm.  These strains in the diaphragm can cause drift in the output while functioning and the transducer performance will be unreliable.


Residual stresses in machined components are essentially locked up stresses induced in side the material during various stages of machining.  These stresses in turn induce residual strains which are spread all over the component.  These stresses can cause decrease in strength and durability.  Stress boundary areas are more susceptible to micro cracking which can lead to premature fatigue and even failure.  These stresses induce strains inside the component and can cause premature failure. Cryogenic treatment has been found very effective in releasing these residual stresses.


The main advantage of Cryotreatment on metals is known to be removal of stresses due to realignment of crystal structure.  With a view to reduce the internal stresses in the diaphragm, it was planned to cryo treat the material from the raw material stage to the final stage, after each stage of machining with the following action plan.


STEP 1:  Evaluation the initial properties of the raw material viz. Ultimate tensile strength, Yield strength, Percentage elongation, Hardness, Austenite content and residual stress level.


STEP 2: Cryo treatment of the raw material.(CT1)


STEP 3.Evaluation of the properties of the cryo treated samples and analysis.


STEP 4: Rough machining the raw material to remove 90% of the material.


STEP 5: Residual stress and hardness measurement 


STEP 6: Cryo treatment (CT2)


STEP 7: Residual stress and hardness measurement


STEP 8: Final machining of the material


STEP 9: Residual stress and hardness measurement


STEP 10: Cryo treatment (CT3)


STEP 11:Residual stress measurement


It was planned to cryo treat all the samples with cool down time of 8 hours, soak time of 24 hours at 98K and warm up time of 12 hours.  It was planned to evaluate residual stresses, and retained austenite using X- ray diffraction techniques.

CRYOGENIC TREATMENT SYSTEM


The cryotreatment system incorporates mainly the cryotreatment chamber and an auxiliary LN2 supply system to supply controlled quantity of LN2 to the chamber to maintain the rate of cooling, soaking and warm up.  The controlled LN2 supply to the chamber is carried out by using a solenoid valve activated by a PID controller. (Figure 3)
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Figure 3  Schematic of the cryotreatment system 

The cryotreatment unit is made of stainless steel with polyurethane foam (PUF) insulation.  It has a fan-motor assembly mounted centrally in the top cover. The samples housed in the meshed trays are gradually cooled to cryogenic temperature by the cold nitrogen gas forced convection continuously produced by the rotating fan housed below the buffer tank containing LN2 and the cold exchange from LN2 circulating in the copper tube heat exchanger brazed on the outer wall of the metallic shroud housed around the meshed trays.


The LN2 supply is regulated by a solenoid valve operated by a PID controller with predetermined set points.  Various cryotreatment cycles can be programmed to suit the requirements.  The temperatures of the specimens are measured using Platinum Resistance Temperature Detectors (RTD).  The temperature data of the samples read by PID over the period of the cryotreatment cycle are stored continuously using a data acquisition system.
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The samples were cryotreated for a total duration of the 45 hours, which included 9 hours of cooling, 24 hours of soaking and 12 hours of warming to room temperature.  The PID controller was programmed as per the preset conditions of temperature and time.  The system was maintained at a low temperature of 98 K for 24 hours and specimens were allowed to warm up to ambient temperature by closing LN2 supply. 


The residual stresses and retained austenite levels were evaluated using X ray Diffraction techniques.


RESULTS AND DISCUSSIONS


The cryotreatment was carried out after each stage of machining from the raw material stage to the final product and residual stresses were evaluated at each stage as shown in the tabular column (Table 1).  It was evident that after each stage of machining, the stress level increased and this could be brought down by cryotreatment.  The final machined diaphragm had residual stress level much less than the raw material and this could be further reduced by increasing the duration of cryo treatment (36 hours).  


Table 1  Residual stress levels during various stages of cryotreatment (CT) of the diaphragm.


		Stage

		Raw material

		CT-1

		Rough


machining

		CT-2

		Final machining

		CT-3 

		CT for 36 hours



		Residual stress (MPa)

		-535

		-372

		-497

		-338

		-363

		-336

		-308






The cryotreated pressure transducers have yielded very encouraging results. Hysterisis effects could be reduced considerably by nearly 20% which promised long term stability. Additional proof pressure cycling for 20 cycles further stabilized the hysterisis loop. The produced stable Martensite limit deformation of the diaphragm with time and hence dimensional stability. These positive effects could improve the overall reliability of the transducer considerably.


CONCLUSIONS


From the results it can be clearly seen that cryotreatment significantly reduces residual stresses induced during each stage of machining. Residual stresses can be considerably reduced further by cryotreating the samples  for extended duration of time for 36 hours. There is still scope for optimizing the experimental parameters to obtain better results. Tempering effects can be  studied  after cryotreatment.  
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Any machined component is develops residual stresses during machining and heat treatment. In many cases, the presences of these induced residual stresses are seriously detrimental for the functional reliability of the system.  In this study, a cryotreatment system is designed and developed to reduce the residual stresses induced within the integral diaphragm of the pressure transducers during machining.  These pressure transducers machined out of precipitation-hardened stainless steel were cryotreated for 24 hours at 98K.  The residual stress results of cryotreated transducers indicated significant reduction. These reductions have reduced the problems of zero shift of the outputs of transducers. 

INTRODUCTION


The practice of cryogenic treatment on metals has been extensively employed since many years mainly for improving life of cutting tools. While the results of cryotreatment on cutting tools have been encouraging, there is still large scope for research to study the effect of cryogenic treatment in the areas of improving dimensional stability of machined parts and gauges, removal of residual stresses, conversion of Retained Austenite to Martensite in steels etc. The effects of Cryotreatment to reduce the residual stresses of Internal Diaphragm Pressure Transducers used for measurement of propellant pressures are discussed in this paper.


A typical Cryo treatment cycle involves mainly involves 3 phases where the metal samples are cooled gradually to cryogenic temperature (cooling period), holding for extended length of time (soak time) and gradual warming (warming time) to room temperature. In normal practice a complete cryotreatment cycle takes around 36 hours with 5 hours of cooling, 24 hours of soaking and 7 hours of warming. These parameters can be modified for optimized results.
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Figure 1  Cryo-Treatment Cycle



   When metals are gradually cooled to cryogenic temperatures, soaked for a prolonged period and warmed to room temperature at a predetermined rate, the lattice structure of the atoms change due to stresses being relieved during cryogenic treatment cycle.  In the case of ferrous metals, the soft, ductile, FCC structured austenite gets converted to strong and harder BCT structured martensite.  Apart from these changes, the precipitation of newly formed carbides dispersed uniformly in the hard martensite structure induces a dense lattice structure.
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Residual stresses in machined components are essentially locked up stresses induced in side the material during various stages of machining.  These stresses in turn induce residual strains which are spread all over the component.  These stresses can cause decrease in strength and durability.  Stress boundary areas are more susceptible to micro cracking which can lead to premature fatigue and even failure.  These stresses induce strains inside the component and can cause premature failure. Cryogenic treatment has been found very effective in releasing these residual stresses.


The main advantage of Cryotreatment on metals is known to be removal of stresses due to realignment of crystal structure.  With a view to reduce the internal stresses in the diaphragm, it was planned to cryo treat the material from the raw material stage to the final stage, after each stage of machining with the following action plan.


STEP 1:  Evaluation the initial properties of the raw material viz. Ultimate tensile strength, Yield strength, Percentage elongation, Hardness, Austenite content and residual stress level.


STEP 2: Cryo treatment of the raw material.(CT1)


STEP 3.Evaluation of the properties of the cryo treated samples and analysis.


STEP 4: Rough machining the raw material to remove 90% of the material.


STEP 5: Residual stress and hardness measurement 


STEP 6: Cryo treatment (CT2)


STEP 7: Residual stress and hardness measurement


STEP 8: Final machining of the material


STEP 9: Residual stress and hardness measurement


STEP 10: Cryo treatment (CT3)


STEP 11:Residual stress measurement


It was planned to cryo treat all the samples with cool down time of 8 hours, soak time of 24 hours at 98K and warm up time of 12 hours.  It was planned to evaluate residual stresses, and retained austenite using X- ray diffraction techniques.

CRYOGENIC TREATMENT SYSTEM


The cryotreatment system incorporates mainly the cryotreatment chamber and an auxiliary LN2 supply system to supply controlled quantity of LN2 to the chamber to maintain the rate of cooling, soaking and warm up.  The controlled LN2 supply to the chamber is carried out by using a solenoid valve activated by a PID controller. (Figure 3)
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Figure 3  Schematic of the cryotreatment system 

The cryotreatment unit is made of stainless steel with polyurethane foam (PUF) insulation.  It has a fan-motor assembly mounted centrally in the top cover. The samples housed in the meshed trays are gradually cooled to cryogenic temperature by the cold nitrogen gas forced convection continuously produced by the rotating fan housed below the buffer tank containing LN2 and the cold exchange from LN2 circulating in the copper tube heat exchanger brazed on the outer wall of the metallic shroud housed around the meshed trays.


The LN2 supply is regulated by a solenoid valve operated by a PID controller with predetermined set points.  Various cryotreatment cycles can be programmed to suit the requirements.  The temperatures of the specimens are measured using Platinum Resistance Temperature Detectors (RTD).  The temperature data of the samples read by PID over the period of the cryotreatment cycle are stored continuously using a data acquisition system.
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                 Figure 4  Photograph of the cryo treatment system 


The samples were cryotreated for a total duration of the 45 hours, which included 9 hours of cooling, 24 hours of soaking and 12 hours of warming to room temperature.  The PID controller was programmed as per the preset conditions of temperature and time.  The system was maintained at a low temperature of 98 K for 24 hours and specimens were allowed to warm up to ambient temperature by closing LN2 supply. 


The residual stresses and retained austenite levels were evaluated using X ray Diffraction techniques.


RESULTS AND DISCUSSIONS


The cryotreatment was carried out after each stage of machining from the raw material stage to the final product and residual stresses were evaluated at each stage as shown in the tabular column (Table 1).  It was evident that after each stage of machining, the stress level increased and this could be brought down by cryotreatment.  The final machined diaphragm had residual stress level much less than the raw material and this could be further reduced by increasing the duration of cryo treatment (36 hours).  


Table 1  Residual stress levels during various stages of cryotreatment (CT) of the diaphragm.


		Stage

		Raw material

		CT-1

		Rough


machining

		CT-2

		Final machining

		CT-3 

		CT for 36 hours



		Residual stress (MPa)

		-535

		-372

		-497

		-338

		-363

		-336

		-308






The cryotreated pressure transducers have yielded very encouraging results. Hysterisis effects could be reduced considerably by nearly 20% which promised long term stability. Additional proof pressure cycling for 20 cycles further stabilized the hysterisis loop. The produced stable Martensite limit deformation of the diaphragm with time and hence dimensional stability. These positive effects could improve the overall reliability of the transducer considerably.


CONCLUSIONS


From the results it can be clearly seen that cryotreatment significantly reduces residual stresses induced during each stage of machining. Residual stresses can be considerably reduced further by cryotreating the samples  for extended duration of time for 36 hours. There is still scope for optimizing the experimental parameters to obtain better results. Tempering effects can be  studied  after cryotreatment.  
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