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5. System Optimization

Experienced designer follows and understands the
developments of the helium Refrigeration
systems over the years.

Here is an attempt to present some of the advances
In the filed and their practical basis.

It Is easy to ask to provide an Optimum System to
support a given load

Requires serious thought to answer
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System Optimization (cont)

What is an optimum system?

Does it result In a:

e Minimum operating cost

e Minimum capital cost

« Minimum maintenance cost

e Maximum system capacity

« Maximum availability of the system

Traditionally a design for maximum efficiency at one
operating point is referred as the optimum system design.
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System Optimization (Cont.)

« The above five factors (or perhaps more) are rarely
looked at as the optimization goals.

« The demand on equipment varies substantially
between operating as a refrigerator (i.e., Hx dominance)
and liquefier (i.e., expander dominance).

« The challenge is to envision a cycle considering
these optimization goals, using real components,
capable of operating close to maximum efficiency
for aload varying from a maximum to minimum
capacity and from full refrigeration to full
liguefaction mode or in any partial load
combinations.
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Operation of the Helium Refrigeration System

Central Helium Liquefier (CHL) at JLab

Gas [[: :}
( storage |/

Original Design TS Diagram

Compressor
System

T 7T

01l

removal C

Purifier ! g
Main Cold Box

109 gfs LNZ -

T AAN

— I

< Dewar >7 Dewar
Gas return subcooler

compressor

Cold
compressors

Standard helium system

Subatmospheric system

Subatmospheric
Subcooler

—=Transfer lines=—

Cavities

_@JSA— Jeff,;%on Lab

@Thomas Jefferson National Accelerator Facility

Office of Science
U.5. Dapartmant of Energy

Operated by the Jefferson Science Associates for the U.S. Dept. of Energy




System Optimization (Cont.)

« The majority of the above goals can be
accomplished with a system design based on a
process naturally responding to (track) the loads.

« Considerable interdependency exists between the
above five factors.

A well-desighed system is a result of optimizing the
specified main factors (prioritized project
requirements) and an overall optimization of the
remaining factors.

« |If an analysis for all the possible operating modes is
completed at the design stage, it will identify the
factors compromised and the type and magnitude of
the effects.
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System Optimization (Cont.)

 The trade-off relationship between the first two factors, the
minimum capital cost and minimum operating cost can be
guantified to some extent by the following guidelines.

 The first step is to establish a cycle that suits the expected
loads using the guidelines described in earlier chapters.

« The exergy analysis shows (Appen-G) how much of the actual
Input energy each component uses in performing its duty.

« The effect of these losses can be studied by modifying the
Independent input parameters.

« As an example, if the warm end temperature difference for HX-
1A is reduced, LN2 usage is reduced. It is a balance of the
cost of an increased HX size vs. that of a reduced utility cost.
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System Optimization (Cont.)

 Inthe process industry, typically $1000 of capital investment is
worthwhile if it reduces the electrical input power by 1 kW
(@~%$0.04/kWh)

« 1kW depending on the local cost of electrical power:
—$1000 (for $0.04/kWh) to $2500 (for $0.10/kWh).
— It assumes a 3-year pay back for an 8500-hr. operation per year.

PV =(25000)- f -C_
where, PV - Equivalent capital investment per 1 kW saved,
f - fraction of the year the plant is operated,
C. - local cost of electricity [$ per kWh]

This is avery simplified view.
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System Optimization (Cont.)

Pressure ratio constraints

A minimum mass flow rate will provide a minimum of heat
exchanger losses, smaller cold box, smaller compressor size
and higher efficiency for a given load.

 This requires the maximization of the pressure ratio.

 The final compressor discharge pressure (in atm) is almost the
same as the total pressure ratio.

« Many of the critical components used are rated for e.g., 25 atm
for turbo expanders, 18 atm for reciprocating expanders.

« The pressure ratios selected for the cold box need to match the
types of compressor to maximize efficiency

« 150# components are rated for ~20 atm at 100°F and below
« 300# components are rated for ~50 atm at 100°F and below.
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System Optimization (Cont.)

Pressure ratio constraints (cont)

« Care should be exercised before crossing the pressure rating
boundaries

A higher pressure ratio has a negative effect on their reliability

 Oil flooded screw compressors peak efficiency between 2.5 and
4.0 per stage.

 More than half the total exergy is lost (nominally ~50%
Isothermal efficiency) in providing the pressure ratio.

 Most turbo expanders pressure ratio is between 2 and 5 at peak
efficiency.

 Reciprocating expanders have their high efficiencies at higher
pressure ratios.

« Cold Box pressure ratings are normally 20 atm to permit the
use of 150# components in the system design.
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System Optimization (Cont.)

Temperature (or Temperature ratio) Constraints

« Higher pressure ratio systems require fewer Carnot steps.

« Carnot step establishes the characteristic temperatures
required in the cycle for the efficient cold box design.

 Efficient system design requires the maximization of the
number of Carnot steps.

Number of Carnot steps depend on.

— For smaller systems, the efficiency of the expanders and
the increase in investment (cost) of each additional Carnot
step, since it plays a significant role in choosing the
number of Carnot steps.

— For larger systems, pressure ratio, efficiency, arrangement
and number of expanders will lead to the optimum number
of Carnot steps.
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System Optimization (Cont.)

Mass Flow Constraints

The compromises made in choosing the pressure ratio
and the number of Carnot steps (or non Carnot step
selection for the design) can result in higher mass
flow through the cold box and resulting in:

— Increase the size of the heat exchangers (cold box).
— Increase the heat exchanger thermal losses.

— Increase the pressure drop.

— Increase the capital cost of the system.
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System Optimization (Cont.)

Expander Flow Coefficient Considerations

For efficient cold box design, the Carnot step sets the expander flow

« The Carnot step imposes a temperature ratio for each step
 For the liguefaction load the mass flow is approximately constant

 For the refrigeration load the flow demand is on the cold
expander(s)

* In practice two types of expanders are used in the helium systems:
(a) reciprocating and

(b) turbo expanders.
 Most turbo expanders have fixed nozzles,
 but some large systems have variable nozzle turbo expanders.
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System Optimization (Cont.)

Expander Flow Coefficient Considerations (Cont.)

 Easy to efficiently change the flow capacity of a reciprocating
expander by speed

« To change the flow for turbo expanders, the inlet pressure (or
temperature) must be changed

« The Carnot step sets the inlet temperature to the expander in
an optimal design

« The large flow capacity variation for refrigeration and
liguefaction modes can only be obtained by varying inlet
pressures to the turbo expander(s)

« This can be done by allowing the entire system pressure to
Increase or decrease to match the loads (variable pressure
system)

« The process cycle for balanced system design provides the
means to address these issues.
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System Optimization (Cont.)

Heat Exchanger (HX) Considerations

HX’'s should be selected after analyzing both the
liguefaction and refrigeration modes, and preferably
after examining all off-design modes.

 For HX's with effectiveness greater than 95%, special design care
IS required for the flow distribution in the HX core.

« Some practical guidelines for cycle designs are to limit the
effectiveness not to exceed 98.5% and any single HX core size to
~50 NTU'’s.

« The choice of horizontal orientation of HX's should be the |ast
resort due to inherent flow distribution problems (especially at turn
down conditions).
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System Optimization (Cont.)

The Tradeoff Relationships

« The cycle analysis should include an exergy analysis
(Appendix-G).

« 300to 80K pre-cooling choice in deign is explained later.
« Sometimes load(s) exceeds its ideal (design) operating point

* Requires a new (or the maximum possible) capacity of the
existing equipment or with limited modifications

« the system is optimized for maximum capacity.
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System Optimization (Cont.)

A) The optimization is now centered on minimizing any
new investment

 Inthis regard, the efficiency (operating cost) has been
declared less important (than maximizing the capacity)

e consequence, compromises have to be made regarding the
maintainability, reliability and availability of the system.
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System Optimization (Cont.)

B) High peak and low average load.

 |tis neither cost effective nor efficient for continuous
operation to size the equipment to handle the peak load.

« an example of this is a quench from alarge magnet string
system.

« Dewars have been designed to absorb this large quench
energy

« Appendix-B provides an analysis for sizing the dewar size

Appendix-B
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System Optimization (Cont.)

C) A system designed with minimal moving parts for
maximum reliability

« By properly conceiving this requirement in the beginning.
« Thisis accomplished by choosing highly reliable components

« and providing the redundant components (e.g. spare
compressor skid)

« This approach can prove the maximum system availability.
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System Optimization (Cont.)

D) The trade-off relationship between the maintenance
cost, maximum system capacity and maximum
reliability of the system depends upon

* how close to and how long the system is operated at the
maximum pressures (i.e: system capacity).

* how the system operating at a reduced capacity when the
maximum capacity is not required.
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System Optimization (Cont.)

E) In practice, a helium system with a high efficiency
(low operating cost) also has a low capital cost.

 high efficiency systems require less flow and therefore
« fewer or smaller compressors and
« smaller heat exchangers and cold box.

It may require more expander stages, the number of expansion
stages must be balanced

This is contrary to the intuition of many people.
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System Optimization (Cont.)

Historically, helium cryogenic systems borrowed the main sub-
systems from other applications, refrigeration systems and
from the air separation industry

« Thisis an opportunity to develop and/or improve these
components and operating practices (refer to Chapter 14).

e An exampleis

— operating screw compressors with a built in variable
volume ratio (presently available) to match the varying
system pressures

— and to operate close to the maximum efficiency or the
minimum input power.

« Alltoo often and unfortunately the combination of the loads and
the available systems to process them are already in place and
the operator has very little influence in changing this situation.
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Floating Pressure Process - System Optimization (Cont.)

The Basic Floating Pressure System Design

Also referred to as the “Ganni Cycle” or “Floating Pressure
Ganni Cycles” or “Constant Pressure Ratio Cycle”.

The new process variation has been developed to maintain
high plant operational efficiencies at full and reduced
plant capacities for the helium cryogenic refrigeration

and liquefaction cycle.

Traditional cycles are designed at specified maximum
capacity operating point(s). In actual systems the loads
often vary. Also the components used in the system do
not always perform exactly as envisioned in the design,
which are traditionally represented by the TS design
diagrams.
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Floating Pressure Process - System Optimization (Cont.)

As such, for design and off-design modes, it has been
traditionally the practice to force the plant to operate at
the design pressure and temperature levels established
In the cycle design (referred to as the TS design
conditions) by regulating the turbo expander inlet valves,
thereby (presumably) keeping the sub-components close
to their peak (design) efficiencies

The Floating Pressure Process — Ganni cycle has no such
bias and instead adopts a non-interference control
philosophy using only a few key process parameters.

The Floating Pressure Process invalidates the traditional
philosophy that the TS design condition is the optimal
operating condition for as-built hardware and actual
loads.
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Floating Pressure Process - System Optimization (Cont.)
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Floating Pressure Process - System Optimization (Cont.)

Both the expander and compressor are essentially
constant volume flow devices, so for a given mass charge
they set their own inlet pressures, thus,

« Compressor establishes the suction pressure
e Expander establishes the discharge pressure

With these,
the gas charge establishes the system mass flow rate

If left unconstrained, these two devices establish

 Essentially constant pressure ratio and,

 Essentially constant Carnot efficiency
For a given gas charge
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Floating Pressure Process - System Optimization (cont.)

. The compressor and expander establish an
essentially constant pressure ratio and
constant system Carnot efficiency

————————————— M)

_€JSA_ Jefferson Lab
> @Thomas Jefferson National Accelerator Facility

Operated by the Jefferson Science Associates for the U.S. Dept. of Energy




Floating Pressure Process - System Optimization (Cont.)

« (Gas management valves establish how to

respond to a given load, i.e.,

—Compressor bypass (BYP)  uo e M

 Does not open except to prevent (P
compressor suction from going below
some minimum (usually ~1 atm)

—Mass-Out (MO) ‘

» Discharges mass from compressor

discharge to gas storage, decreasing p, | 0 20

—Mass-In (M) % " %

 Brings mass from gas storage to ‘

compressor suction, increasing p,, - o

— Off-set between MO & MI (to prevent =Xp Load Return Temperature

competition)

—Discharge pressure (p,) is linearly

related to difference between actual (T))

and desired load return temperature. q,

e i.e., if T increases, then p, increases
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Floating Pressure Process - System Optimization (Cont.)
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Floating Pressure Process - System Optimization (Cont.)

Observations (TS diagram):

o Y-axis iIs the natural logarithm of temperature

* Between any two arbitrary points ‘1’ and ‘2,
AS = (32 _51) = Cp '{En(Tz /Tl) _¢‘€n(p2 / pl)}

As=C_ -{/n(T,)—¢-(n(p,)}
S0, at constant temperature (isotherms)
As=—¢-C_-(n(p,)
At constant pressure (isobars),
As=C_ -/n(T,)

® Slope of isobars is equal the specific heat at constant pressure ()

_€JSA_ Jeffégon ,Lab -
" DThomas Jefferson National Accelerator Facility

Operated by the Jefferson Science Associates for the U.S. Dept. of Energy




Floating Pressure Process - System Optimization (Cont.)

As the “Claude Cycle” is essentially a constant pressure process

and, the “Sterling Cycle” is a constant volume process

the “Floating Pressure Cycle” is a constant pressure ratio process

R o

B T

E Ag,

Nearnot = W_c " Constant

112

That maintains essentially constant Carnot efficiency
over a very wide operating range

(100% to ~ 40% of maximum capacity in practical systems)
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Capacity Modulation

Methods to Control Shield Refrigerator Capacity

Case # Load Adjustment Mechanism Constraint
1 Compressor Discharge Pressure ( p, ) ﬁs-r’op(r:c;rrlr;rﬁstzc;]rt Bypass (Mere);
2 Load Heater (dum ) Compressor Suction Pressure ( p,)
3 Expander Inlet Valve (aAp,;) Compressor Suction Pressure ( p,)
4 Compressor Discharge Pressure ( p, ) Compressor Suction Pressure ( p,)
5 Expander Inlet Valve (Ap,;) Zero Compressor Bypass (Mgyp)
6 Expander Bypass (Myev ) Compressor Suction Pressure ( p, )

Note: Case #1 is the Floating Pressure Process. The others
are traditional methods.
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Capacity Modulation(Cont.)

TS Diagram of Case #1 & #2

Case #1 P

n(T) in(T)

Note: Case #1 is the Floating Pressure Process
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Capacity Modulation(Cont.)

TS Diagram of Cases #3 & #4

Case #3 ' Case #4

n(T) n(T)

(7,2)
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Capacity Modulation (Cont.)

TS Diagram of Cases #5 & #6

Case #5
wy ) &)
fl’ f"
4

n(T) n(T)
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Variations in Equipment Parameters

Using the Floating Pressure Process, for selected

equipment parameters that are less than their design

value, how does the cycle move from the design

condition?

Case | Selected Equipment Parameter | Pressure | Mass Flow
# Less Than Design Value Ratio
A HX Size Increase Increase
B Expander Efficiency Increase Increase
C Expander Flow Coefficient Increase Decrease
D Compressor Volumetric Efficiency | Decrease Increase
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Variations in Equipment Parameters

TS Diagram of Cases A & B

In(T) n(T)
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Variations in Equipment Parameters

TS Diagram of Cases C & D

Case C
1) fdd ELl 1)
I’f

n(T) In(T)
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Floating Pressure Process - System Optimization (Cont.)

If, iInstead of using the Floating Pressure Process (as
discussed in Case #1), one of the load adjustment
mechanisms in Cases #2 to #6 were implemented In
attempting to bring the off-design condition back to the
TS design condition one of two results would occur:

 For the selected equipment parameter which is less than
the design value, the shield load cannot be met and
system Carnot efficiency is reduced.

 For the selected equipment parameter which is greater
than the design, the shield load can be met (matched)
but at a system Carnot efficiency less than is possible
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Floating Pressure Process - System Optimization (Cont.)

So, how does this apply to
helium liquefiers and
refrigerators?

 Recall that each expansion stage is
basically the cycle described in the
Floating Pressure Process

60 to 90% of the
total system flow

 For liguefiers and mix-mode systems,

60 to 90% of the total system flow is
through the turbines (providing the
cooling)

« Also, recall that ~2/3'? of the total
system losses are in the compressor
system; so we must consider what is
means to properly match the
compressor and cold box system
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Ganni Cycle - System Optimization (Cont.)

16 0r 21 ATM _----=-------=mm-o=ooooos

- = Traditional Helium Cycles
5 Poor pressure ratio matching.
Resulting in large losses in 2"d stage

Pressure Ratio
Pr~53o0r7 |
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Pressure Ratlo RECYCLE I t f t f th I t i I i t
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STANDARD INDUSTRIAL
HELIUM REFRIGERATOR SYSTEM
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- . STAGE Ratio : ;
Good (optimum) pressure ratio  compressors Pr-35 |
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Resulting in low losses for both presswe L presswe |  RECYCLE | . LOAP
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' COMPRESSOR HELIUM REFRIGERATOR SYSTEM

_@JSA— Jefterson Lab

@Thomas Jefferson National Accelerator Facility

Offlca of Scuenca
t of Energy

N i¥ L
L E
%) o
FATES (%

Operated by the Jefferson Science Associates for the U.S. Dept. of Energy



Floating Pressure Process - System Optimization (Cont.)

Summary The Ganni cycle — Floating Pressure Process:

1. Provides a basis for an optimal design at maximum load, turn-down cases
and mixed modes, addressing the compressor system as the major input
power loss contributor

2. Provides a solution to implement on as-built systems (existing or new) to
Improve system efficiency, reliability, availability and load stability under
actual loads and help to improve the experimental envelop

3. Invalidates the philosophy that operating as-built systems at the TS design
conditions is optimal by properly identifying the fundamental process system
parameters for control

4. s a constant pressure ratio process cycle (as the Sterling Cycle is a constant
volume process and the Claude Cycle is a constant pressure level process)
and maintains the compressor efficiency for varying loads
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Floating Pressure Process - System Optimization (Cont.)

5. Isavariable gas charge system, whose gas charge is automatically adjusted
and thus the compressor input power, to satisfy the given load

6. Not contingent on precise instrumentation for successful operation. This is
due to decoupling specific values of process variables from presumed
system load capacities

7. Maintains a constant volume flow (and thus the velocity) at any point in the
system and preserves the expander efficiency and the oil removal
effectiveness during the turn-down cases

8. Has been licensed by JLab to Linde Cryogenics, Division of Linde Process
Plants, Inc. and Linde Kryotechnik AG for world wide commercialization
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Some Historical Reasons given (for the last 20 years) to stay status quo:

» “We have done this before” —really??? (if so...good!...we share a
common desire to utilize natural resources wisely!)

» Industry,

An increase in system efficiency comes with,
 “Increase in capital cost”

 “Reduced availability”

 “High risk to the basic program”

» Users,
o “T-S design is the optimum, force the system close to it”

“You should not change system operation from the basic design
and/or the operation method”

« “Cryogenics is not the experiment”
e« “The cryo system is running fine. Don’t change it”
e “Scale the new system from an existing one”
 “Requires re-training of the operators”

And many, many more !!!
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Licensing Agreement

Jlab has licensed the Ganni Floating Pressure Helium Process Cycle technology to
Linde Cryogenics,
Division of Linde Process Plants, Inc. and Linde Kryotechnik AG
for world wide commercialization.
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JLab 12 GeV Helium Refrigerator Cycle Studies

Application of Optimization to
CHL-I11 Cycle Specification
for JLab 12 GeV Upgrade

P. Knudsen
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JLab 12 GeV Helium Refrigerator Cycle Studies

e Purpose

—Lay the “ground work” for the refrigeration system
specifications by obtaining a thermodynamically optimum
practical cycle configuration for all the load requirements

e Establish the probable optimum cycle, for all probable vendors
« Establish number and size of major components

—Support concurrent civil (building and utility) design

« Why?...to be able to,
— Effectively communicate our needs to the vendors
—Control the quality of equipment Jlab will receive

—Use the lessons learned form original CHL, SNS etc.;
eliminating or minimizing the past mistakes

—Compare with other present state of the art systems of
comparable size; e.g., CERN
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CHL Cryo Plant Capacities

« Existing CHL #1 supporting Current 6 GeV
—Capacity: 4.6 KW @2.1K,
—12 kW @ 35K-55K
—10 g/s liguefaction @ 4.5K

* New CHL #2 to support Future 12 GeV
—Capacity: 4.6 kW @2.1K,
—12 KW @ 35K-55K
—15 g/s liguefaction @ 4.5K

@Thomas Jefferson National Accelerator Facility
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12 GeV Cycle Carnot Analysis

Jlab 12 GeV Carnot Cycle Analysis

Stage 1 (Shield & Refrigerator End) Stages 2-6 (Liquefier End)

Loads:
N 1 # stages N # stages
w T T T, 80([K] 17 stage (h) inlet temperature T, 35.70 [K] 17 stage (W) inlet temperature
[e/s] K] [K] T, =Tz 35|[K] N stage (1) inlet temperatiure T; =Taes [K] N stage (1) inlet lemperature
4.5K Liq. 15.0 4.59 78.43 (2] 2.286 total lemperature ratio (2] 7.933 total temperature ratio
CC Flow 2338.0 459 35.00 T =AT,, /T, 1 0.020 =ATy, /T,
Shield 192.1 3570 47.73 ¥ 1.020 =Ty /Ty 0, 1.020 =Ty, /Ty
0; 2.286 slage temperature ratfo = Ty, / Ty, 0; 1.537 stage temperature ratio =T, /T
Wy 15.0 [g/s] liquefaction flow Wi 253.0 [gfs] liguefaction flow
Expander #1 Shield Flow Wy [g/s] refrigeration flow Wp Ijl[g/s] refrigeration flow
Wip 1141 [g/s] =w; twy Win 253 [gfs] =w, twpg
Qs [ D|kw]  shieldioad v, 0.013147 =wy /W ik v, 1 =w, /o
Tss = Taar 3570 [K] shield supply temperature r expander pressure ralio r expander pressire ralio
T = Ty 47.73 [K] shield return temperature ¢ 0400 =(y-1/y ¢ 0.400 ={y-/y
Cpo [J/g-K] specific heeat al const. pressure Ty expander isentropic efficiency My expander isentropic efficiency
Wy 192.1 [g/s] shield flow rate 0, 1.364 expander lemperature ratio a9, 1.378 expander temperatre ratio
r 0.025 I 0.010
g 1.241 g 0.507
h 0.344 h 0.358
k 0319 k 0.347
W; 339 [g/s] expander #1 flow B.o 0.129 =W/ Wir B.s 1.489 =Wy /Wi
Wyios 417 [g/s] expander #2 - #3 siving flow B, 1.078 =W W B, 1.029 =W AW
Wys 393 [g/s] expander #4 - #5 siring flow
Wy 377 [g/s] expander #6 string flow
i Tp: K] Ty (K] Wy, [g7s] i Tpri [K] - Ty [K] Wy, [g/s]
W, 1541 [gfs] est. 1otal compressor flow 1 80.00 147 2 35.70 35.00 423
1 47.73 2! 3199
2 35.70 3 2369 23.22 411
3 21.22
4 1572 15.41 399
4 14.08
5 1043 10.22 388
5 9.34
6 6.92 6.78 377
6 6.20
7 4.59 4.50
JOA — Jeffe,‘go n Lab
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C4 - Process Flow Diagram

. 5 :
£ g = z £ 2 g
o o L= L+ o o

g {7 £y 2
o i 3
s - A oy A N o 1
E ;g = 1= 3 < " o |~ - 5 = = 4 u l - - o o~ ] =l | =
y . : di
B § = = = =N = | & 5 b ol i il i i B ] i 5| i i

[

T&
7

N e om o om e Rowmo s R OX oS oZ OB R OX R O™ 2 R E N R 3R TR TRRE AL LR RARER TSIV EESEESSFoY
JSA_ Jeff,;l%on ,Lab N § — S 5  —
@Thomas Jefferson National Accelerator Facility /

Office of Science
U.5. Dapartmant of Energy

Operated by the Jefferson Science Associates for the U.S. Dept. of Energy



C4 - Cycle Analysis Overview

——
Ganni Cvele Analysis: Overview: Jlab 12GeY Load - Cold Compressors Mode - C4
Energy Balance Violation| NO Mass Balance Violation? NO
Luouds: Supply Hetum Heat Exchangers:
w P T P T Tou Ap q Ey Frac By, W.E. CH. fCale.) (Prafd Ref.
Iz/s] [atm] K1 [atm] [K] K] [atm] kW] kW] 1 (AT T;) | (AT Tp) s NTU € (UA) UA)p | *A(UA} | (UA),,
Shield 152.5 5.00 35.00) 4.50 50.00 0.500] 12.00 3.3 6.6% HX # I I kW] [H] ] [KW/K] | [W/K] 5] [W/K]
4K Ref. 0.0] 3.00 4.52 1.250 447 4.468 0,00 0.0 0.0%% [T HX- 0.020 0.057] 167545 4218] 098] 31875 937.44
4K Lig. 15.0] 5.00 4.52 1050 29894 101.9 8.1% HX-IN 0.020 0.057 su00) 4218 oge0 5.50 271.35
Sub-Atm. 238.0 5.00 4.52 1.1% 30.00 37.84]  1077.9|  85.3% Hi-2 0.057 0.020 2274 1.04 0.647 .08 92,36
Tutal Luad Carnot Work: 1263.6][k W] CVS HiX-3 0.021 0.035] 15535 1.09] 0925 B4.56 24657
Total Carnot Efficlency: 28.3% HY-4 0.035 0.020 24.44 27 0.789 15.97 56,65
HX-3 0.020 0.029 66.26 706 0887 5350 157.36
Compressors: HX-6 0.029 0.045 13.42 141 0633 805 2351
N, w, Wy ps P P Tg Tp [ i Pu HY-7 0.045 0.020 63.70 853 0.938 51.23 175.74
[8] 's] I2s] [atm] [atm] K] K] [] [ kW] CV4 HE-& 0.020 0.034 2859 5.86 0.877 33,56 123,50
220 17 Load 1 3283 493 1.050 30 4] 2984 30500]  912wm| 548 5574 HE-9 0.034 0.040 241 049] 0344 219 8
220 1"Recyck| 2 8322 04 1.33] 430 324] 29894 30500 915%| 572%| 11302 HX-10 0.040 0.020 3539 1152 0952] 4138 229,29
132 P Recyck| 2 1451.0 0.0) 430 15,40 428 30500  30500] s61%| s5es| 25132 HX-11 0.020 0.021 0.06 0.03 0.027 0.13 0.54
497 Total Input Power: 42008|[kW] HY-12 0.021 0.020 27.84 1671 0.953 74.30 356,58
Effective Compr. Sys. Eff.: 52,000 CV3 | HX-13 0.021 0.022 0.05 0.06 0.057 0.15 055
HX-14 0.022 0.040 12.20 1256] 0934 31.73 255.28
LN; Fre-Cooling Supply Vent HY-15 0.040 0049 041 03 0269 0E? 546
wn Q ATyyr | ATyye P T p T q B, e | COPpw HY-16 0.049 0.020 817 11.74 0.959 27.90 224.54)
<] [zph] X] K] [atm] K] fatm] K] kW] kW] H 8] [ 0,020 0.242 1.58 384 0.932 2,99 45.63
1333 171.9 606 453 400 9134 100 29894 53 74 28] 350% 493 0.242 0.020 0.05[N/D WD ND ND
Equiv. LNy P.C. Input Power: 265.0| (kW] 0.020 0.121 0.67 214 0.846 242 3692
0.121 0.131 0.01 0.07 0.071 0.02 0.70
Availability to Coldbox 2188.6[kW] 0120] o0l 1.23 243 0,912 5,79 125,37
Col Box Efficency: 57.9% ©v1 0.020 0.057 0.05 119 0673 0.31 1297
Cuontrol Volumes: [ 0.057] a0l 0.46 1.62 0.905 364 164.72
HF Stream (k) LF Recycle Stream @r) LF Becycle Stream 1) 0.020 0.020 0.01 0.027 054
T p w T P w T P w ATy | ATy /T)| Eque 0,242 0.242 0,950 937,44
T.L.# K]l | [am] | [ws] K] [atm] l/s] [K] [atm] sl K] 5] W] Tutal 217151  144.61 Ti9.82
7 305.00 1800 14810 298 1.33 831.8] 29894 1.05 264.0 6.060 0.020 MIN AT 0.020 [ 0,940
CV§| 500
o so4s|  1750| 14s10] 78 140]  en1s 78 83| 112 26840 1.600 0.020 so0-80K | 172919 4320
CVs) 600 80-35K 32316 30.80)
i3 3570] 1752 108l 3500 146] @318 3500 118 2640 0700 0020 354.5K 11916] 7062
V4 450
F 1579]  17.38] 7198 15 46| 150] 4408 15 46| 1.22] 260 0325 0.021
CV3 300, Dewars:
37 7 bz] 1.3 26 738 1.52| 935 7.38 1.24] 20| o 0.020 War Wao Wi Wy P T AT,,. x
o2 355 el | Gl | el | e | el | (K 3] 3]
48 475 00| 2790 4.66| 1.25] 26.0 0.083 0.020 HX-2 1333 115.6 1200 7889 L60]_ 13.3%
[ 205 5C-1 93.5 731 0.0 0.0) 1527 470 oos[  21.0%)
52 452 3.00 253.0) 447 125 0.0 0.049 5C-2 26.0 2.1 0.0 0.0) 1.250 4.47 0.05 76
| |
Expanders:
e Bp, P ‘ ve | P T, T, ‘ T, Al e W d: Y ; Engt | Bpnan
L /5] [atm] fatm] [atm) ] [K] K] 5] E/g] : W] ] [l 5] 9] 5] [l fatm]
! 370.2 0.10 17.48 13.72 1.2 60,57 56,42 1.07 2251 75.0% 835 153.6 153.6 0.0%) 0.00% 726.4 0.00% 2411
2 370.2 010 13 54 5.05] 268 46,30 35.00 132 6023 75.0% 22.30) 1154 1154 0.0%) T |
& 391.0) 010 17.41 5.50 316 30,64 22.04 139] 4498 T75.0% 17.58 757 751 0.0%) [ |
¢ 351.0) 010 5.32] 1.55] 343 22,03 15.47 1.42 3317 75.0% 1257 206.6 206.6] 0.0% T7 Bypass: (Thao = Toar)
5 3472 010 17.26 550 314 1578 1105 143 2056  75.0% 714 45.7) 457 0.0% Bzs | Taw Taa MAX | INPUT
[ 347.2 010 534 1.57 3.40 10.54 7.40 1.43] 14.34 § 4.98 1204 1204 0.0% B [iS] K | X
7 3726 010 17.24 108 5.64 .65 5414 1.23 773 70.0% 289 25.3) 5.3 0.0% 0.00% 8.00 540  0.0000 00000
| [Total Expander Work: 76 20|[kW] | |

S =
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JLab 12 GeV Helium Refrigerator Cycle Studies

« Examined four configurations of Jlab floating pressure cycle.
—All configurations use (5) expander stages between 35 & 4.5K.
—All configurations use LN, pre-cooling.

—C1: (2) expanders between 80 & 35K. HP to shield expander
(T2), T2 exhaust to T1 (warmer expander), T1 exhaust to LP
recycle stream (LR).

—C2: (2) expanders between 80 & 35K. HP to T1, T1 exhaust to
shield expander (T2), T2 exhaust to LR.

—C3: (1) expander between 80 & 35K. Shield expander (T1)
exhaust to MP stream.

—C4: (2) expanders between 80 & 35K. HP to T1, T1 exhaust to
shield expander (T2), T2 exhaust to MP stream.

_€JSA_ Jeffégon Lab
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Cycle Configuration Summary

Jlab 12 GeV Cycle Summary

Cycle Configuration
1 2 3 4
Total Carnot Efficiency 27.6% 28.0% 28.0% 28.3%
Effiective Compressor Sys. Eff. 51.7% 51.7% 52.0% 52.0%
Cold Box Efficiency 56.4% 57.1% 57.3% 57.9%
Load Carnot Work [MW] 1.27 1.28 1.27 1.26
Total Input Power [MW] 434 4.35 4.25 4.20
| Availability to CBY [MW] 2.24 2.25 221 2.18
LN, Requirvement [gph] 158 158 176 172
Load Compressor (1y220 | (1H220 | (1)220 | (1)220
1st Stage Recycle Compressor (3) 193 (3)193 (2)220 | (2)220
2 Stage Recycle Compressor 132 | 132 | 132 | (2132
Total Number Turbine Expanders 7 7 6 7
HP Flow to CBX [g/s] 1361 1364 1515 1481
CBX MP Return? NO NO YES YES
Load Compressor Suction [atm] 1.05 1.05 1.05 1.05
SC-1 (HP Pot) Pressure [atm] 1.56 1.56 1.53 1.53
- hd Stage Recycle Suction [atm ] 3.98 3.99 439 4.30
Shield Return Pressure [atm ] 421 1.47 459 4.50
T1 Enthapy Drop [I/g] 80.0 72.7 76.3 22.6
T1 Flow Coefficient [-] 311 70 99 154
Shield Expander Enthalpy Drop [T/g] 80.0 80.0 45.0 60.2
Shield Expander Flow Coefficient [-] 61 139 76 115
(Total Expander Work Jikw] | 84.6| 82.2] 76.4 76.2)
Total HY NTU's [-] 136 139 140 145
300 - 80K [-] 35 37 43 43
80 - 35K [-] 30 31 26 31
35-4.5K [-] 70 71 71 71
Total HX (UA) [kW/K] 681 691 756 780
300 - 80K [kW/K] 249 262 339 333
8¢ - 35K [kW/K] 199 121 183 214
35-45K [kW/K] 233 238 234 233
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Cycle Configuration Summary

Nofes:

(1) JLab shield supply transfer-line relief valve S.P. 7.5 atm. & shield return relief valve S.P. 6.5 atm.

(2) Compressor frame: Howden WRVi 321 mm diameter rotors; no. of compressors in parenthesis and (L/D) ratio adjacent.

(3) Equivalent LN , power input calculated using 35% Carnot efficiency (for LN , Carnot work).

(4) Maximum allowed turbine enthalpy drop for cycle configurations is 80 Jig. This is not necessarily thermodynamically optimum.
(3) Expander flow coefficients are for magnitude comparison only. The actual value will be set by the selected wheel size.

(6) LN, flow based on saturated liquid at 4 atm.

(7) Compressor volumetric and isothermal efficiencies predicted using SSC data (ASST Compressor Data Analysis, 19-Jan-93).

(8) Assumed 1% stage motor efficiency of 94.5% operating at 3550 rpm; and, 2 rd stage motor efficency of 96.7% operating at 3550 rpm.
(9) Assume 0.4 atm. pressure drop across main oil removal and 10 g/s of helium bypass (drain) back to MFP stream.

(10) Total HP Ap through HX's 0.3 atm. plus 0.3 atm. & 0.1 atm. for 80K & 20K bed's, respectively. Total LP stream Dp 0.2 atm.
(both recycle and load return).

(11) Used 75% adiabatic efficiency for all expanders except the coldest (‘wet') expander (70%).

(12) Minimum allowed HX ( A T/T) ratio is 2% and maximum effectiveness allowed is 98%.

@Thomas Jefferson National Accelerator Facility
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Cycle Configuration Summary

« Appears that configuration C4 is best.

—Estimated 28.3% Carnot efficiency for the 4.5K
refrigerator system.

—Requires:
* (1) Load compressor: 321/220 (~ 0.56 MW)
* (2) 1t Stage Recycle compressors: 321/220 (~ 0.57 MW each)
« (2) 2"d stage Recycle compressors: 321/132 (~1.3 MW each)
« Total input power ~4.2 MW, with ~172 gph LN, consumption.
« (7) Expansion stages.

_€JSA_ Jeffel‘gon La
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Comparison with Other Comparable Sized Cycles

Comparison of Other Similar Size (I8kW 4.5K Equivalent) Helium Refrigerators to JLab 12GeV Refrigerator Addition

CE]?AF C]AEI.‘AF CEBAF C!ERN CAERAN SPA{S SNS SNS JLab - C1|JLab - CZ|JLab - C3 | JLab - C4

Notes: | (design) | (original) | (present) | (Linde) | (AirLiq) | (design) | (original) | (present) (Design) | (Design) | (Design) | (Design)
{1 £/ Bl 4l ] (6] 7 8]

Year 1988 1992 2006 2002 2002 2002 2004 2006 2007 2007 2007 2007
Carnot Load [MW] 1.22 1.04 1.01 1.26 1.27 0.75 0.65 0.69 1.27 1.28 1.27 1.26
Availability to Cold Box [MW] la] 2.13 2.11 2.09 218 N4 1.33 1.24 1.54 2.24 2.25 2.21 2.18
Equivalent LN, PC Input Power [MW] [b] 0.22 0.43 058 N4 N/4 0.23 0.37 0.42 0.24 0.24 0.27 0.27
Compressor Input Power [MW] 3.88 5.28 4.10 3.96 4.47 2.66 3:51 3.51 434 435 425 420
Est. Operating (2.1K) Carnot Eff. [-] lc] 18.5% 11.2% 13.0%| NA4 N/4 14.0% 10.0% 11.4% 16.6% 16.6% 16.9% 17.1%
Total 4.5K Carnot Efficiency [-] [d] 29.8% 18.2% 21.6% 31.7% 28.5% 25.8% 16.8% 17.7% 27.6% 28.0% 28.0% 28.3%
Cold Box Efficiency - [df 57.3% 49.4% 48.5% 57.7%| NA 56.1% 52.7% 45.0% 56.4% 57.1% 57.3% 57.9%
Effective Com pressor System EfT. - [d] 55.0% 39.9% 50.9% 55.0%| NA 50.0% 35.3% 43.9% 51.7% 51.7% 52.0% 52.0%
Cold Compressor Flow [g/s] le] 237 200 190 194 194 126 121 140 238 238 238 238
HP Supply Flow to Cold Box [g/s] 1578 1410 1552 1680 1680 1149 1092 1077 1361 1364 1515 1481
Discharge Pressure atm] 204 20.6 17.7 19.7 19.7 16.6 16.9 16.9 18.0 18.0 18.0 18.0
LN, Usage g/s] 109 216 200 NA N4 117 184 210 123 123 136 133
No. of Compressor Skids (1% /2"") [-] (2/3) (2/3) (2/2.5) (3/2) (3/2) (2/2) (2/2) (2/2) (4/2) 4/2) (3/2) (3/2)
No. Expansion Stages [-] Fiii 4 4 4 5 6 4 4 4 7 7 6 7
No. Turbines [-] il 4 4 4 10 8 5 5 5 TBD TBD | TBD TBD

@Thomas Jefferson National Accelerator Facility
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Comparison with Other Comparable Sized Cycles

Notes: I I I I I I I I
[1] Effective compressor system efficiency from CEBAF Revised Design Handbook (Jan. 14, 1991), Table 11.4.1., p. 11.4-5.

[2] Unable to achieve pump-down with MP stream at 3.24 atm. due to inadequate 4.5K cold box capacity. This is when MP stream was reduced to 2.8 atm. and a pump-down

was achieved. | l | ] l |

3] Cold compressor flow 190-195 g/s for FEL plus (5 pass) 5 GeV operations. Also supplying 18 g/s of 4.5K liquefaction. MP at 2.75 atm.

|4] Refer to LHC Project Report 796 (2004). Availability to cold box based on Linde cycle design (refer to Adv. Cryo. Eng., v45, p.1285); testing data not available.

Compressor efficiency cannot be verified against reported required power input. For stated power input, 1*" and 2™ stage compressors must have AT LEAST

59% and 57%

|5] Refer to LHC Project Report 796 (2004). Process conditions for cycle design or testing not available.
|6] This refers to the Linde design; not to the 'Jlab Reference Refrigeration Cycle' (Appendix B of the Jlab-SNS 4.5K Cold Box specification). However, Linde was not responsible for

overall isothermal efficiency, respectively. | | ] ] |

the compressor system design (given to PHPK). An effective compressor system efficiency of 50% has been assumed .

l |

| 7] Maximum plant capacity at Linde TS conditions for refrigeration mode. Plant only able to support 19% of shield load at TS MP (4 atm.). Used input power from 'SNS (present) data

since the same number of 1" & 2™ stage compressors are running and the LE. MP & HP stream pressures are very close to the same.

[8] MP reduced to ~2.8 atm. to increase CBX availability to meet maximum load and prevent excessive oil carry-over from compressor bulk oil separators.

I ] I

aj

This is the total exergy provided to the cold box from the compressor system. | | | |

b

Except for the JLab C1-C4 cycles, the equivalent LN, pre-cooling input power (P, ) is based on an estimate of 2 kW per | g/s of LN, (approx. 35% Carnot efficiency of net exergy).

[c

—

Estimated total 2. 1K Carnot efficiency calculated assuming a nominal 2K COP of 160 and a 2K load supply interaface enthalpy difference of 20 J/g. |

So, 7, = COP*Ah*w . /(P + Py). With COP = 160, Ah = 20 J/g and w . the cold compressor flow. CERN was not included since their system is at 1.8K.

[d

—

7 - Total Carnot Efficiency, # -5y - Cold Box Efficiency, # ... - Effective Compressor System Efficiency | | [ |

E; - Camnot Load [MW], Py - Total (Electric) Power Input, P,y - Equivalent Power for LN, P.C., Eggy - Cold Box Availability, E..,, - Compressor System Car

not Input Power

If the liquefaction load returns to the compressor system at the 17 stage suction pressure and it is not a large fraction of the total Carnot Load, then B, = Eqzy

7 =E; /(Pr+ Py, MNear = Ep / Begy, Mewe = Begs /Pr = Eegy /P Note: Py, = 0 for turbine pre-cooling (300-80K)

[e]

CERN operates at 1.8K with a nominal 41 g/s of liquefaction loadT ] |

[f] The number of expansion stages is not necessarily equal to the number of turbines. String turbines without a heat exchanger in between are considered one expansion stage.
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Comparison Conclusion

« From the comparison the following appear achievable:
« ~57% Cold Box Efficiency
« ~52% Overall Compressor System Efficiency
« ~28% Total Carnot (4.5K) Efficiency (including LN, pre-cooling)

« WELL MATCHED compressor system and cold box ARE
ESSENTIAL for obtaining high total Carnot efficiency

 [tisimportant to understand, before the design is finalized,
how efficient a given cycle is at various off-design conditions
(100% liquefier, reduced capacity modes, etc.).

—From this aspect, the JLab floating pressure cycle is
believed to perform superior to any other known cycle.
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CHL-2 Design Modes of Operation

_ Load @
# Design Mode Load @ Load @ Liquefaction 35 K-55K
2KJg/ls] * 4.5 K [kW] [g/s] [kKW]
Maximum capacity (CBX supporting
1 |maximum cold compressor operation) >238 0 >15 >12
Nominal capacity (CBX supporting
2 |nominal cold compressor operation) >200 0 0 >7.5
3 [Maximum 4.5-K liquefaction 0 0 >150 >7.5
4 |Maximum 4.5-K refrigeration 0 >10.5 0 >12
5 [Maximum fill (of Linac cryo-modules) >200 0 >35 >12
6 |Stand-by 4.5-K refrigeration** 0 >2.5 0 >12

*Load at 2.1 K means supply flow at 3.2 bar 4.5 K, with return flow at 1.2 bar 30 K

** Mode 6 requires a minimum amount of rotating equipment while
supporting the LINAC loads at 4.5-K.

_€JSA_ Jeffégon Lab
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2 4.5K System Projected Efficiencies
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10. Optimal Operation of the Existing Helium
Refrigeration Systems

Generally helium refrigeration systems are designed to
operate at one maximum capacity operating point.

In practice, the system capacity requirement often
varies depending on the load characteristics,
distribution system insulating vacuum pressure,
experimental setup among other factors.

Operating the system at the maximum design point
may not be advantageous when the full capacity is
unnecessary or the required mode of operation has
changed.

DThomas Jefferson National Accelerator Facility

_€JSA_ Jeffégon Lab

Operated by the Jefferson Science Associates for the U.S. Dept. of Energy



Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

Optimal operation addresses the following goals:

« The design TS diagram parameters.
« The present loads.

Again, the same five questions of

System Optimization, need to be answered.

« Any modifications (may be as simple as a control

philosophy change) to the system to fit the present

load's operating conditions and current optimal
goals.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

Normally TS diagrams are developed for a maximum design
capacity.

Many systems are unnecessarily continuously operated at the
design TS maximum capacity by wasting capacity with throttled
valves, adding heater load and/or bypassing the compressor
capacny

These methods are analogous to driving a car with a fully
depressed gas pedal while controlling the actual speed of the
car with the foot brake.

Helium refrigeration systems unnecessarily operating at the
maximum design capacity not only use additional utilities
(electric power, LN2, cooling water), but operate the
components at higher stress, that often result in additional
maintenance costs and down time.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

Operating plants can avoid these problems by incorporating the
variable pressure(s) control philosophy described in earlier
chapters.

That method works similar to the variable gas pedal depression
controlling the speed of the car.

The difference between the analysis of a new design and an
existing system is that the ability to select components to meet
the requirements of the design case is constrained for the
existing system.

TS diagrams are developed during the system design phase to
select the operating process and define the process design
requirements for the major components.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

The design TS diagram for the existing system is of limited use
and often misleads less experienced users since the load
requirements (characteristics) may be changed from the
original system design or the system components may not
have been optimally selected to meet the design TS diagram
goals in the first place.

If no manufacturer design data is available to calculate the device
flow at different operating conditions, the design TS diagrams
can be used to establish these flow characteristics as a last
resort.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

The Variable pressure operation key factors important
In the design phase are:

« The oil removal system should be designed to work at the
minimum pressure required by the cold box for efficient
minimum capacity operation.

« Avarying liquid inventory (dewar) to establish the system
pressure required to meet the load demand.

We will look into some practical examples of existing
systems modified in this way.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

End Station Refrigeration System (ESR) at JLab
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

This system, originally designed for ESCAR experiment at University of
California, Berkley (LBL), was relocated to JLab in 1993.

It went through some equipment modifications before it was
commissioned [18] at JLab in 1994 to include 80K beds, a separate
LN2 stream cooling HX and a new 4.5K phase separator in the cold
box.

« The original gas management and the cold box controls were based
on single point load (maximum capacity) operation

The system supports the experimental hall (end station) loads which vary
In time depending on the number of magnets and the targets on line
and the condition of the loads

The ESR has the highest reliability among all JLab cryogenic systems.
This system has been operating continuously (24/7) for the past 10
years with an availability greater than 99%. Since it uses the originally
Installed variable system pressures control, stresses on the system
components are routinely reduced.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

Central Helium Liquefier (CHL) at JLab
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

The system was originally designed as shown on the above TS diagram

The capacity, efficiency and the operating parameters of both the 4K and the 2K
cold boxes proved to be lower than the original design goals.

Initially, the system was operated close to the original design TS diagram.

Accounting for the modified components capacity and system performance,
modifying the system operation resulted in a reduction of input power by ~ 1
MW and increased refrigeration capacity.

The original 2K cold box proved to be less efficient than design and extremely
unstable.

The new 2K cold box designed by JLab improved the 2K capacity by ~10%,
increased its stability, and gave some insight to the cold compressors’
variable frequency motor torque and other component limitations.
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Optimal Operation of JLab-CHL-1 Helium Refrigeration System
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This cryogenic plant supports operation of the Continuous Electron Beam Accelerator
Facility (CEBAF) cryomodules in the tunnel. The accelerator power is adjustable from
500MeV to 6GeV but the original cryogenic plant was designed to operate only at one
design capacity consuming more than 6MW of electrical power. Through the years the
Cryogenics Group has completed several phases of technological improvement and
increased the plants operational envelope to allow its capacity to be varied to better
match the cryogenic load. The operational envelope now allows the plants power
consumption to be varied from 4.2MW up to 6MW in conjunction with the CEBAF
accelerator requirements.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

The Cryogenic System Upgrade for the National Superconducting
Cyclotron Laboratory:

The MSU refrigerator was originally designed as a liquefier for
Bureau of Mines [22] in Amatrillo, TX (1979).

The original pure liquefier system design has been arranged to
operate efficiently as a primary refrigerator over varying load
requirements and to support a combination of refrigeration and
liguefaction loads.

The maximum system pressure follows the load requirement,
reducing the input utilities for reduced loads as well as
reducing the wear and tear on the equipment. This system has
been operating continuously for the past four years with more
than 99% availability.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

SNS is the second JLab cryogenic team project to design,
procure, fabricate equipment and support an installation
outside JLab.

JLab was responsible for all the cryogenic system design aspects
of the project. The SNS cryogenic system is Operating
Continuously from 2005

The system is presently set to operate at approximately optimum
conditions for the majority of the operating modes by utilizing

the previously explained optimal operational concepts.

The SNS system would have used 3.8 MW of equivalent input
power with out the floating pressure technology and it can
be turn down to ~2.7 MW of equivalent input power or in
between based on the refrigeration needs of the accelerator.
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

Brookhaven National Lab (BNL):

This refrigeration system was originally designed for the Isabelle
project with a capacity of 24.8 kW@ 3.8 K without LN2 pre-
cooling and capable of supporting some 2.5K temperature

operations.

With only minor modifications and using the original cold box T-S
diagram and control philosophy as a starting point, it was adapted
for the RHIC accelerator system requiring less than a third of the
system refrigeration capacity and operating at 4.5K. It utilized the
original compressor gas management system at the design system
pressures of ~16 atm, requiring ~9.4 MW of input power to the
compressor system Figure 1
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

Brookhaven National Lab (BNL) (Cont))

A JLab/BNL team recognized the original T-S diagram process
conditions for the RHIC loads resulted in a non-optimum
refrigerator cold end performance. After this discovery, BNL
began a series of modifications to the cold end piping, its cycle
operating temperatures and modified the gas management
system (as explained in Chapter 8), that resulted in a
substantial, ~ 2MW reduction of input power Figure 2.

Phase-lll of the JLab/BNL project is currently in progress and
anticipated to further reduce the input power and improve the
system's capacity, efficiency, stability, operational flexibility,
reliability and availability. A process diagram of the proposed
concept for the next Phase is shown in Figure 3.

_€JSA_ Jeffégon Lab

DThomas Jefferson National Accelerator Facility

Operated by the Jefferson Science Associates for the U.S. Dept. of Energy



Optimal Operation of the Existing Helium Refrigeration Systems (cont.)
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BNL RHIC Energy Savings at the Completion of Phase Il

Electric Power History Graph, (Phase Il “Goal” 5.4MW)
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NASA-JSC/JLab Collaboration

James Webb Telescope

Replaces Hubble
~1 million miles out

Telespé Mkup at the National Mall, D.C.

Floating Pressure Technology For Telescope
Testing

Environmental Space Simulation Chamber-A, NASA, Houston

The existing 3.5 kW 20K cryogenic systems are converted to JLab’s Floating
Pressure Technology.

Improved temperature stability from 2.5K to 0.25K and efﬁmency (follows)
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NASA-JSC 2008 3.5kW Plant Test Results
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NASA-JSC 3.5kW Plants Test Results

Refrigeration Power Produced vs. Compressor
Discharge Pressure

Helium Train 1 & 2 Refrigeration Capacity

Test Heater vs Compressor Discharge Pressure
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3.5kW Plant conversion to Floating Pressure

Reaults

Change over to the floating pressure Ganni Cycle control:

» Greatly improve the system performance
» System Carnot efficiency is constant from

55 to 100% of the capacity
» Power savings and reduced LN2 consumption

* Improved system operational stability
» Improved load temperature stability
~2.5K t0 0.25K
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3.5kW Plant conversion to Floating Pressure

Results (Cont.)

o Operator intervention requirement is
» substantially reduced (or practically eliminated)

 Maintenance requirements are expected to
» be reduced on the compressor
» improve system reliability

* Proved that two identical systems designed to the same design TS have
different optimal performance characteristics, i.e

> disproved the notion that the design TS is the optimum for a given (as
built) systems
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Optimal Operation of the Existing Helium Refrigeration Systems (cont.)

What i1Is common in all these Jobs Is:

The Variable pressure operation and is one of
the key factors in able to adopt to different
load conditions efficiently.
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What iIs an “Optimal” System

Maximum
fficiency, Reliability,
Low Maintenance
(Operations)

Minimum
Capital
Cost
(Construction)

Compressor
System
(Vendor

» One’s viewpoint can be based only on their role and focus within a project
» Easy to believe that one’s goals are mutually exclusive of others
* Many believe that maximum system efficiency occurs only at one set of fixed
operating conditions
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