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Abstract. Analysis of data obtained during the spring 2013 commissioning of the new 4.5 K 
refrigeration system at Jefferson Lab (JLab) for the 12 GeV upgrade indicated a wide capacity 
range with good efficiency and minimal operator interaction.  Testing also showed that the 
refrigerator required higher liquid nitrogen (LN) consumption for its pre-cooler than 
anticipated by the design.  This does not affect the capacity of the refrigerator, but it does result 
in an increased LN utility cost.  During the summer of 2015 the modifications were 
implemented by the cold box manufacturer, according to a design similar to the JLab 12 GeV 
cold box specification.  Subsequently, JLab recommissioned the cold box and performed 
extensive performance testing, ranging from 20% to 100% of the design maximum capacity, 
and in various modes of operation, ranging from pure refrigeration, pure liquefaction, half-and-
half mix mode and at selected design modes using the Floating Pressure – Ganni Cycle.  The 
testing demonstrated that the refrigerator system has a good and fairly constant performance 
over a wide capacity range and different modes of operation.  It also demonstrated the 
modifications resulted in a LN consumption that met the design for the pure refrigeration mode 
(which is the most demanding) and was lower than the design for the nominal and maximum 
capacity modes.  In addition, a pulsed-load test, similar to what is expected for cryogenic 
systems supporting fusion experiments, was conducted to observe the response using the 
Floating Pressure – Ganni Cycle, which was stable and robust.  This paper will discuss the 
results and analysis of this testing pertaining to the LN consumption, the system efficiency 
over a wide range of capacity and different modes and the behaviour of the system to a pulsed 
load.  

1.  Background 
The 12 GeV 4.5 K helium refrigerator system at Jefferson Lab (JLab) was commissioned in the spring 
of 2013.  This system essentially doubled the refrigeration capacity to the LINAC [1].  The refrigerator 
proper is physically divided into two cold boxes (CBX’s); an ‘upper’ CBX spanning 300 to 60 K, 
which incorporates the liquid nitrogen (LN) pre-cooler and 80 K adsorber beds, and a ‘lower’ CBX 
spanning 60 to 4.5 K, which incorporates the turbines, 20 K adsorber and 3000 liter helium sub-cooler.  
The ‘upper’ CBX is oriented vertically and located outside and the ‘lower’ CBX is oriented 
horizontally and located inside.  It should be noted that all heat exchangers (HX’s) are oriented 
vertically (warm-end on top), including in the ‘lower’ horizontal CBX.  The CBX has three streams 
(high pressure supply, recycle return and load return) and four expansion stages comprising seven 
turbo-expanders that use a variable brake and have a dynamic gas bearing.  The coldest expansion 
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stage uses a Joule-Thompson (JT) turbo-expander discharging at approximately 3 bar.  The other three 
expansion stages use two turbines in series (i.e., no HX in between), sometimes referred to as a 
‘turbine string’.  The compressor system has three low pressure (LP) load return stages, one medium 
pressure (MP) recycle return stage and one high pressure (HP) stage that handles the flow from the 
low and medium stages.  The only large helium systems (> 300 W) that use cold-cryogenic 
compressors to bring the entire sub-atmospheric (1.8 or 2 K) flow load to positive pressure are JLab 
(both the original CEBAF refrigerator and the new 12 GeV refrigerator), the Spallation Neutron 
Source (SNS) at Oak Ridge, Tennessee and the refrigerator at DESY for the XFEL.  However, the 
FRIB refrigerator at MSU, anticipated to be commissioned in 2018, is designed for full cold 
compression as well.  The initial system process design, specification and integration of all of these 
plants, except at DESY, were done by JLab.  The primary load supported by the 4.5 K CBX is a 
liquefaction flow between 4.5 K and approximately 30 K.  The JLab refrigerator also support a 
(nominal) 35-55 K helium shield and a modest 4.5 K (to 300 K) liquefaction load (for filling LINAC 
cryo-module SRF Niobium cavity vessels).     

2.  Liquid Nitrogen Pre-Cooler Performance Issue 
As discussed in previous publications [2, 3], during the commissioning of the 12 GeV refrigerator, it 
was found that the system achieved the required capacity at all design modes while maintaining good 
efficiency.  However, the LN consumption was roughly three to four times the design at maximum 
capacity and in a maximum 4.5 K pure refrigeration (supply to return ‘balanced’ flow) mode.  Design 
and tested process conditions were close.  The manufacturer thermal design margin, including 
longitudinal conduction, was ~30%.  The JLab specification required all (brazed aluminum) HX’s to 
be oriented vertically with the warm-end on top, a total thermal design margin of at least 10%, the 
NTU’s per meter of core length to not exceed 10 and key pressure ratios to be at least 3; namely, the 
core to distributor pressure drop and the sum of core and distributor to the sum of the header and 
nozzle pressure drop.  The manufacture did not meet the JLab specified NTU per meter of effective 
length (13.9).  However, the pressure drop ratios were acceptable.  These requirements have been 
developed over the past 30+ years of observation and analysis of various refrigerators in order to 
achieve good performance down to at least a 30% turn-down in capacity if the Ganni – Floating 
Pressure Process is implemented [4, 5] (ideally, using this process, the ratio of the pressure drop to 
pressure is roughly constant as the capacity is turned-down).  

During the summer of 2015, the manufacturer installed a re-design of the LN pre-cooler.  The 
original three stream helium HX was split into two HX’s in a separate CBX; with the original helium 
HX abandoned.  The original helium-nitrogen HX was kept, but this has a very small influence on the 
nitrogen consumption [6].  The two new helium-helium HX’s paired the HP supply to the recycle 
return and to the load return flow in separate cores, are designed with greater than 50 NTU’s and have 
less than 10 NTU’s per meter of core length (9.3 for maximum capacity mode).  This configuration is 
similar to that suggested in the 12 GeV cold box specification.  The re-design also incorporated re-
mixing headers at approximately mid-length.  The re-commissioning in the fall of 2015 showed that 
even in the most demanding case of 4.5 K (pure) refrigeration, the re-designed heat exchanger 
performed as designed, achieving the design LN usage.  For modes with some degree of flow 
imbalance, the LN usage was either the same as the design or somewhat lower.  Table 1 shows some 
of the key results.  The additional cost of using these heat exchangers in the original design phase 
would have been insignificant compared to the additional LN consumption cost. ܷܰܶ’s can be thought of as describing the length of a heat exchanger and the net thermal rating, or ሺܷܣሻ, can be thought of as describing the volume of the heat exchanger.  This is intuitively plausible, 
and can be quantitatively justified as follows. 
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Table 1.  Ratios of Test to TS Design 
 

2013 Test to TS Design  2015 Test to TS Design 
 Max. Capacity Max. Refrig.  Max. Capacity Max. Refrig. 
Load exergy 0.95 0.99 1.01 1.02 
Equivalent 4.5 K refrigeration 0.95 0.99 1.01 1.02 
LN consumption rate 3.28 3.46 0.76 1.16 
LN consumption per 1 kW of 
equivalent 4.5 K refrigeration 

3.44 3.49  0.75 1.13 

 
Recalling that the ratio of the Colburn ‘j’ factor (݆ு) to the Fanning friction factor (݂) is relatively 

invariant over a wide Reynold’s number range, the heat transfer coefficient is, ݄ ൌ ൫ܥ௣ ∙ ܩ ⁄ଶ/ଷݎܲ ൯ ∙ሺ݆ு ݂⁄ ሻ ∙ ݂.  Where, ܥ௣ is the specific heat (at constant pressure), ܩ is the mass flux (i.e., mass flow per 
free flow area), and ܲݎ is the Prandtl number.  Recalling that for streams ‘h’ and ‘l’, the ሺܷܣሻ, 
neglecting wall resistance, is, ሺܷܣሻିଵ ൌ ൛ሺܥ ∙ ܰሻ௛ିଵ ൅ ሺܥ ∙ ܰሻ௟ିଵൟିଵ.  Where, ௛ܰ and ௟ܰ are the 
stream specific NTU’s, ሺܥ ∙ ܰሻ ൌ ଴ߟ ∙ ݄ ∙  ଴ is the overall extended surface (i.e., fin) efficiencyߟ ,and ,ܣ
and ܣ is the heat transfer area.  Recalling the definition of the hydraulic radius, ݎ௛ ൌ ௖ܣ ሺܣ ⁄ܮ ሻ⁄ , where ܣ௖  is the free flow (cross-sectional) area and ܮ is the length; it can be seen that, ௛ܰ and ௟ܰ are 
proportional to ሺ݂ ∙ ௛ܥ ,ሻ.  Taking the simplest case ofܮ ൌ  So, the stream  .ܮ~ܷܶܰ ,௟, we see thatܥ
temperature difference (which is the same for a balanced heat exchanger) is, ∆ ௛ܶ௟ ൌ∆ ௠ܶ௔௫ ሺ1 ൅ ܷܰܶሻ⁄ ~1 ⁄ܮ .  Where, ∆ ௠ܶ௔௫  is the difference between the stream inlet temperatures.  
For the net thermal rating, we have, ሺܷܣሻ ൌ ෩ܷ ∙ ሺܣ௖ ∙ ܮ ⁄௛ݎ ሻ; where, ෩ܷ ൌ ሺܷܣሻ ⁄ܣ .   So, ሺܷܣሻ~ܣ௖ ∙  ,ܮ
that is, the volume.  However, the ܷܰܶ’s and ሺܷܣሻ are not geometric factors!  So, using the empirical 
parameter of ܷܰܶ’s per core length is justified as an indicator of whether the heat exchanger is long 
enough. 

Analysis of empirical data on brazed aluminum HX’s by JLab, prior to deciding on a re-design 
solution, indicated that an important criteria was missing in the HX specification; that is, the aspect 
ratio [3].  This is defined as the ratio of effective length to the square root of the total free flow area.  
That is, even if the ܷܰܶ’s per core length requirement is acceptable, the HX may not be ‘skinny’ 
enough.  It was found in examining the data that 300-80 K HX’s which had an aspect ratio greater than 
five performed as designed.  It should be kept in mind that the design of these HX’s (presumably) 
included the additional ሺܷܣሻ required to compensate for axial conduction. 

Brazed aluminum HX’s are commonly employed in large plants, since they are cost effective, 
although they are vulnerable to improper flow distribution.  This compounded with the challenging 
task of balancing the number of passes in multi-stream HX’s for actual multi-mode operating (as 
opposed to design) and turn-down conditions, often results in these not performing as designed or 
anticipated.  Although, this may not be commonly acknowledged, it is evident in the cold piping 
exiting CBX’s (and, if a LN pre-cooler is used, higher than design LN consumption).  It must be kept 
in mind by users specifying equipment and equipment designers/manufacturers that the 300 to 80 K 
helium-helium HX for the LN pre-cooler has a very demanding requirement, requiring greater than 40 
NTU’s for a reasonable LN consumption, and is very vulnerable to improper flow distribution [3, 7].  
It should be re-iterated that even with a net thermal rating margin of ~30%, less than 10 NTU’s per 
meter of core length, adequate pressure drop ratios, and a simple two-stream HX using mid-length re-
mix headers, the re-design just met the TS design for LN consumption in the maximum 4.5 K (pure) 
refrigeration mode. 

3.  Wide Range Cold Box Testing 
After the manufacturer installed the re-design, the 12 GeV refrigerator was re-commissioned.  During 
this period, all design modes were tested and a wide capacity range of liquefaction, refrigeration and 
mixed liquefaction plus refrigeration (~50/50%) were tested.  In these tests the helium supply pressure 
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to the CBX varied from 19.5 to 6.5 bar, without requiring the turbine inlet valves to be throttled for the 
entire pressure range, except for maximum refrigeration without shield (1 out of 24 tests).  Although, 
obviously there was operator interfacing (due to the nature of testing), the transition between different 
capacities and modes was very stable and required a minimum of operator interaction.  In fact, even 
after re-commissioning, while supporting the LINAC at 2-K (i.e., cold compressor operation), the cold 
compressors did not trip when occasionally a turbine string would trip (this happened due to 
instrumentation issues and in one case due to an under sizing of T2’s nozzle which caused a failure in 
T2, which was corrected).  Nor did the cold compressors trip when one of the low pressure load return 
compressors tripped off.  These are tangible proof of the robustness of the Floating – Pressure process 
working with a well matched compressor, 4.5 K CBX, and cold compressor system. 

A particularly useful component implemented in the 12 GeV compressor system design was a 
bypass control valve between the recycle return (or MP) stream and the load return (or LP) stream; 
shown as “BYPML” in figure 1.  This valve allows any excess LP stage capacity, which would 
otherwise be recirculated by the “BYPL” bypass (see figure 1), to be used to handle recycle load 
return flow.  The exergy loss across this valve is small, since the MP and LP streams are usually close 
in pressure, and is outweighed by the increased pressure ratio across the upper two turbine strings and 
the inefficiency in implementing the compressor slide valve. 

 

 
 

Figure 1.  Simplified Process Flow Diagram of Compressor System 
 
Preliminary data was presented previously [3].  Table 2 shows the tests performed during re-

commissioning in the fall of 2015.  As done during the commissioning in 2013 [2], test heaters were 
used to impose a shield load and the load from the cold compressors and allowed a precise load 
measurement.  Testing of the cold compressor load did not require sub-atmospheric helium as used by 
others, and was quite similar to that used for commissioning at SNS [8].  Figure 2 shows the inverse 
coefficient of performance (COP; for the 4.5 K cold box system) and system exergetic efficiency vs. 
the equivalent 4.5 K refrigeration load.  Figure 3 shows the total load exergy and the HP supply 
pressure to the CBX vs. the equivalent 4.5 K refrigeration load.  In regards to the Floating-Pressure 
Process, note the direct correspondence in figure 3 between capacity and HP supply pressure.  It 
should be clear from these figures that the 12 GeV refrigerator has a high performance over a very 
wide range of operation.  Notwithstanding having good component efficiencies at design conditions, 
the primary factors allowing this is the implementation of the Floating Pressure Process, a compressor 
system/skid design allowing a wide range of operation [9], an equal ‘Carnot-step’ (expansion stage) 
CBX design [10], a variable turbine brake, proper HX specification/design [3] and proper sizing of 
internal piping/components. 
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Table 2.  Tests Performed During Re-Commissioning 
 
Mode HP [bar] R [kW] L [g/s] SH [kW] CC [g/s] L [kW] qL [kW] 
Maximum Capacity 19.4 0.0 0 12.6 305.0 1282 17.8 
Nominal Capacity 14.2 0.0 0 8.0 217.7 827 11.3 

Liquefaction 

17.8 0.0 189 8.0 0.0 1226 16.4 
16.3 0.0 177 0.0 0.0 1109 14.9 
12.8 0.0 122 0.0 0.0 733 10.0 
10.2 0.0 93 0.0 0.0 584 8.0 
8.7 0.0 75 0.0 0.0 466 6.3 
8.1 0.0 64 0.0 0.0 401 5.4 
7.6 0.0 51 0.0 0.0 317 4.3 
6.6 0.0 40 0.0 0.0 228 3.1 

Refrigeration 

10.7 11.4 0 12.5 0.0 860 12.3 
11.4 11.0 0 0.0 0.0 779 11.2 (‡) 
9.5 9.7 0 6.5 0.0 743 10.4 
8.4 8.0 0 6.5 0.0 620 8.6 
7.7 6.2 0 6.5 0.0 493 6.8 
6.6 4.3 0 6.3 0.0 355 4.9 
6.3 3.8 0 6.5 0.0 329 4.5 
7.2 3.3 0 12.5 0.0 304 4.2 
7.0 2.9 0 6.5 0.0 235 3.2 

50% L + 50% R 

12.6 7.4 78 0.0 0.0 1046 14.7 
11.6 6.4 67 0.0 0.0 909 12.6 
11.3 5.4 60 0.0 0.0 793 11.0 
9.6 3.5 49 0.0 0.0 586 8.0 
6.3 2.7 22 0.0 0.0 347 4.7 

Notes: (‡) Max. refrigeration without shield; T5-T6 turbine string inlet valve 
throttled due to cold outlet temperature 

Abbreviations: HP HP - High pressure supply pressure to cold box 
R 4.5 K refrigeration load 
L 4.5 K (to 300 K) liquefaction load (make-up) 
SH Nominal 35-55 K shield load supplied by T1-T2 turbine string 
CC Cold compressor flow (injected into cold box at < 30 K) 

L Total load exergy 
qL Equivalent 4.5 K refrigeration (3 bar 4.6 K supply, 1.25 bar return) 

 
For this data, the LP compressor slide valve was adjusted so that there was no bypass.  Of course, 

in actual operation, some modest amount of bypass is allowed (say ~5%), so that if a MP or LP stage 
compressor trips, the cold compressors can remain operating as operation crews respond and restart 
the compressor or a back-up.  This ‘adjustment’ was made based upon test data taken from a test of the 
LP stage over a range of slide valve positions and discharge pressures.  Figure 4 shows the three 
dimensional characterization of this test data for the volumetric and isothermal efficiencies.  The 
vertical axes in these plots is the ratio of the measured (part load) efficiency to the predicted efficiency 
at a fully loaded condition.  Using a variable frequency drive (VFD) is an alternative to the slide valve, 
as the cost of these even for larger machines is becoming more practical.  However, the 12 GeV 
compressor system was not designed with VFD’s (for the compressor motors) and given that the 
efficiency of rotary screw compressors is highly dependent on their tip speed [11], it is uncertain 
whether the VFD or slide valve would be more efficient and/or reliable. 
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Figure 2.  Inverse COP and System Exergetic Efficiency vs. Equiv. 4.5 K Refrigeration Load 
 

  
 

Figure 3.  Total Load Exergy and HP Supply Pressure to CBX vs. Equiv. 4.5 K Refrigeration Load 
 

  
 

Figure 4.  LP Stage Volumetric and Isothermal Efficiency vs. Pressure Ratio  
and Slide Valve Position 
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In general, inverse process modeling of the system indicated the venturi flow meters at the interface 
between the compressor and cold box system, and the CBX venturi meters at the inlet to each turbine 
string had reasonable corroboration.  Many cross-checks were performed with an uncertainty analysis 
for the flow meters.  The inverse process modeling also indicated that the turbine adiabatic efficiencies 
are equal to the design or higher than expected.  Over the entire range of conditions tested, the turbine 
strings (i.e., T1-T2, T3-T4, T5-T6, and T7) are operating at an average adiabatic efficiency of 83.5 to 
86.7% with a standard deviation of about 1.4%. 

4.  Pulsed Load Test 
Near the completion of the re-commissioning tests, a pulsed load test was conducted using heaters in 
the 3 m3 sub-cooler within the ‘lower’ CBX and the external 10 m3 dewar.  Three tests were conducted 
as summarized in Table 3.  The intent was to impose a pulsed load similarly scaled to that expected to 
be imposed on the ITER cryo-plants [12].  That is, a ratio of the peak-to-peak to mean heat load of 
~30%, a period of 1800 seconds and a ramp rate of 30 W/s.  It is important to note that no special or 
additional instrumentation, controls, algorithms or equipment was implemented for this pulsed load 
[13, 14]; that is, the same Floating – Pressure process and system was used throughout all testing (and 
normal operation).  During this testing, the compressor bypass valves did not open and there was no 
mass in or mass out (to gas storage).  Figure 5 shows the heat load pulse profile, the HP supply 
pressure response to the CBX, the LP load return pressure from the CBX and the supply mass flow to 
the CBX for test #2.  The behavior is quite similar for the other tests.  The top two curves belong with 
the left hand vertical axis and the bottom two curves belong with the right hand vertical axis. 
 

Table 3.  Pulsed Load Test Summary 
 
 Test 1 2 3 
4.5 K Heat Load (§) [kW] 9.64 9.73 9.63 
4.5 K Liquefaction Load [g/s] 0 0 13.3 
Shield Load [kW] 0 7.83 0 
HP Supply Pressure to CBX [bar] 9.06 9.92 9.67 
Ratio of Peak-to-Peak Heat Load to Average (§) [-] 32.3% 32.8% 32.4% 
Ratio of Peak-to-Peak HP Supply Pressure to Average [-] 5.4% 7.6% 6.5% 
Ratio of Peak-to-Peak LP Return Pressure to Average [-] 4.1% 4.2% 3.4% 
Ratio of Peak-to-Peak HP Supply Mass Flow to Average [-] 12.3% 12.3% 11.1% 
 
Notes: 

 
(§) 

 
Integrated average 

 
It should be kept in mind that although one of the design modes for the 12 GeV refrigerator was a 

maximum 4.5 K pure refrigeration load, it was not primarily designed as a refrigerator; rather this 
mode was imposed to ensure ‘well-rounded’ HX’s.  It was primarily designed for the cold compressor 
load with a modest amount of 4.5 K (to 300 K) liquefaction.  Consequently, if it were designed for a 
pure refrigeration load, the nozzle coefficients and the low pressure load return compressor 
displacement would have been selected differently.  Also, if the objective is to prevent any variation in 
the load return pressure, the displacement of the low pressure load return compressors could be sized 
so that the compressor bypass to the load return can keep this pressure from varying.  This pulsed load 
refrigeration test not only demonstrated the capability of a well-balanced refrigerator system design 
(compressors and cold box), but also the effectiveness of the Floating – Pressure Process. 
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Figure 5.  Pulsed Heat Load and System Response 

5.  Conclusion 
These test results and other accomplished elsewhere [15] have demonstrated the robustness and 
effectiveness of the Floating – Pressure process.  The advances gained at JLab over the past 15 years 
in the design of cryogenic systems have culminated in the 12 GeV cryogenic system.  There is still 
great opportunity for advancement as there are many areas needing further work and development.  
The FRIB project at MSU and the LCLS-II project at SLAC are directly benefiting from the advances 
accomplished previously [15] and from the 12 GeV cryogenic system.  It is extremely fortunate for 
highly schedule driven projects like LCLS-II that the time, money and effort was expended to develop 
the 12 GeV cryogenic system.  Unfortunately, projects like this are incapable of advancing the state of 
the art of cryogenic systems given their schedule, and as it is too often regarded as ‘established 
technology’.  It is hoped that this paradigm can be abandoned and laboratories take the initiative to 
further advance cryogenic systems in partnership with industry, being encouraged and afforded this 
investment by their government sponsors. 
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