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SYSTEM OF CRYOGENIC SUPPLY

OF CRYOMAGNETIC COMPLEX KMK — 1000
ON THE BASIS OF MICRO-CRYOGENIC
SYSTEMS OF CLOSED CYCLE

Introduction. The development of the enrichment industry has identified significant requirements for the deve-
lopment of new technologies and equipment, including the method of magnetic separation.

Problem Statement. Advantages of cryomagnetic separation complexes are determined by the efficiency of
solving the problem of creating their cryogenic support systems.

Purpose. The purpose of this research is to develop a cryogenic supply system (CSC) by solution scientific
technical and design and technological problems of cryomagnetic systems creation based on micro-cryogenic clo-
sed cycle systems (MCS).

Materials and Methods. The material of the research is the design of SCS with built-in superconducting
magnetic system (SMS) and two MCS. The efficiency of MCS use is determined by the method of thermal balance
analysis of their modules.

Results. SCS design on the basis of the nitrogen-free cryostat with integrated SMS and two close-cycle MCS
and the solution of R&D problems of effective use of the MCS by method of the heat balance analysis of their
modules have been proposed. The input units of the MCS modules and neck, as well as the tank, supports and
screens are design in such a way as they can operate simultaneously as a system of rigidity and a system of effi-
cient removal of heat from them to the appropriate stages of the MCS modules. The design of SCS provides ope-
ration in a stationary mode with a super small supply of liquid helium through the liquid-gas recondensation ring
process, in which the gas-liquid helium mixture is an ideal cool conductor. The design of the SCS provides the
manufacturability of routine maintenance, even with the change of the modules of the neck and the MCS, without
depressurization of the cryostat.

Conclusion. Solutions of design and technological, research and technical problems are based on patents of
Ukraine No. 103949 and No. 88830. The expediency of creation of the complex on the basis of a nitrogen-free
cryostat with built-in SMS and two MCS operating in a stationary mode with a very small reserve of liquid helium
has been substantiated.
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In the Internet, there are many advertising publi-
cations about cryomagnetic separators designed
to operate in the production environment of con-
centrating mills for high-gradient magnetic sepa-
ration of low-magnetic ores, kaolin, other miner-
als, and coal directly in thermal power plants.
These are the HGMS cryofilter for enrichment of
kaolin by Carpko (Brazil), Outokumpu 5T Cryo-
filter Models Industrial 5T/360,500,1000 by
Outokumpu Technology Inc. (Finland), Physical
Separation Division 6100 by Phillips Highway
(USA), Jacksonville, FL.3221 (USA), as well as
tanks and tankers for the transportation of lique-
fied gases. One of the key issues that determine
the advantages of the designed complexes, which
are interesting for the proposed development, is
the superconducting magnetic system, the design
of helium tanks, screens, and modules of closed-
loop microcryogenic systems (MCS), and effi-
cient use of their cooling capacity. Of course, the
above R&D, design, and technological problems
have been successfully implemented by corpora-
tions, but detailed design solutions have not been
described anywhere, since it is a commercial secret.
So it doesn't make sense to refer to commercials.
A relatively new direction of creating cryogenic
supply systems with MCS with the use of Cryo-
gen Free technology (dry, nonliquid cryoagents,
in which the cryostat has been already used as a
heat-insulating screen) is worth noting. Despite all
the advantages of this solution, the creation of cryo-
genic supply system (CSS) of large heavy comp-
lex cryomagnetic systems (MCS) is a complica-
ted process.

The advantage of cryomagnetic complexes for
separation is determined by the effectiveness of
solving the problem of creating their cryogenic
supply system. The MCS-1000 complex is loca-
ted near the boiler unit. The pulverized coal sepa-
rator with a temperature of about 100 ° C is lo-
cated directly inside the cryostat hole. Important
problems are to prevent the interaction of the so-
lenoid magnetic field with closely located steel
structures, as well as to protect service staff from
the harmful effects of the scattered magnetic
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Fig. 1. Appearance of cryomagnetic part of the complex

field. This significantly distinguishes the deve-
lopment from all abovementioned ones.

The purpose of this research is to develop the
basic design of cryogenic supply system based on
closed-loop microcryogenic systems and to create
aprototype MCS in order to test and to elaborate
the design and procedures for further implemen-
tation at other thermal power plants (TPPs) for
purification of pulverized coal and minerals from
harmful impurities and industrial enrichment of
minerals by high-gradient magnetic separation.

The cryomagnetic part of the MCS-1000 comp-
lex includes:
¢ cryogenic supply system based on cryostat and

two built-in MCS;
¢ superconducting magnetic system (SMS).

The appearance of the cryomagnetic part of the
complex is shown in Fig. 1.

Based on the design of the CSS, the efficiency
of cooling capacity of the MCS modules has been
determined by the method of complex analysis of
their heat balance with the total incoming heat
load. The MCS-1000 complex is developed ba-
sed on the patents of Ukraine No. 103949 and
No. 88830 [1, 2], research [3], and the project of
Teploelectroproekt Donetsk Institute for the
modernization of the Dnieper Thermal Power
Plant (TPP) implemented by the Department
for Cryogenic Instrument-Making at the Galkin
Physical and Technical Institute of the NAS of
Ukraine.

The CSS scheme is shown in Fig. 2.
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Structurally, the cryogenic supply system in-
cludes:
¢ helium nitrogen-free cryostat with a system of

screens and supports, modules of introduction

of MCS, a neck module with a set of safety de-
vices, and a module of introduction of control
and indication systems of the CSS status;

¢ two built-in MCS manufactured by Cryomech,

INC (PT 415 / PT415-RM - 40W @ 45K, 1.5 @

4.2 Kand AL 200-190W @ 80K) with autono-

mously located compressors, their power supp-

ly, diagnostics, and control systems. The total
power consumption in the 60 Hz network by
two MCS compressors and their power supply,
diagnostics, and control systems is about 14 kW.

Retention of helium in the tank is determined

only by the density of the introduction of neck

elements. The practice of operation of similar
plants has shown the tank shall be refueled
with helium every six months or once a year.

The solenoid of the superconducting magnetic
system is built into the helium tank of the cryo-
stat. Power current leads and indicators of the
SMS status are built into the cryostat neck; SMS
safety devices are located on the neck of the cryo-
stat outside.

The responsibility and complexity of the ope-
rating conditions of the complex near the boiler
unit have led to very specific features and uncon-
ventional solutions of design, technological and
R&D problems in the development of MCS. First
of all, it is necessary to mention the problems and
risks in the operation of CSS in the conditions of
TPP and to provide ways for preventing them.
Given the possible consequences of the accident,
it makes sense to develop, assuming even an in-
credible coincidence of all the risks of an accident.
Particular problems are the accumulated energy
of the SMS solenoid and the huge volume of li-
quefied helium in the cryostat tank. In the case
of an emergency transition of the solenoid or de-
pressurization of the heat-insulating vacuum
cavity of the cryostat, there is a possibility of ins-
tantaneous release of a significant volume of the
gas-liquid mixture of helium with unpredictable
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Fig. 2. Configuration of CSS-MCS-1000 complex: 7 — he-
lium tank; 2 — screen E1; 3 — screen E2; 4 — outer casing; 5 —
SMS solenoid; 6 — input node MCS AL200; 7 — MCS AL200;
8 — input module of current leads and of indication and
protection devices; 9 — neck; 70 — MCS PT415 / PT415-RM,;
11 — node input module MCS PT415 / PT415-RM

consequences. The dimensions and design of the
cryostat neck, with the inputs for powering the
solenoid and the inputs for indicating the status
of all systems, are important. Therefore, the neck
module designed for rapid removal of the accu-
mulated energy of the SMS and discharge of a
gas-liquid mixture of helium is located separately.
In view of the above, it is necessary to consider
important problems related to the superconduc-
ting solenoid and the helium tankage necessary
for steady operation of the system.

Creating a solenoid from a partially stabilized
superconducting cable requires solving the prob-
lem of guaranteed discharge of accumulated ener-
gy through non-detachable current leads to exter-
nal devices for its dissipation. Therefore, it is im-
portant to consider a solenoid option with a fully
stabilized superconductor. This eliminates the risk
of an instantaneous transition of the solenoid
from the superconducting to the normal state,
however significantly increases the dimensions
of the solenoid and, as a consequence, the entire
cryostat of the CSS and the MCS complex as a
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Fig. 3. Configuration of supports: 7 — node of helium tank
support; 2 — helium support frame; 3 — node of helium tank
and screen E1 support; 4 — E2 screen support node; 5 —
support frame

whole. In addition, it solves only the problem of
the solenoid transition and does not eliminate the
problem of instantaneous release of the gas-liquid
helium mixture in the case of an emergency de-
pressurization of the cryostat or for any other
reason. The final and decisive problem is a huge
amount of liquefied helium in the tank and its
possible release in the case of emergency.

A comprehensive solution to this problem has
been proposed in patent of Ukraine No. 88830 for
the method of cryosystem operation based on the
patent Cryosystems GLR [2]. The defining feature
of the proposed method is the ability to steadily
operate the CSS with a very small feed of lique-
fied helium. However, because of a large heat ca-
pacity of the tank with built-in SMS and an inco-
ming heat load on the tank, the accumulation of
helium is necessary to ensure power supply to the
solenoid, its transition to steady operation and
even a too small excessive reserve of liquefied gas,
is almost unsolvable task. Therefore, putting CSS
into a steady mode is more practicable to realize
in two stages. The first stage is cooling the sys-
tem and accumulating the required tankage of he-
lium, while operating both MCS; it is realized by
pouring helium from a Dewar vessel. The stage
ends with powering up the solenoid and putting
it into steady mode with a superconducting key.
The second stage is the transition of the CSS to
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the steady operation by the method of "liquid-
gas-recondensation”. This process ensures conti-
nuous operation as a closed physical process that
does not require any external action. The helium
tankage is determined experimentally, provided
it is sufficient for the process. It should be noted
that the lower part of the solenoid in the tank is
placed in liquefied helium, and the recondensing
vessel with an extended surface is located in the
upper part of the copper tank, directly along the
contour of the tank and the solenoid.

Natural ventilation in the tank is established
due to the fact that helium vapor rises up to the
recondensing vessel, with condensate drops from
it falling down on the solenoid. The principle is
that, above the liquefied helium mirror, the helium
gas-liquid mixture in the closed liquid-gas-recon-
densation process is an ideal conductor of cold to
the recondensing vessel from all elements of the
tank and SMS, regardless of their complexity and
location. Compliance with all conditions elimi-
nates the temperature gradient in the tank, and,
accordingly, overheating of the SMS solenoid and
its transition to the normal condition. As a result
of the above solution, the creation of CSS comp-
lex on the basis of the proposed method for ope-
rating the "liquid-gas-recondensation” cryosys-
tem in the steady mode is quite realizable.

The solenoid is made of partially (about 30%)
stabilized superconducting cable equipped with
a system of discharge and outside dissipation of
accumulated energy. The inner diameter of such
a solenoid is 1200 mm, the outer diameter is
1300 mm, and the length is 700 mm. The opera-
ting current of the solenoid, 350 A, is almost twice
less than the critical one. Accordingly, the outer
diameter of the tank is 1400 mm, and the length is
800 mm. As a result, the overall dimensions of the
CSS cryostat have been determined: the outer dia-
meter is 1550 mm and the length is 110 mm. The
solenoid in a horizontal cylindrical container is
placed with a shift from the center down by 40 mm.
All elements of the screen openings and the outer
casing with flanges are displaced accordingly.

The configuration of supports is given in Fig. 3.
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The bearing structure is based on support
frame. The ends of the cylindrical copper tank for
helium are made in the form of bearing copper
flanges suspended (at the top and at the bottom)
by two nodes 7 to ring frames 2 of a square tube.
The frames 2 are mounted on a support with two
nodes 3. Similarly, the ends of the copper screens
E1 and E2 are made in the form of bearing copper
flanges. The screen E1 is mounted on a support
frame in the same node 3, while the screen E2 is
mounted on a support frame in the node 4. Thus,
the copper screens fastened by end bearing cop-
per flanges mounted on support frames play two
important roles: they are elements of supports
that ensure the stability of the side support fra-
mes, and, at the same time, ensure an effective heat
dissipation from the support nodes to the appro-
priate stages of the MCS modules, at all three
temperature levels.

Schematically, the design of the input node of
the MCS module PT415 / PT415-RM is shown
in Fig. 4.

The MCS, based on the length of its stages and
the expected installation of the magnetic protec-
tion screen, is elevated above the cryostat casing.
The first stage of the module is connected to the
screen E1 5 through the cooler 7. The face of the
module of the second stage is connected to the
bottom of its casing with the help of disconnec-
ting flexible cold conducting pipe 4. The face of
the bottom of the casing is connected with the
recondensing vessel 2 by a disconnecting cold
conducting pipe 3. The recondensing vessel is
located directly above the solenoid, in the up-
per part of the helium copper tank 7, over its to-
tal length.

The configuration of the input unit of the MCS
AL-200 module is shown in Fig. 5.

The pipe of the MCS input casing 6, based on
the length of its module and the possible installa-
tion of a magnetic protection screen, is elevated
above the cryostat casing. The module is con-
nected to the bottom of the input casing with the
help of a disconnecting cold conducting pipe 5.
The bottom of the input casing is connected to
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Fig. 4. Configuration of the input unit of the MCS module
PT415 / PT415-RM: 1 — helium tank; 2 — recondensing
vessel; 3 — cooling pipe of the input unit of the MCS module;
4 — cooling pipe of the MCS module; 5 — screen E1; 6 —
screen E2; 7 — Xel screen cooler; 8 — casing of the input
node of the MCS module; 9 — MCS PT415 / PT415-RM
module

Fig. 5. Configuration of the input unit of the MCS AL-200
module: 7 — helium tank; 2 — screen E1; 3 — screen E2;
4 — XE2 cooler of the E2 screen; 5 — flexible cooling pipe;
6 — casing of the input unit of the MCS AL-200 module;
7 — MCS AL-200 module
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Fig. 6. Configuration of the neck: 7 — neck of the helium
tank; 2 — screen E1; 3 — screen E2; 4 — cooler X1neck; 5 —
cooler Xcurrent1; 6 — casing; 7 — input module of current
leads and of indication and protection devices; 8§ — cooler
Xcurrent2; 9 — neck cooler X2; 70 — node connecting the
current leads

the screen E2 3 by means of a flexible cold con-
ducting pipe 4.

In the scheme (Fig. 6), the neck 7 with a de-
tachable module with current leads and nodes con-
necting to the screens is conventionally divided
into three parts. The first one is the lower part of
the neck, directly attached to the helium tank. The
heat inflow to it is an integral part of the load on
the second stage of the MCS PT415 / PT415-RM.
The second one is the middle part. Thanks to
coolers 4 and 5, through the screen E1 2, it is coo-
led by heat dissipation on the first stage of the
MCS PT415 / PT415-RM. The third one is the
upper part of the neck. Thanks to coolers 8 and 9,
through the screen E2 3, it is cooled by heat dis-
sipation on the MCS AL-200. Heat dissipation
from the neck wall is carried out by means of cool-
ers 4 and 9. Heat dissipation from internal struc-
tures to the neck wall is carried out by means of
coolers 5 and 8.

ESTIMATED ANALYSIS
OF CSS HEAT BALANCE

The heat balance is analyzed by the calculation
method under the condition of providing com-
pensation of the total heat inflows from the ele-
ments of the CSS structures by the cooling ca-
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pacity of the MCS modules at three correspon-
ding temperature levels.

Calculations are performed based on the above
configurations using the method proposed in [3].
Comprehensive analytical studies of the heat ba-
lance are carried out taking into account the heat
inflows by current conductor and inputs of the
indication of the operation status of the CSS and
MCS built into the neck of CSS cryostat.

Proceeding from the above, the following stu-
dies have been made:
¢ analysis of the heat balance at a temperature of

4.2 K of the second stage of the MCS PT415 /

PT415-RM with a permissible total heat supp-

ly of 1.35 W to the helium tank, with a ten per-

cent margin taken into account;
¢ analysis of the heat balance of 40 W at a tem-
perature of 45 K of the first stage of the MCS

PT415 / PT415-RM with the total heat supp-

ly to it;

+ analysis of the heat balance at a temperature of
80K of MCS AL200 with a permissible total

Table 1. Average Values of Physical
Parameters of Austenitic Steel 12X18H10T

Design Average heat Design Average heat
temperature | conductivity, A, || temperature | conductivity, A,
range T, K W/m- K range T, K W/m- K
45—4.2 3.22 300—45 10.5
80—45 7.0 300—80 11.65
Table 2. Average Values
of Physical Parameters of Copper M1
Design Average heat Design Average heat
temperature | conductivity, A, | temperature | conductivity, A,
range T, K W/m- K range T, K W/m- K
45—4.2 1260 300—45 485
80—45 825 300—80 475

Table 3. Average Values
of Physical Parameters of Helium Gas

Design Average heat Design Average heat
temperature | conductivity, A, || temperature | conductivity, A,
range T, K W/m-K range T, K W/m-K
45—4.2 28.825 300—45 101.65
80—45 56.075 300—80 110.12
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heat supply of 180 W, with a ten percent mar-
gin taken into account.
Below there are the results of calculations of
the CSS heat balance.
Here and further in calculations it is assumed
as follows:
T =42KT, =45K T, =80K;T_ =300K;
= 03mM%E F, =895m*; F,=98m% F =
= 11,0 m% 6 is the Stefan—Boltzmann constant =
= 5,67 x 1078 W/ K*xm?; ¢ is blackness degree.
For containers and screens covered with a layer
of PET-DAfilmg = 0,05; ¢, .. isdegree of black-

ness of surfaces in radiation heat exchange.

Creueed ~ 1AL/ &, T E/F (L v 1)) (D)

Ayernge 1S average heat conductivity in the calcu-
lated range of temperature, W /m x K;

The average values of the physical characteris-
tics of the materials in the design temperature
range, as assumed in the calculations, are given in
Tables 1, 2, and 3.

The average values of physical parameters of
copper, steel, and helium are calculated on the ba-
sis of standard reference data provided in the
regulatory document List of Tables of Standard
Reference Data effective as of January 1, 2008, in
the Member States to the Agreement in the field
of joint development and use of data on physical
constants and properties of substances and mate-
rials [4].

It should be noted that the physical properties
of the materials used to create the actual configu-
ration may differ significantly from those shown
in the tables. Atb the same time, the given aver-
age values can be considered near real, but still
indicative.

ANALYSIS OF HEAT BALANCE

AT THE FIRST TEMPERATURE LEVEL
OF 4.2K OF THE SECOND STAGE
MCS PT415 / PT415-RM

The analysis of heat balance is carried out based
on a permissible total heat supply to the helium
tank, assumed to be equal to 1.35 W, which is
compensated by the recondensing vessel built di-
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rectly into the helium tank and cooled by the se-
cond stage of the MCS.

The total heat flow to the helium tank is de-
fined as:

QCyMEM]L = + QOI'[OP.GMIL +

+ Q(:yM,l‘()pJ‘I,l S 135 W

Qoo +
KO)KJ\{OleCTyHrQMII.

2)

QB]mpELeMn

Here Q,,, ., is total heat inflow to the helium
tank; Q... k1 1S heat inflow from E1 2 screen
radiation (Fig. 2) on the external surface of the
helium tank; Q= “is heat inflow from heat
conductivity by the tank supports 3 (Fig. 3);
Q. oesonzerynenn, 18 Deat inflow to the helium tank
on the input casing of the second stage of CNS
PT415/PT415 — RM (Fig. 4); Q.00 is total
heat inflow in the lower part of the neck (Fig. 5).

Respectively:

QBMHP,El-eMH' = 6 x &HP"BGH-EMH- x I:GMI-L x

x [Tt —T*

S (3)

According to equation (1) €, ueenn = 0-025.
Based on the calculations by equation (3)
QBI/Inp.El—GMH = 0042 W

Qyopeun, 18 calculated according to the confi-
guration scheme in Figs. 2 and 3.

The tank supports are shaped as ring frames 2
made of square 12X18H10T steel pipe fastened in
the nodes 3. The cross section S =0.00025 m?.

OIIOP.€EMH.

The length of the suspension sector (in total, the-

re are 8 sectors) of the ring frame L, ., = 1.0 m.
QOHOD.GMH4 = 8 X {}\"OHOD.CMH‘ x SOHOP.CM]‘L x
x [TMO,LL.l. - T(:‘MH_]}/L()[I()[).EMH.‘ (4)

The total heat inflow from the 8 sectors of sup-
ports Q. s amounts to 0.26 W.
Heat inflow Q, is calculated by the

10/1.2-01 CTYIL-EMH.

equation:
QKO}K.MOTLQCTyl‘I:eMR = }“E1-GMH' x Sxom.MonQ-ewm.
X [ T27 TeMIL] }/LKOX(,MOH,Q-QMII.’ (5)
= = 2
Where LKO)K.MO}.[.2 025 m’ SK())K.M()[.[2C’1‘y[l.-EMH. 000026 m /

pipe @ 0.14 m, 8 = 0.0006 m.
According to the calculation by the mentioned
equation Q, =0.14 W.

0K.MOJI.2-0i1 CTYIT.-EMH.
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The heat inflow in the lower part of the neck
Qeropat 18 calculated based on the neck configu-
ration scheme shown in Fig. 6.

Given the results of the above calculations and
the condition Q v, < 1.35 W, the permissible
heat inflow Q«\Mmpn shall be equal to < 0.9 W.

The heat inflow in the neck Q griropas 18 defi-
ned as:

QcyMJ‘OpJLi = Q("l‘J‘Op.}I.1 + Qras.rop.u.1 + QcyMAcrpyMi’ (6)

where Q. .1 is heat inflow from heat conducti-
vity on the neck wall; Q,,, ... is heat inflow from
heat conductivity through standing gas column
intheneck; Q. cipy.1 18 total heat inflow through

current leads.

Qc’troprl = {7\‘0'121‘0[,)&1 x S cr.ropit.1 x
X [T TGMHJ}/LropnA' (7)

2-oi crym.
For the calculation purpose, it has been as-
sumed that the neck diameter is 0.06 m, the wall
thickness is 0.001 m, S,, ., = 0.0002 m? L

=0.25 m; material is 08X18H10T steel.
Accordingly Q. =0.10 W.

TOPJL. 1

T.ropi.1

CALCULATION OF HEAT
INFLOW BY MEANS OF HEAT
CONDUCTIVITY THROUGH STANDING

GAS COLUMN IN THE NECK

Q«ras.ropnl {}brasyl [TE1 - TCMHA]}/LI'OPJIJ (8)

ras.ropJr.1

Sasropnt 1S gAS cross section in the neck = 0.002 m?
Ly is0.25 m.
Accordingly Q. =0.01W.

CALCULATION OF THE PERMISSIBLE
PARAMETERS OF CURRENT LEADS

Given the above results of calculations, the per-
missible total heat inflow through the current
leads in the stationary mode, at a zero current on
them is Q. expyt < 0.79 W.
Accordingly
Qeynerpynt = Leysinunerpyt T Leysennerpyn. 1 <
<0.79 W.

The heat inflow by indicator inputs Q,
is defined as:

18

)

YM.CTPYM.iHMK. 1

={x. xS

QCyMAiIIH,HKACprM,i inamk. 1 cym.inpnk.crpym. 1 x
x [TE1 €MH ]}/LIH'I crpym.1? (10)

, is cross section 1 x 107% m?
=04 m;

Where SCyMAiIIH,HKACprM,
Ly 18 length of twisted inputs
BiIIOBiZHO Q. =0.13 W.

YM.IHIUK.CTPYM. 1

CALCULATION OF THE PERMISSIBLE
PARAMETERS OF CURRENT

LEADS IN THE STATIONARY MODE

In the stationary mode Q. .crps i the stan-
ding gas column, at a zero current, fixed current
leads are considered passive heat lines.

Given the results of the above calculations, the
permissible cross section of current leads is esti-
mated under conditions Q. ,<0.66 W.

YM.CUJLCTPYM.

Q. = Prerpy XS x
cyMm.crLetpym. 1 cTpym.1 cym.cueTpym. 1

X [TEi (:Mll]}/LCMIClpyMi < O 66 W (11)

where L, .. 1S design length of twisted cur-
rent leads; it is equal to = 0.4 m.

Accordingly, the total cross section of two cur-
rent leads is S <5.1 x 1076 m?

CYM.CHIL.CTPYM. 1=

ANALYSIS OF HEAT BALANCE
AT A TEMPERATURE OF 45K OF THE FIRST

STAGE OF MCS PT415/PT415-RM

The analysis is made in terms of permissible heat
inflow Q_ ., to the first stage of MCS compen-
sated by its cooling capacity of 40 W:

The total heat load Q.. is defined as:

Q('yM,M()J‘[.1 = Qm'[opEi + QK())KM()]‘[.1-E1 + QBVmp E2-E1 ~
o QﬁuupAEi-enu. + Qcy\l ropiL.2 < 40 W (12)

ot 1S total heat inflow to the first sta-
ge of MCS; Q¢ is heat inflow from the sup-
ports of screen E1 2 Fig. 3); Q,cnonir1 1S heat in-
flow in the upper part of the input casing 8 (Fig. 4)
of the MCS first stage module; Q. ¢, is heat
inflow through radiation from the screen E2 3 to
the screen E1 2 (Fig. 2); Q4510 1S determined
in the previous section of calculation 0.042 W,
Qeproprz 18 heat inflow from the middle part of
the neck with current leads from heat exchan-

ger 4 (Fig. 6).

where Q.

ISSN 2409-9066. Sci. innov. 2020. 16 (4)
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The heat inflow Q_ . is calculated according
to the configuration scheme shown in Figs. 3 and 4.

QonopE1 = {)\‘onop.E1 x ScyM.()m)p,El X

X [TE2 o TE1]}/‘L0n0pAE1’ (13)
Where SCyM.()l'I()]’)E1 = 00015 m27 L(m()p.E1 = 04 m.
According to the calculation Q. = 0.9 W.

The calculation of heat inflow Q. orir1 tO
the screen E1 on the input casng of the first
stage of MCS PT415/PT415-RM, according to

the configuration scheme given in Fig. 4.

QKO‘;[QMOLLLEl = {)\‘KOMMOJLL]H X SkomMo,z.LEl X
x [Tmm_ TF1]}/ LKO}K.MO[{J»EP (14)
=02m, S = 0.00035 m?

Where LKO‘)&MOLLEl koMo 1-E1
(pipe @ 140 mm, 6 = 0,8 mm, 12X18H10T steel).
According to the calculation Q.11 = 4.7 W.
The heat inflow by radiation Q,,,,, s, from the

screen E2 to the screen E1 is defined as:
Qmmp.EQ»E1 = 6 % &npnacr{.m x FE1 x [TE2 _ TE1]7 W (15)

Based on the calculation by equation (1) &1 =
= 0.025. Accordingly, Q . 2.6 = 0.57 W.

Given the results of calculating the heat balan-
ce components and the condition Q.. <40 W
the permissible valueis Q <338 W.

The total heat inflow in the middle part of the
neck is defined as:

Qras.ropﬂ.Z +

QyMIDpJIQ = Qc’r.ropn.Z +
+ Qﬂ;yM.c’rpyM.Q = 338 W (16)

where Q... is heat inflow by means of heat
conductivity on the neck walls; Q = . is heat
inflow by means of heat conductivity in the stan-
ding gas column in the neck; QCW‘CTWM2 is total
heat inflow in current leads.

The heat inflow in the neck walls Q,

fined as:
Qerropnz = Perropnz X Serropra X
[Ty — T}/ Liopoy (17)
opnz 15 meck wall length, 0.2 m;
Serroprz 18 cross section of neck wall, 0.0002 m?.
Accordingly Q. .., = 0.23 W.
The heat inflow from the standing gas column
Q,oropn2 18 defined as:

is de-

T.rOpJI.2

where L
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Qra&ropJLZ = {)\’raa.roprZ X Sropf{.2 x
X [Ty — Tey ]}/ Ligpay (18)
where S, , is gas cross section in the neck, 0.002 m*
Accordingly, Q... .0 = 0.019 W. Finally, Q,
shall be <33.5W.
The calculationof permissible parameters of
current leadsin the middle part of the neck:

Q(‘ny’l’p_VJ\lQ = QCyMAiAMK,CTp_VMQ +

YM.CTPYM.2

+ Qcywcvm, cTpym.2 < 335 W’ (19)
Qcy]win,:[mc.c’rpyMQ :{kinﬂm{Q X SCyM.iILZ[I/lKACprMAZ x
x [TE2 - TE1]}/LIIHI[VIK4CprM.2’ (20)

where S, erpyz 1S €ross section of indicator in-
puts = 1 x 1075 m% L .cpp2 1S length in the
twisted shape = 0.4 m. Accordingly, Q.
=0.1W.

Calculation of cross section S, .., cpy2 Of CUT-
rent leads. Given the results of previous calcula-
tions, the permissible cross section of current leads
is calculated based on the condition Q.
<334 W.

YMHIK.CTPYM.2

YM.CHJLCTPYM.2 —

= X X
Qc,yMcnn.c’rpyM.Z {}\‘CI/ULCprM.Z ScyMﬁn.r[.CTDyMZ

X [TEz _ TE1]}/L <334 W

CHJLCTPYM.2 —

(21)

where L , is design length in the twisted

CHJL.CTPYM.
shape, 0.4 m.
According to the calculations, S,

CYM.CHJL.CTPYM.2 <
<476 x 10" m?

ANALYSIS OF HEAT BALANCE
AT THE THIRD TEMPERATURE

LEVEL OF 80 K OF MCS AL2000

The heat balance at a temperature level of 80 K,
in accordance with the scheme of MCS AL200
(Fig. 5), is analyzed for the assumed for the calcu-
lations of permissible total heat inflow Q4 <
<180 W defined as:

QcyM.S = QKO)K.MOI[.-EQ + QonopEQ + anp.xom-EQ -

- QuuupAE27E1+ QcyM.mpu.S < 180 W (22)
where Q.. .orp 18 heat inflow to the screen E2
through the casing 6 (Fig. 5) of the MCS input
module; Q. is heat inflow from the supports
of screen E2 3 (Fig. 3); Q,uponr2 1 heat inflow
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through radiation from the casing to the screen
E2 3 (Fig. 2); Q,uprs g1 is heat discharge as a re-
sult of radiation from the screen E2 to the screen
E1. Based on the analysis, at a temperature level
of 45 K it has been calculated that Q,,,, gz 1 =
=0.57 W; Q,\,10pu3 18 heat inflow to the screen E2
from the cooler 9 (Fig. 6) in the upper part of the
neck with current leads.

The heat inflow Q,

onmon-i2 1S calculated by the
equation:

QKO)KMOZ[:EZ = {)\‘KmK:EQ X Sxomlwon.—EZ X

x [TKO}K. - TEQ]}/[‘KO)K.MOH.»EQ’

(23)

where L, o, 51 = 0.35m, S onro = 0.00022 m?

(pipe diameter is 90 mm, thickness 0.8 mm).
Accordingly Q . =161 W.

The heat inflow through the supports Q= .,
is estimated by the equation:

QcyM.onopEZ = {}\‘onop.EQ X ScyM4onop4E2 X
x [TK())K. - TEQ]}/L()U()]').EQ’
where 2,

o2 =11.65 W/m x K; S,
Loopo = 0.5 m.

Accordingly Qe = 10.25 W.

The heat inflow through radiation from the
casing to the screen E2.

€. 18 equal to 0.06 for the casing made of
12X18H10T steel, g, is equal to 0.05 for the screen
protected with a super insulating material layer.

Proceeding from the calculation by &,,c0e0 =
/{1 /e + Fyo/Fop (12,0 + 1)} we obtain 0.026.

The heat inflow through radiation from the
casing to the screen E2 is defined as:

QBI/I]'[]JKO)K.*FQ = 6 X &HpHBeLLEZ X FEZ x
x [T/mom. - T4 FZ]
ACCOI‘dingly, Qsmup.mm.fE2 = 145 W
Given the results of previous calculations, the

heat inflow to the screen E2 from the upper part
of the neck Q. ,18<23.0 W.

(24)
=0.002 m?,

ym.omop.E2

(25)

YM.TOPJL.

ANALYSIS OF THE TOTAL
HEAT INFLOW IN THE UPPER

PART OF THE NECK Q¢ym.ropns

The analysis is made based on the configuration
schemen given in Fig. 6.
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Proceeding from the above analysis of the heat
balance of MCS AL 200, the permissible value of
Qepropns 18 <23.0 W. Hence,

QcyM.mpu.S = QCT.ropu.B + Qras.ropu.B +
+ QcyM.CprM.S = 23?0 BT1 (26)

where Q.5 is heat inflow from heat conduc-
tivity along the neck wall; Q,,, .5 is heat in-
flow along the standing gas column in the neck;
Qe 18 total heat inflow through the current
leads.

The heat inflow from heat conductivity along
the neck wall Q.. .5 is defined as:

Q(',T.ropn.B = {}\’(',T.ropn.B X ScT.mpﬂ.B %
x [Txom o TEZ]}/LropJLS’ (27)

L., 1s design length of the neck wall, 0.2 m; S,
wopag 18 cross section of the neck wall, 0.0002 m?.
Accordingly, Q. p.3 = 2.44 W.

The heat inflow along the standing gas column
in the neck Q.. .3 is defined as:

Q’ra:s.r()pjlﬂ = {}\'l‘asy.f% x Sl"dl%.l‘()p]I.S x
x [Txom o TEZ]}/LropnAS’ (28)
where S

sropn3 is cross section of gas in the neck,

0.002 m* L . is length of the heat conducting

gas column, 0.2 m. Accordingly, Q. ,=0.24 W.

The calculation of the permissible parameters
of current leads in the upper part of the neck.

Given the results of the previous calculations

Q. <203W.
yM.cTpyM.3 ~
Accordingly,
Q(‘,yM.(‘,prM.3 - Q('yM.iHnnK.(‘,prM.S +
+QcyM4CI/1JLCTp_VJ»{.3 < 203 W (29)
whereQ . .istotal heat inflow by indica-
CYM.IHUK.CTPYM.3

tor current leads; ngm_m.mpvm. , is total heat inflow
by two current leads. )

The heat inflow Q . is defined as:

CYM.IHANK.CTPyM.3

QCyM.iIIHI/IKACprMAS = {kilmnk,?) x SCyMAiIU_IHK, x
X [TKO)K. - TEZ]}/LiHnwK.S’ (30)
where S,

emimmcmyn3 1S INPULS cross section, 1x 1070 m?
Li 5 18 design length in the twisted shape, 0.4 m.
Accordingly, Q. =0.26 W.

YMLIHIMK.CTPYM.3
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The permissible parameters of current leads
are estimated based on the condition:

Qcym.cnn.(:prM.B = {}\‘cm{.:} x S(in.CHJ'I,('prM.B x

x [Tkom, - TEZ]}/L(‘HJLS < 2004 W

where L, ;= 0.4 m.

As aresult, S, ez < 7.7 x 1077 m?,

The calculations have shown that the heat in-
flow through the indicator current leads is rela-
tively small, so it does not significantly affect the
heat balance of the MCS modules.

The more significant permissible parameters of
power current leads by the neck sections are as
follows:

s <51 x10°m% Q. <0.66 W,
CYM.CHILCTPYM. 1 YM.CHILCTPYM. 1

<476 <10 m?* Q, . <334W,
VM.CUJLCTPYM.2

CYM.CHILCTPYM.2 —
L<77x107°m2, Q. ,<20.04W.

(31

CYM.CHILCTPYM YM.CHILCTPYM

Hence, this research is the final one in the se-
ries of studies related to solving R&D and design
problems of developing systems for cryogenic
support of large multi-ton cryomagnetic comple-
xes based on microcryogenic closed-loop systems.
The research is based on the author's patents of
Ukraine Ne 103949 and Ne 88830 [1, 2] and re-
search [3], as well as on the development of the
CSS within the project of the MCS-1000 comp-
lex, which aims at creating a prototype for the
modernization of Prydniprovska TPP for pulveri-
zed coal purification. The project deals with tes-
ting the design and procedures/operation manu-
als of the complex in order to create a basic design
of MCS for its further implementation at other
TPPs and for industrial beneficiation and purifi-
cation of minerals from harmful impurities by the
high-gradient magnetic separation method.

Many important solutions have been imple-
mented in the development: the feasibility of crea-
ting a cryogenic supply system based on two clo-
sed-cycle MCS has been shown; the configuration
of CSS with the appropriate design of supports,
screens, and tanks which act as monolithic sys-
tem of rigidity and effective removal of heat in-
flows at the corresponding stages of MCS modu-
les has been proposed; the configuration of the
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neck module and input modules of two MCSs has
been designed; the method for efficient use of
MCS cooling capacity has been developed based
on the comprehensive analysis of heat balance of
their modules with total heat supply to them from
all CSS systems at all temperature levels; the heat
balance at the second stage of the MCS PT415 /
PT415-RM module and the MCS AL 200 modu-
le, under the condition of a ten percent margin in
terms of their cooling capacity, has been calcula-
ted. The maximum permissible parameters of po-
wer current leads have been calculated. In fact,
they can be much smaller in the upper and in the
middle parts of the neck, with the lower part of
each power current conductor shunted with a su-
perconducting cable.

The research has shown the efficiency of the CSS
in the stationary mode with a very small supply
of liquefied helium to the tank in the "liquid-gas-
recondensation” closed physical process that ope-
rates continuously and does not require any exter-
nal action. It is important that in the process of
heat exchange, the helium gas-liquid mixture is a
constant ideal cooling pipe to the recondensing
vessel from all elements of the tank and SMS, re-
gardless of their complexity and location. Also, it
should be added that the lower part of the sole-
noid in the tank is in liquefied helium, and drops of
condensate fall on it from the recondensing vessel
located in the upper part, directly along the con-
tour of the tank and the solenoid. All together eli-
minate a temperature gradient in the copper tank,
and, accordingly, prevent overheat of the SMS
solenoid and its transition to a normal state.

In general, the above development radically
solves the problem of safety, even in the case of
instantaneous release of too small amount of he-
lium gas-liquid mixture for any reason. In order
to indicate the status of all systems and to pre-
vent accidents, the boiler control system has an
integrated automated control system of the CSS.
Also, to prevent possible heating of the cryostat
casing pipe, it is made of copper, with the ends
connected by heat line to the external magnetic
screen at room temperature.
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The proposed CSS design provides simplicity
of manufacturing technology and, importantly,
the easiness of routine operation in industrial
conditions of thermal power plants, even with
the possible change of the neck module and MCS
modules without depressurization of the cryostat
vacuum cavity.

The development and creation of the MCS
CSS complexisaparticularly sophisticated R&D,
design, and technological problem. In Ukraine,
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CHUCTEMA KPIOTEHHOTI'O 3ABE3ITEYEHHA KPIOMATHITHOT O

KOMIIJIEKCA KMK-1000 HA BA3I

MIKPOKPIOTEHHUX CUCTEM 3AMKHYTOI'O IUKJIY

Beryn. Possurtok rasysi 36araqyBaibHUX BUDOOHUIITE O3HAYUB BUMOTH 3 PO3POOJIEHHSI CYTTEBO HOBUX TEXHOJIOTIH Ta 06-
JIaJIHaHHS, 30KpeMa i MeTo/ly MarHiTHOI cerapartii.

IIpoGaemaTuka. [lepeBara KpioMarHiTHUX KOMILIEKCIB MarHiTHOI cenapailii BUSHa4a€Thcsl e(heKTUBHICTIO BUPIIIEHHS
npobJIeME CTBOPEHHS IXHBOT CUCTEMU KPIOTEHHOIO 3a0€311eUCHHSI.

Merta. Pospobka cuctemu kpiorernoro s3abesnedenns (CK3) kpioMarnitHoro Kommiekcy Ha 6asi MiKpOKPIOTEHHUX
cucteM 3amMkuyToro 1ukay (MKC).

Marepiam it meroau. Marepiasom po6oru € koncrpykitisi CK3 3 BOy10BaHOW0 HAJNPOBIHO MATHITHOK CHCTEMOO
(HMC) i npoma MKC. Edexrusticts Bukopucrainss MKC BU3Haua€ThCsl METOIOM aHAJII3Y TEIJIOBOTO Gasiarca IXHIX MOJYJIB.

Pesyabratu. PospobieHo koucrpykitito CK3 Ha 6asi 6e3asorHoro kpiocrata 3 BOyaosanoro HMC i xsoma MKC Ta pi-
meHHs npobiaemu epexkTruBHOro Bukopucrants MKC mMetogoM aHami3y TemmoBoro bamancy ix moayais. Koncrpykiis
By3JiB BBesieHHst MozysiiB MKC Ta ropsioBuHH, a TAKOK EMHOCTI, OIOP i €KPaHiB OIHOYACHO € CUCTEMOIO JKOPCTKOCTI Ta
e(eKTUBHOTO BiIBOY TEILIONPHUILINBIB 3 HUX Ha BianosiaHi cTymneni moxynis MKC. Konerpyxiis CK3 3abesneuye edek-
TUBHICTb POOOTH B CTAI[IOHAPHOMY PEKUMI 3 HAZIMAJIMM 3aIaCOM 3PIiIKEHOTO TeJIiio 110 KilbIIEBOMY IIPOIIECy «pinHa—Tra3—
PEKOH/IEHCALlisI», B SIKOMY Ta3opiMHHA cyMilll rediito € igeanbraum xosononposigom. Konerpykuiss CK3 3abesieuye Tex-
HOJIOTIYHICTD perylaMeHTHUX PobiT, HaBiTh 31 3MiHOI0 MOy TiB TopaoBuHu Ta i MKC, 6e3 posrepmeTnsartii kpiocTara.

BucHoBku. PilleHHSI KOHCTPYKTOPCHKO-TEXHOJIOTIUHUX Ta HAYKOBO-TeXHIuHuX 11pobsieM cropertst CK3 6asyerbest Ha
narertax Ykpainu Ne 103949 ta Ne 88830. O6rpynTosano goiiibhicts crBopentst CK3 komiuiexcy #a 6asi kpiocrarta 3 BOY-
nmosaroio HMC i isoma MKC, mio mpaitioe B cTariionapHOMY peskIMi 3 HaJIMAJINM 3aMIaCOM 3PiIKEHOTO TeJTifo.

Knwouoasi crosa: kpiomaznimmuuil KOMniexKc, CUCeMAa Kpiozennozo 3a6e3neuenis KpioMazuimmozo KoMniexcy.
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