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ABSTRACT

A model of the Satellite mode refrigerator has been developed
to determine the refrigeration and liquefaction which can be pro-
vided by the existing cryogenic hardware, or reasonable extensions,
to a series of superconducting magnets. A new FORTRAN computer
program called LIQUID has been written to perform calculations us-
ing this model. This report describes a search for the optimal
operating conditions of the Satellite-Central system in the Satel-
lite mode and an examination of the effect of an extended range of
operating parameters on system performance.

Realizable refrigeration as a function of temperature, Satel-
lite and subcooler cooling curves, thermodynamic properties at the
system process points, and expansion engine performance details,
for a full range of Satellite compressor and Central Ligquefier
capacities, are reported. All solutions are constrained to a spec-
ified set of heat exchangers and a shell-side pressure drop algo-
rithm that allows virtually unlimited flow scaling. The input
parameters of the model and the text address all known influences
on system performance. This report contains a selected set of
compiled graphic results, and includes discussion of the model,
the method and the results.
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1. THE SATELLITE MODE MODEL

Figure 1 is a schematic of the complete Satellite refrigerator.
The process points in this report are numbered as shown in this
figure.

A Satellite refrigerator can be operated in one of several modes.
In the stand-alone, refrigerator mode, the gas (dry) expansion engine
provides the low temperature (<40°K) refrigeration. In the Satellite
mode, the flow of liquid helium FCHL from the Central Liquefier pro-
vides this refrigeration (see Figure 2). This is a study of the Sat-
ellite mode.

A set of parallel compressors is located in each sector building
to provide helium at high pressure PH (atm) and room temperature Tl
(°K). Six sets of these compressors feed a common manifold that sup-
plies a high-pressure flow F (g/s) to the refrigerators. The return
flow FL and the warm, lead flow FLEAD are collected in a manifold at:
low pressure PL. The return flow exceeds the high-pressure flow by
the following amount:

FLL = F + FCHL - FLEAD

A dedicated compressor returns the flow FCHL to the Central explic-
itly to assure that F is independent of FCHL.

The Satellite mode consumes liquid and high-pressure helium to
provide its refrigeration. The mass flow imbalance by which the low-
pressure stream exceeds the high-pressure stream is a parameter of
paramount importance, and is defined:

g F\ _ /FCHL - FLEAD >

= = / - a7 = |
BETA = B l- g \ F + FCHL - FLEAD

.

The value of FLEAD depends on the Satellite location, and thus re-
sults dependent on B are often quoted for FLEAD = 0 and corrected to
suit the occasion. See Results for detailed considerations.

The model requires a wet expander with a specified adiabatic
efficiency (EFEXP2) and discharge pressure (P9), and an expander
inlet heat leak (QE) and downstream, nonmagnet, heat leak (Q10).

A load, Ql4, that simulates real heat leaks into the cold box is
uniformily distributed in the heat exchanger enthalpy (approximately
uniform in T). The units of heat leak and magnet refrigeration are
watts.

FCHL is a known function of B8, FLEAD and F, and appears as a
calculated result. The enthalpy of liquid helium delivered from
the Central (HCHL) is independently specified to allow for Satel-
lites at various distances (losses). Specification of the super-
heat (SDEG [°K]) of the stream returning from the magnets and a
compressor efficiency (EFCOMP) (used to calculate brake horsepower
requirements) complete the input requirements.

The model assumes a pressure drop of 1 atm in the high-pressure
side, but scales the suction side AP as the 1.8 power of the flow
and calculates the minimum temperature of refrigeration. The heat-
exchanger capacity is scaled as the 0.8 power of the flow by special
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procedures described in Method. This type of flow dependence is
sufficient to explain the nonlinearities of Figure 3, the published
specification for a popular, commercial helium refrigerator.

The model does not consider high- or low-pressure manifold pres-
sure drops explicitly, flow in HX1l, operation of the dry expander,
degraded insulating vacuum, limitations on the magnitude of FCHL, F,
or expander rpm and work in this study.
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2. METHOD

The analysis of the refrigerator considers a closed system which
is described by equations which account for the conservation of en-
ergy, momentum and mass of helium flowing in the system. In the com-
puter program, small terms due to kinetic energy have been omitted
from the heat balance. Changes in gravitational potential energy have
been ignored and viscous terms have been replaced by explicit reduc-
tions in the pressure.
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The Satellite refrigerator contains two-pass heat exchangers like
the one shown in Figure 4. The flow in the high-pressure stream is
F and this is the minimum-capacity-rate stream. The low-pressure fl¢
is FL and the effectiveness, e, is known for the heat exchanger. The
heat exchanged between the two streams is Q. A heat balance on the
heat exchanger amounts to writing the following three equations:

Q=F - Hl - F - H2
Q =FL * H4 - FL - H3
_ H1 - H2
€ T HL - H2®
F
FL
-
y I\V/\V/\V/\Vﬁ\/ 3

FIGURE 4. TWO-PASS HEAT EXCHANGER
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The known quantities are e, F, FL, Hl, H3 and H2”, where H2~
is the enthalpy the high-pressure helium would have at process
point 2 if it were cooled to the temperature T3; i.e., AT = 0.
These three equations make it possible to calculate the three
unknown quantities - Q, H2 and H4. The three egquations are lin-
ear relations for the unknown quantities and can be solved using
matrix methods or algebraic substitution.

The expander adiabatic efficiency is specified; this allows
the exit enthalpy H6 to be calculated from the inlet enthalpy H5
and known pressures (see Figure 5). Conservation of energy then
requires

F + H5 - F * H6 = Qy = Engine work

5 / 6
— \
F
PQ/w
FIGURE S. WET EXPANSION ENGINE

Heat leaks are added at the appropriate temperature levels to
account for mechanical supports between cold components and room
temperature parts of the cold box. A complete heat balance for
the refrigerator consists of writing the equations for each heat
exchanger and expander in the system. The program solves for the
unknown enthalpies, the quantity of heat being exchanged in each
heat exchanger and the heat being removed from the magnet load.

Several points deserve special emphasis. The simultaneous
equations describing the refrigerator are linear in enthalpy, so
the natural way to tackle the problem is to solve for the enthalpy
at all process points. The performance of the heat exchangers and
expanders is expressed in terms of efficiency, requiring a knowledge
of helium properties. The adiabatic efficiency of an expander
specifies the change in entropy, and requires that the corresponding
enthalpies be known for helium. The correct value of the heat-ex-
changer effectiveness gives the UA of the existing heat exchanger;
however, UA is calculated from the temperature difference between
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the streams in the heat exchanger. The text-book approach to the
analysis of heat-exchanger performance uses an average value of
the heat capacity for the process fluid. The method of analysis
in the program LIQUID does not use the heat capacity of helium be-
cause it has large variations over portions of the range of oper-
ating temperature. The program does include iterative procedures
to refine the accuracy of the solution in these studies. It is
ant1c1pated that the iterations will be omitted without compromis-
ing the accuracy required in future simulation work.

2.1 Heat-Exchanger UA

The Satellite refrigerators have finned-tube heat exchangers
designed so that the overall heat-transfer coefficient U is domi:
ated by the surface heat-transfer coefficient hiype on the tube
side. This gives the mass dependence of U as follows:

j Cy G
U = htype = 7;J$T;7

Here, j = 0.023(Re)”°- /1+3 5 —E——E— ; Pr is the Prandtl -number,
hellx

and dtube and dnellx are the tube and winding diameters. Since the

Reynolds number Re is proportional to mass flow and G is just the
mass flow per unit cross-sectional area of the tube, the U of the
heat exchanger scales as the mass flow M to the 0.8 power.

The capacity of the heat exchanger is the product of U and the
area, A, available for heat transfer. The total UA of the heat ex-
changer in the Satellite refrigerator is specified to be 14,000 W/°K
at 40 g/s mass flow so we can write

S\ 0.8 o
UA = (UA),{ — = constant (M)"°
M

o

The capacity of a heat exchanger is often given by the number

of heat-transfer units Ntu where

Ntu = UA/ (M cp), cp = average heat capacity .

However, because of the way the UA of a real heat exchanger depends
on mass flow, N¢; is not a constant. The following alternate.to
Neg is proposed in order to obtain a dimensionless parameter inde-
pendent of mass flow

B — UA
tu = (myo0-¢8 .
cp (M)

138.4.

For the Satellite refrigerator By

Figure 6 plots the flow dependencies of the parameters qis—
cussed; note that the product (LMDT) (UA) is directly proportional
to F, a good check that nothing has been lost to the method.
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2.2 Identification of the Minimum Stream

The capacity rates of the high-pressure and low-pressure streams
are Cy and C;, where C = M cp An example shows the values of Cyg and
Cy, for Fcomp = 50 g/s and B = 0.075.

Cy = < ) = (50.0 g/s) (1579.0 - 23.7 j/g)/(300 - 5.9°K) = 264.4 W/°K

cL FL< = (54.05 g/s) (1469.8 - 30.9 j/g)/(280 - 4.6°K) = 282.4 W/°K

Because Cg is less than Cp, in this example, the high-pressure stream
is the minimum~capacity-rate stream. In a great number of cryogenic
applications,! the low-pressure stream is the minimum stream; how-
ever, the Satellite refrigerator high-~pressure stream is the minimum
stream so long as B is greater than 0.02, as it is here.

The importance of identifying the high-pressure stream as the
minimum stream is that it can cool to the temperature of the shell-
side of the subcooler. This corresponds to the maximum possible ex-
change of energy between streams. The compressor suction line temper-
atures will, consequently, never run close to that of the compressor
discharge. 1In fact, the suction temperature typlcally operates a few
degrees above the water ice point.

2.3 Heat-Exchanger Effectiveness

Heat-exchanger effectiveness is defined:

actual energy transfer
maximum possible energy transfer

The maximum possible energy transfer occurs when the high-pressure
stream is cooled to the temperature at the exit of the shell-side of
the subcooler (T10). If Hg' is defined as the enthalpy which the high-
pressure helium would have at a temperature T10, then

R
H] - Hg,

Since e and UA are functions of each other, specifying either fixes

the other. The program uses a value for the effectiveness to calculate
enthalpy Hg at the high-pressure exit of the heat exchanger. As a
check, the program calculates the UA that results from this procedure
and compares it to the known UA of the heat exchanger.

The specified UA of the heat exchanger in the Satellite refriger-
ator is 14,000 W/°K at a flow of 40 g/s. Figure 7 shows the values of
the effectiveness (solid) that correspond to the existing heat exchang-
er. Clearly this is a family of parabolic curves and a simple parame-
terization produces the dashed curves shown in Figure 3. This effec-

1. Barron, R., Cryogenic Systems, McGraw-Hill, N.Y. 1966.
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tiveness gives a UA which is accurate to 10-20 W/°K, satisfactory
for future simulations. 1In this report, the values of the effec-
tiveness obtained from the parameterization initiate an iteration
procedure which continues until the accuracy of UA is better than

1 W/°K. The iteration requires 5 to 10 steps to obtain this accur-
acy.

2.4 Shell-Side Pressure Drop

The pressure drop in the shell-side of the heat exchangers de-
pends on the low-pressure mass flow and limits the minimum refrigera-
tion temperature T20. The suction pressure is 1.03 atm at the
compressor, and the pressure at the subcooler P20, due to all the
effects in between, is

= 1\.4 l.8
P20 = 1.03 + 0.195 <}ﬁT7;7§:> atm

The nominal pressure drop is taken as 1.5 times that measured,?
and independently calculated with similar results, for the sum of the
cold box exchanger pressure drops. The refrigeration temperature is
obtained through the sum of the pressure drop and the manifold pres-
sure, and the helium vapor pressure curve.

3. RESULTS

3.1 Magnet Refrigeration

Magnet refrigeration, MR, as it is used in this report, is de-
signed to be free of qualifications; i.e., background losses have
been specified and subtracted. Magnet refrigeration is available, to
the last watt, to provide for the static and dynamic losses of the
magnets alone.

To first order, and neglecting all detail, magnet refrigeration
is dependent on two external utilities, a high-pressure flow F and a
liquid helium flow FCHL. Although not immediately apparent, it is
found convenient to define a ratio parameter

_  FCHL . 3

B = ¥ + FCHL (in its FLEAD = 0 form) .

Figures 8 and 9 display magnet refrigeration as a function of B and
F respectively. The " 2/hr" numbers labeling the FCHL curves are

the equivalent Central operating rates, assuming 90% utilization.

In the flow imbalance plot, Figure 8, it is clear after a mo-
ments review of the extremes, small and large B, that F is wasted at
one end and FCHL at the other, for a given level of refrigeration
required. That implies an optimum of some sort between extremes.
Figure 9 makes it quite clear that a rather flat magnet refrigeration
maximum exists for a given FCHL; e.g., FCHL = 5 g/s, F = 60 g/s,

B = 0.077, MR =990 watts. An efficiency optimum maximizes the ratio

2. C.Rode, see June 25, 1980 Memo to Cryo. Simulation File.
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MR/F and results in FCHL = 5 g/s, F =46 g/s, 8 = 0.098, MR =950 watts.

While it is useful to investigate the MR, B8, F, FCHL plane
searching for better, and avoiding poorer, operating regions, the
question of the temperature of delivered refrigeration is unaddressed.
The same calculations that provide the results plotted in Figures 8
and 9, yield a minimum temperature of refrigeration TR (see Figure 10
and Method for details).

The range of B from 0.055 to 0.150 has been studied, but only a
representative subset plotted in Figure 10. Values of B greater than
0.095 yield magnet refrigeration values approximately equal to, or
less than, the 0.095 values for a given temperature and have not been
plotted. Values of F have been drawn on the figure to emphasize the
connection to TgR. Note that the average temperature increase over the
range 40 - 80 g/s is =8m°K for each g/s of return-side mass flow at
B = 0.095.

It is possible to take the results TR {MR, B8} and plot an approx-
imate locus of points of constant temperature on Figures 8 and 9.
That has been done for TR = 4.4, 4.5 and 4.6°K as the dashed curves
E-F, G-H and I-J respectively. These isotherms relate minimum magnet
temperature to the bolt-on horsepower (additional parallel Satellite
compressor) that can usefully be employed to increase the refrigera-
tion in this model of the existing system.

While the effect is very real it should be emphasized that this
result, in particular, is very model sensitive. The authors have
taken a conservative viewpoint. The model used yields a Tp 80m°K
greater than the optimistic extreme, at FL = 60 g/s. Justification
for the conservative view can be found in the management of the worst
case flow imbalance pressure drops in the return piping.

3.2 Non-Zero Lead Flow

Six of the Satellites must provide 0.48 g/s for dipole leads and
all require 0.48 g/s for the correction element leads. If we require
that 8 and F be constant, the Central provides the necessary lead flow.

. Ecg(I:'H; F Lgﬁgw ~—> FCHL - FLEAD = CONSTANT

CONSTANT = B =

The effect on magnet refrigeration is, to first order, only an in-
creased subcooler load equal to (0.96 g/sx(H15 - H17). For anticipated
values at the 24th Satellite this is approximately 5 watts. In this
case the Central supplies the additional flow (current total 432 2/hr)
and little else occurs.

If, however, F and FCHL are held constant, a 0.48 g/s lead flow
changes the operating point A to B on Figure 9. F can then be de-
creased with the change to point C to increase system efficiency and
provide a lower Tr. Under the same circumstances, substituting B’ for
B and C’ for C, describes a 0.96 g/s lead flow effect. If the Central
is fully loaded and cannot provide the increased flow, the 0.96 g/s
lead flow significantly (=15%) decreases magnet refrigeration.

-15-
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3.3 Effects of Compressor Discharge Pressure

The high-pressure inlet to the refrigerator, PH, was varied
from 14 to 35 atm, at F = 50 g/s, for three values of B8 (0.075,
0.085 and 0.095). The increased compressor work is directly re-
lated to expansion engine work (efficiency, n, taken independent of
PH) and provides more magnet refrigeration to some limit in PH, as
shown in Figure 1l1.

It is curious that the refrigeration peaks and then decreases
as the engine work increases with PH. The low end AT (and thus B8),
and details of the high-pressure helium properties combine to raise
the engine inlet enthalpy faster than it can extract work. Beyond
about 32 atm the low end AT approaches zero and the effect is B in-
dependent.

The magnet refrigeration, fixed F, maximum is found at g =0.095
for all PH. The efficiency and refrigeration maxima for B8 = 0.095
straddle the nominal 20 atm value.

The Central utilization maximum defined as MR/FCHL, occurs at
8 = 0.075, FCHL = 4.05 g/s, and PH = 31 atm for the data plotted.
Operation at this point provides 23% more watts/unit FCHL and repre-
sents an option to increase the magnet refrigeration (+16.48%), at a
cost of booster compressor horsepower (+14.7%), for FCHL = 4.05 g/s
(the current example) without a concomitant increase in Tg, the
temperature of refrigeration. This procedure is the only Satellite-
based change that does not increase, and in fact slightly decreases,
the temperature of refrigeration while increasing refrigeration.

It is important to make a clear statement of the requirements on the
Central implied by Figure 11. The FCHL values that label the figure
do not include a lead flow; FLEAD = 0 appears at the figure lower
right. Taking 18 Satellites, each with a 0.48 g/s correction element
flow, and 6 that provide a 0.48 g/s dipole flow as well, the average
lead flow is 0.6 g/s. The authors believe that it will be difficult
to utilize more than approximately 90% of Central production if the
24th Satellite is to be assured a continuous source of ligquid helium
through anticipated system perturbations. The table below summarizes
these effects and concludes with the total requirement.

TABLE I
Central Liquefier Helium Requirements
(F = 50 g/s)

? B = 0.075 0.085 0.095
, ( FLEAD = 0 4.05 4.64 5.24
Actual FCHL (g/s) FLEAD = 0.6 g/s 4.65 5.24 5.84
+90% Utilization 5.17 5.82 6.49
System Total (2/hr){ x 24 | 3,722 4,190 4,672

While all three system total requirements are under the maximum
rate (4,800 &/hr), two are greater than nominal rate (4,000 2/hr).
The conclusion scales as

FCHL =(7-=2 B) F + FLEAD
N

-17-
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It has been noted previously that work can be extracted from
the helium flow from the Central at each Satellite location by ex-
panding it through the wet engine. This change would make up for
refrigeration lost in the distribution. An adjustment of the high
pressure of the Central and/or Satellites would be required. The
compressor discharge pressure (greater than the current 12 atm)
necessary to allow merging the flows and effect this net gain in
refrigeration can be calculated from the values in the figure and
the transfer line design parameters.

3.4 Expander Efficiency

The adiabatic efficiency of the wet expansion engine, n, was
varied *0.2 about the nominal value of 0.7 to test the system sensi-
tivity. Figure 12 illustrates the expected relationship between en-
gine work and magnet refrigeration as a function of n and F. Less
obvious is the effect of efficiency on wet engine exhaust fluid pro-
perties; the enthalpy at 1.8 atm (P9). The more interesting param-
eters fraction liquid and exhaust temperature, derived directly from
H and P, are plotted as a function of F in Figure 13.

The fraction liquid is greatest for highest n, and decreases
exponentially, beyond some value of F, because F (through its shell~-
side pressure drop) influences the expander inlet enthalpy. Note
that these values are before the merged FCHL flow and the system sub-
cooler. A low fraction liquid implies a significantly larger sub-
cooler load.

The exhaust temperature is greatest for the lowest n and dra-
matically illustrates the variation of subcooling with n and F.
Note only those regions where the fraction of liquid is 1.0 can be
subcooled. The temperature 4.9°K is the two-phase equilibrium tem-
perature for 1.8 atm fluid.

The computer output contains a page of expander specifications
(see below).

The dashed line in Figure 12 describes the magnet refrigeration
at 8 = 0.095 and the nominal n = 0.7. The change in refrigeration
associated with a An = 0.2 change in engine efficiency is shown to
be approximately 2/3 of the change brought about by the 26.6% increase
(0.075 to 0.095) in B. It is useful to conclude that a percent loss
in engine efficiency will require approximately a percent improvement
in B, a requirement on the Central.

3.5 Subcoolers

The program was used to examine the refrigeration system re-
quirements on the subcooler design. The subcooler was given a UA of
350 W/°K at a flow of 25 g/s. For these calculations, the output of
the refrigerator has been divided equally between two identical sub-
coolers. At typical operating conditions the temperature difference
between the streams is 0.09°K at the cold end, as shown in Figure 14.
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ABIABATIC EFFICIENCY «7060

INLET QUTL ET

ENTROPY=J/GM=K | - 2,350 3.659

VISCOSITY-GM/CM=SEC , 5.738E-05 3.1732-05

The subcooler is a heat exchanger with two-phase flows. The
model of the subcooler is the one used to describe the heat exchanger
in the refrigerator. The high-pressure stream of the subcooler is
the minimum one. The UA of the subcooler was given an 0.8 power law
dependence on mass flow.

Figure 15 shows that each subcooler will be required to trans-
fer 10 to 200 watts of heat (Qsub). The lower requirement applies
at high B; in this case the output of the expansion engine is already
subcooled. Figure 15 also shows the dependence of the logarithmic
mean delta T, LMDT, on B. Since UA = Qgup/LMDT, these two curves are
nearly parallel; the deviation is due to the increase in UA when using
more Central flow (higher beta).

Figure 16 shows that magnet refrigeration increases about two
percent for each additional 0.1°K of superheat at the exit of the low-
pressure side of the subcooler. This effect is much smaller than the
increase obtained by using more flow from the Central. Operating with
superheat greater than 0.4°K does not provide subcooling because the
shell-side of the subcooler (and a portion of the last magnet) contain
only gas.

The subcooling available at the magnets is shown in Figure 17.

In the best case, about 0.4°K of subcooling is obtained. This is
achieved by operating at a low superheat and a high 8.
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3.6 Summed UA

In the process of generating the cooling curves the UA is cal-
culated for each enthalpy step. The summation of these values, step
by step, is listed in the output under Cooling Curve, Summed UA. The
listing of these values and the known (i.e., design value) UA of the
individual heat exchangers (2-4B) allow determination of the exchanger
junction temperature from the cooling curves. Note that the accuracy
of this determination depends only on the relative values.

TABLE II

UA Design Values*

HX 2 HX 3 HX 4A HX 4B Total
UA (W/°K) 4,655 6,646 1,430 1,216 13,947
UA 0.333 0.477 0.102 0.087 1.0

n

*CCI Report 370-105 (TM-783), April 1978

The Satellite operating mode requires all heat exchangers to have
common high- and low-pressure flows. The normalized UA of Table II
can then be used to determine junction temperature (see Figure 18).
The B dependence of T2, the temperature at the junction of HX2 and
HX3, can be used to directly measure B for a wide range of flows (see
Figure 19).

4. CONCLUSIONS

This work is one phase of a continuing effort. Phases two
and three will make a similar study of the Satellite refrigerator in
the "stand alone" mode, and describe dynamic details of magnet string
cooling. The final phase will tie the refrigerator in one or the
other mode, to the ramping load.

This study has quantified various aspects of the subject; the
Central and Satellite compressor utilization maxima, the temperature
of refrigeration minima and parameter sensitivities, not generally
addressed before. This report has been written in the hope that the
remaining questions and program development can benefit from a broad
range of comment and suggestion.

The following is a list of known reservations already on the work
list:

1. The resolution to Tg is limited to =*10m°K by the
accuracy of the temperature subroutines.

2. The subcooler investigation is not specific.

3. The data presented here have been compiled by hand, there
are no graphic capabilities -~ that's a lot of work.

4., T2 is not in the calculated fluid properties list.

5. Same as 4. for T3, T4, T7, T1l2 and T13, and B dependence
not investigated.
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6. Subcooler flow is taken as an even split.
7. High pressure AP is taken independent of F.
8. Tl parameter study remains.

9. Compressor efficiency (ECOMP) may not be realistic.
This affects overall efficiency determinations and
brake horsepower only.

10. The resolution of the Satellite compressor flow optimum
in B can be improved -- currently =+0.005.

11. Refrigeration vs. liquefaction, with B as a parameter,
can be extracted from existing data to predict magnet
fill rates.

Please call one of the authors with your comments or recommenda-
tions for additions to this list.

The program LIQUID can be used from a computer terminal to quick-
ly provide answers to guestions about refrigerator performance. The
program requires about two seconds of computer time to completely an-
alyze the refrigerator at one operating condition. Interested users
will find a program listing, with some comments describing program
operation, in the Cryo. Simulation File.
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