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A B S T R A C T

The constantly increasing energy consumption along with the depleting fossil fuel resources as well as owing to
the fact that the nuclear fission not being an intrinsically safe method of energy generation, it has become
necessary to look for other solutions to fulfil the future energy demands. Nuclear fusion, the source of energy for
billions of stars, has attracted the attention of scientists and engineers despite a lot of technical challenges in the
replication of the fusion process in laboratories. For fusion to take place in a device, one of the major challenges
faced is the strong magnetic confinement of the plasma using large superconducting (SC) magnets, which need
efficient cryogenic cooling techniques to maintain the required low temperatures for the superconducting state. In
order to maintain the compactness, the SC magnets generally employ Cable in Conduit Conductor (CICC)
windings, carrying high current densities, which are cooled by the forced flow of helium at ~4 K temperature to
maintain the required superconducting temperatures. The construction of CICC aims to maintain the supercon-
ductivity state by optimization of various parameters such as thermal stability, the ratio of normal conductor to SC
material, mechanical strength, low hydraulic impedance, current density, magnetic field, etc. The cryogenic
thermal stability of the CICC is of prime importance for safe, stable and reliable operation of SC magnets. The
prediction of thermal and hydraulic behavior of the CICC in large SC magnets is difficult due to the complex
geometry involved, the variation in fluid properties, various heat in-flux incidences over the long length of CICC
and a complex heat transport phenomenon. Another application which utilizes a forced flow cryogenic cooling in
the fusion devices is a cryo-adsorption pump for creating clean and high vacuum with large pumping speed. This
paper presents an overview of the forced flow cryogenic cooling schemes in fusion devices along with a systematic
review of the thermal and hydraulic studies related to CICC and cryo-adsorption pump, thereby highlighting the
challenges and opportunities for further improvement in their design and performance.
1. Introduction

The world energy demand is expected to increase by several folds
mainly due to the population growth and an increase in the per capita
consumption of energy. The projections of future energy demand based
on the present and past energy trends is shown in Figure 1 [1]. The
presently available energy resources include the conventional fossil fuel
reserves (coal, oil and natural gas), nuclear fission, solar based sources,
hydropower, etc. Among the various options available, conventional
fossil fuels are limited and their increasing consumption trends have
unfavorable ecological effects. Although the nuclear fission fuel is
available naturally, it is not abundant, and its conversion into useful
energy has several safety concerns including the nuclear waste disposal.
The technological advancements are ongoing with the solar energy op-
tion which involves simultaneous improvement in conversion efficiency
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and energy storage technology. Due to its low power density and an
intermittent nature, the use of solar energy as base energy is restricted.
The use of hydropower invokes growing concerns of ecological imbal-
ance due to the involvement of large man-made reservoirs. Moreover,
favorable geographical conditions are required for setting up a hydro-
power plant. Hence in order to meet the future energy demand through
an eco-friendly way, it is imperative to explore an out of the box solution.
One such solution is the nuclear fusion option which is also a source of
energy for billions of stars including the sun. The role of nuclear fusion
technology for meeting the future energy demand has been acknowl-
edged in several countries including India [2, 3].

There are several ways by which the nuclear fusion can be achieved.
One such way is by magnetic confinement of atoms in the ionized form
(plasma state) and creating suitable conditions (high kinetic energy,
sufficient density and time) for their collision to achieve fusion energy. In
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Figure 1. Future energy demand projections.

Figure 2. Approaches to achieve nuclear fusion.
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order to obtain net energy out of the nuclear fusion, strong magnetic
confinement necessitates the use of strong magnets which leads to a
choice of cryogenically cooled superconducting (SC) magnets. The
cryogenic cooling system of SC magnets is an essential part of any
magnetically confined fusion device. The SC magnet cooling employs
various techniques such as pool/bath cooling and forced flow cooling.
The cryogenic cooling is also beneficial and required to achieve high and
clean vacuum in the fusion devices by the application of cryopumps. In
the present study a state-of-the-art review has been carried out for the
forced flow cryogenic cooling, involving thermal and hydraulic aspects,
of SC magnets, which use the Cable in Conduit Conductor (CICC), and
cryopumps using the Hydraulically Form Dimple Panels (HFDP). The
prediction of thermal and hydraulic behavior of CICC in large SCmagnets
is difficult due to reasons such as the complex geometry involved, the
variation in fluid properties, various heat in-flux incident over the long
length of CICC and complex heat transport phenomena. Despite a sig-
nificant advancement in the development of CICC based SC magnets, the
prediction of thermal and hydraulic impedance is not yet well established
and hence the present challenges are discussed and summarized. This
paper presents an overview of the SC magnet based fusion devices, a
typical cryogenic cooling scheme of SC magnets in fusion devices along
with a systematic review of the thermal and hydraulic studies related to
CICC and cryopump, thereby highlighting the challenges and opportu-
nities for further improvement in its design and performance.

2. Nuclear fusion

In nuclear fusion, two nuclei of atoms are brought close enough for a
sufficiently long time at a very high-temperature plasma (of the order of
hundred million Kelvin) to overcome the repulsive force (Coulomb bar-
rier) and start quantum tunnelling, thereby resulting in a fusing of the
nuclei and release of energetic particles, a part of which can be converted
into heat [4]. The Deuterium –Tritium (DT) fusion reaction, which re-
leases ~17.6 MeV energy per reaction, is the most favorable reaction due
to its high reactivity and lower temperature (~800 Million Kelvin)
requirement.

By providing a means to transfer the heat generated from the fusion
reaction to the conventional steam power plant, the fusion energy can be
converted to electrical energy [5]. Presently, the fusion energy conver-
sion technology is in its initial stages and requires substantial research
and development in order to achieve sustainable fusion process thereby
paving a path for the development of commercially viable fusion reactors
in future. Several countries have initiated research programs related to
fusion technology and the development of practically viable fusion de-
vices [6].

The fusion reaction may be achieved in the laboratory either by
magnetic confinement or by the inertial confinement approach. The in-
ertial confinement approach achieves fusion by compressing a solid fuel
pellet to very high densities by bombarding it with an inertial fusion
2

driver such as lasers, heavy-ion beams, etc. [7]. Figure 2 shows an
overview of the various methods to achieve nuclear fusion. The magnetic
confinement approach uses external and self-generated magnetic fields in
order to hold the plasma at relatively low densities away from material
walls for time periods of the order of a few seconds.

3. Magnetic confinement based fusion devices

Among the various methods of achieving fusion, magnetically
confined nuclear fusion is a promising option for which various countries
have been making efforts paving a way and develop a commercial fusion
reactor. Over the last decade, fusion experiments have made enormous
strides towards research and development with the goal of achieving
energy production from the fusion process.

The most significant achievement in fusion experiments has been in
the domain of the magnetic confinement approach. The magnetic
confinement can be achieved through two of the most popular methods,
namely, the tokamak and the stellarator [8]. The stellarator concept was
introduced by Lyman Spitzer in Princeton in 1951, whereas, the first
tokamak T-1 was built and tested in Russia during 1958 [9]. The word
‘tokamak’ is an acronym in Russian, which translates in English as the
‘toroidal chamber with magnetic coil’.

In a tokamak, the confinement is achieved by a combination of a
toroidal magnetic field, produced by toroidal field coils, and a poloidal
magnetic field produced by a toroidal current in the plasma. The plasma
current is initiated through a current swing (transformer action) in the
central solenoid which acts as a primary winding with the plasma in torus
chamber acting as a secondary winding thereby creating the current flow



Figure 3. Magnetic confinement of plasma (a) tokamak and (b) stellarator [8].
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through the plasma in a toroidal direction. The current flowing through
the plasma in the toroidal direction produces a magnetic field in the
poloidal direction and as a combined effect of the toroidal field and the
poloidal field, a resultant helical field is created. In a stellarator, the twist
in the magnetic field is not created by a current swing (transformer ac-
tion) but by employing specific 3-D shaped helical field coils. The con-
struction and principle of the tokamak and the stellarator are shown
schematically in Figure 31 [8].

Unlike tokamak, the stellarator operates in a steady-state and pro-
duces a helical field by the complex non-axisymmetric shape of magnet
coil in order to confine plasma in a toroidal chamber. There are other
differences also between the tokamak and stellarator in terms of plasma
physics [8], i.e., magneto-hydrodynamic (MHD) instabilities, neo-
classical and turbulent transport, plasma confinement, plasmas rotation
and edge physics, etc. Both, the tokamak and the stellarator employ SC
magnets to create the required high magnetic field and make use of
cryogenically cooled CICC in order to achievemagnetic confinement. The
major parameters for various SC tokamaks and stellarators worldwide
with cryogenic cooling capacities are summarized in Table 1.

4. Cooling requirements for superconducting (SC) magnets

In order to create a high strength magnetic field in magnetic
confinement fusion, the use of SCmagnets are inevitable [28, 29] and the
SC magnets are considered to be one of the most important sub-systems
for fusion devices. Due to their very high current densities, high and
stable magnetic field, the use of SCmagnets is not limited to the magnetic
confinement based fusion devices only but also extends to other appli-
cations, namely, Magnetic Resonance Imaging (MRI), Nuclear Magnetic
Resonance (NMR), particle accelerator and mass spectrometry [30].

The thermal stability of the SC magnets is the essential requirement
for successful magnet and cable applications. The stability of the SC
magnets is achieved by managing proper cryogenic cooling which
overcomes the static and pulsed heat load (AC losses, nuclear heating
etc.) as well as other energy inputs to maintain the conductor in a
superconducting state.

The stability of the SC magnets is achieved by proper design and
manufacturing of SC cable/magnet as well as employing proper cryo-
genic cooling which overcomes static and pulsed heat load (AC losses,
nuclear heating etc.). Other energy inputs such as Joule heating, which is
induced when the current in the superconductor exceeds its current
carrying capacity and starts a transition towards a normal conductor,
need to be considered. This transition initiates Joule heating and current
sharing between the SC and stabilizer. The transition can be recovered by
the forced flow cooling which overcomes the Joule heating. The transi-
tion can be quantified by a power law relation for the electric field in the
1 Adopted from the article published in Matter Radiation at Extremes, Volume
1, Issue 4, Y. Xu, A general comparison between tokamak and stellarator
plasmas, 192–200, Copyright Elsevier (CC BY-NC-ND 4.0 [https://creativeco
mmons.org/licenses/by-nc-nd/4.0/]) (2016).
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superconductor and is characterized by an exponent n in the following
equation.

E
E0

¼
�
I
Ic

�n

Eq. 1

where E0 is the electric field used as a criterion for the definition of the
critical current Ic, n is the exponent defining the sharpness of the tran-
sition, E is a longitudinal electric field in the conductor, and I is operating
current. In practice, a large number of SC magnets are made of Low-
Temperature Superconductor (LTS) with Cable-in-Conduit Conductor
(CICC) which are normally cooled with forced flow helium at a tem-
perature level of 4 K [31].

Thus, large superconducting magnet systems, in size and field are
inevitable for a fusion device wherein cryogenic cooling plays a vital role
to support the efficient operation of SC magnets. The cryogenic system
provides necessary cooling power to maintain the magnets in its super-
conducting state in presence of several disturbances, such as quench,
inductive current drive, etc., that arises during the operation of a fusion
device.

5. Cryogenic system in fusion devices

The cryogenic system for fusion device can be divided into three main
sub-systems, namely, helium refrigerator/liquefier (R/L), distribution
system and application system. These three sub-systems typically work in
a linked manner, through proper arrangements of components which
include warm compressors, heat exchangers (HXs), turboexpanders,
cryogenic valves, phase separator, cold circulator, cold compressor as
well as interconnecting pipes as shown schematically in Figure 4 for a
typical cryogenic system in fusion device.

The helium R/L is conventionally designed to operate in a steady-
state operating mode, i.e., the heat load fluctuations from applications
must be smoothened. The steady-state operation is required because any
conventional liquid helium (LHe) plant becomes unbalanced and oper-
ationally unstable above a certain (small) level of heat load fluctuation.
The connection between the helium R/L primary circuit and the appli-
cation system in the secondary circuit is made through the cryo-
distribution system, which also helps to smoothen the application load
fluctuations. The helium R/L system produces the cryogenic helium at 4
K which is required for various applications in the fusion devices.

The modern helium R/L operates on the modified Claude's cycle with
an optimized arrangement of components in order to achieve high effi-
ciency and operational reliability. The high-pressure helium gas from the
warm compressor enters the series of heat exchangers before expanding
(ideally isentropic expansion) through the turbo expander which extracts
energy from the helium and provides a cooling effect. At the final stage of
helium R/L, the cryogenically cooled (high pressure) helium expands
(isenthalpic expansion) through the Joule-Thompson (J-T) valve in the
phase separator and produces liquid helium (LHe). The returning vapor
from the phase separator cools the helium gas in counter flow heat ex-
changers and attains a room temperature before re-entering the warm

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1. Major parameters of SC tokamak and stellarator worldwide.

ITER1

[6, 10, 11]
JT60SA2

[12, 13]
KSTAR3

[14, 15, 16, 17]
EAST4

[18, 19, 20]
SST-15

[21, 22]
W7-X6

[23, 24, 25]
LHD7

[26, 27]

Cryogenic plant capacity
(kW) at 4 K

75 9 9 2# 1.3 7 10

Cryogenic plant capacity
(kW) at 80 K

1300 68 21$ 13 NA 9$ 20

Helium inventory (tons) 27 1.1 1.4 NA 0.6 NA NA

Cooling mass (tons) ~10000 100 300 169 35 456 850

Cooling principle forced flow forced flow forced flow forced flow forced flow forced flow forced flow/pool boiling

Flow requirements (kg/s) 3 0.8 0.3 0.32 0.3 0.4 NA

Toroidal field (T) on axis 5.3 2.3 3.5 3.5 3 3 3

Plasma current (MA) 15 5.5 2 1 0.22

Major radius (m) 6.2 3 1.8 1.7 1.1 5.5 3.5

Minor radius (m) 2 1.18 0.5 0.4 0.2 0.53 .6

Aspect ratio 3.1 2.54 3.6 4.25 5 10.38 5.8

Plasma volume (m3) 840 140 17.8 11 16 30 32.5

Plasma elongation <1.8 <2.0 2 1.6–2 <2 NA NA

Plasma triangularity <0.5 <0.5 0.8 0.6–0.8 0.4–0.7 NA NA

Inductive pulse time (s) >400 100 300 1000 1000 NA NA

$ - Thermal intercept at 55 K instead of 80 K.
# - Cryogenic plant capacity at 3.8 K instead of 4 K.
1 ITER is an experimental tokamak being built at Cadarache, France to demonstrate the feasibility of fusion power.
2 JT60SA is a fusion experiment device under construction/integrated commissioning at Tokai, Japan to investigate the better ways to optimize fusion power plant

operations.
3 KSTAR (Korean Superconducting Tokamak Advanced Research) is a tokamak based nuclear fusion device, under operation at South Korea. It is a step towards the

construction of fusion power plant.
4 EAST (Experimental Advanced Superconducting Tokamak) is designed for fundamental research on tokamak fusion device with a steady, safe and high-performance

base for experimental reactor design and construction. It is under operation at Hefei, China.
5 SST (Steady State Superconducting Tokamak) is a plasma confinement experimental device under commissioning in India.
6 The Wendelstein 7-X (W7-X) is an experimental stellarator to evaluate the main components of a future fusion power plant commissioned in 2017 at Greifswald,

Germany.
7 Large Helical Device (LHD) is a fusion research device to conduct fusion plasma confinement experiments under operation at Toki, Gifu, Japan.

Figure 4. Typical cryogenic cooling Configuration.
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Figure 5. Generalized scheme of forced flow cryogenic cooling.
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compressor. The helium R/L thus produces the refrigeration effect
through mechanical work and the heat is transferred from source to the
sink in a closed circuit (primary circuit). A cold compressor may be used
to further reduce the phase separator pressure and hence the LHe tem-
perature, depending upon the requirement. A phase separator or LHe
bath maintains the liquid helium through the helium R/L and acts as a
cold source for the application. With the help of cold circulator, the flow
is maintained in the secondary circuit which connects the application
system and the HX inside the LHe bath. The heat from the application
system (source) is thus transferred to the LHe in the bath (sink) through
the HX in a closed circuit (secondary circuit).

One of the key requirements for the cryogenic system in fusion ma-
chines is the removal of large, pulsed heat loads deposited in the magnet
system due to the magnetic field variation and neutron production as a
result of fusion reaction. The pulsed heat load in fusion device is more
Table 2. The convective heat transfer correlations for internal flow [52, 53, 54].

Reference Correlation

Kays et al. [51] Nu ¼ 3:657þ 0:0668Gz

1þ 0:04Gz
2
3

Kakac, Shah and Aung [55] jH ¼ 0:023Re�0:2B1

B1 ¼ 1 for gases

B1 ¼ 1:174
�
μave
μw

�0:14

Dittus Boelter [56]
Nu ¼ 0:023Re

4
5Prn

Sieder and Tate [57]

Nu ¼ 0:027Re

�
4
5

�
Pr
1
3
�

μ
μw

�0:14

Gnielinski [58]

Nu ¼

�
f
8

�
½Re� 1000�Pr

1þ 12:7
�
f
8

� 1
2
�
Pr
2
3 � 1

�
Petukhov [59]

Nu ¼

�
f
8

�
Re Pr

1:07þ 12:7
�
f
8

�1
2�Pr23 � 1

�
�
μave
μw

�

Hausen [60]

Nu ¼ 3:66þ
0:0668

�
D
L

�
Re Pr

1þ 0:04
��

D
L

�
Re Pr

�2
3
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relevant for the tokamak based magnetic confinement fusion devices
since the current in the plasma is induced by the current swing in a
central solenoid, which also induces eddy currents (and hence heat load)
in SC Magnets. Broadly, two methods are being utilized for smoothening
of pulsed heat load, viz., the application of thermal damper using a
sizable LHe bath with buffer volume [12] and/or utilizing the thermal
inertia of the huge mass of SC magnet structure [32, 33, 34]. The peak
heat load is temporarily absorbed in the thermal damper (in the first
case) and then released to the low-pressure side of helium R/L during the
dwell period. Whereas in the latter case, the cooling power to the huge
magnet structure is reduced during the peak heat load conditions uti-
lizing its thermal inertia without affecting the SC magnet temperature
margin, and the magnet structure is cooled again to its initial conditions
during dwell time. The helium R/L works in a quasi-steady state condi-
tion and produces cold power, whereas the distribution system works in
dynamic conditions and removes heat from the application, i.e., super-
conducting magnets or cryopumps, by forced flow of cold helium as per
the requirements of the application.

There can be various arrangements for the cryogenic system in fusion
devices, however, the type of arrangement shown in Figure 4 has the
main advantage of providing flexibility during the operations in terms of
mass flow, temperature and pressure head variation.

The cryogenic application in fusion devices is not limited only to the
SC magnets but is also utilized for creating a high vacuum using cry-
opumps [35], as well as for the cooling of current leads [36, 37] and
thermal radiation shield [38]. Cryopumps operate to induce a high
vacuum (of the order of 1 � 10�4 Pa) in the cryostat to provide an
insulation to the SCmagnets and in the vacuum vessel by pumping out air
and other impurities at relatively high pumping speed. In yet another
application, the cooling of current leads, which provide the bridge be-
tween the power supply at room temperature and SC magnets at cryo-
genic temperature is performed by the cryogenic system. In order to
reduce the thermal radiation heat loads from the ambient to the
Remarks

Applicable for thermal entrance region and
combined fully developed laminar flow
For Pr > 5

for Re > 3500;

n ¼ 0:4 for heating of fluid
n ¼ 0:3for cooling of fluid

Recommended where the fluid property variations is large.
For,
0:7 � Pr � 16700
Re � 10000
L
D
� 10

Takes friction factor into account
For 3000 < Re < 5� 106

For 0.5 < Pr < 2000

n
n ¼ 0.11 for heating
n ¼ 0.25 for cooling
n ¼ 0 for constant heat flux or for gases
For,
0:5 � Pr � 2000 ð10% accuracyÞ
104 < Re < 5 � 106

0:8 < μave=μw < 40

Fully developed laminar flow with constant wall temperature.
For, Re < 2300
Pr > 5



Figure 7. Fluid property variations near to critical point for Helium.
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components at 4 K temperature level, a thermal shield at an intermediate
temperature (usually at 80 K) is placed in between the ambient tem-
perature and the 4 K temperature components. The 80 K system for
thermal shields is an auxiliary arrangement utilized for efficient cooling
in the cryogenic cooling system.

6. Cryogenic fluid flow and heat transfer in fusion device

The cryogenic cooling of the application system in a fusion device
effectively utilizes the Forced Flow Cooling (FFC) (see Figure 5) in
complex geometries to remove the static and transient thermal loads.

The forced flow cryogenic cooling of SC magnets and cryo-adsorption
pumping panels in fusion devices are challenging due to the intricate
geometries of fluid flow channels coupled with the impingement of heat
flux in various modes such as convection, solid and gas conduction,
thermal radiation, electrical energy dissipation within the conductor and
ionizing radiation. The cryogenic fluid flow is hydraulically character-
ized by fluid flow conditions and flow passage geometry such as simple
conduit, annular space, porous medium, bubble plates, external or in-
ternal flow in plates.

The complete description in a mathematical model to capture the
forced flow cryogenic cooling in time and space involves the following
form of mass conservation, momentum conservation and energy con-
servation:

∂ρ
∂t þr:ðρVÞ ¼ 0 Eq. 2

∂ðρuÞ
∂t þr:ðρuVÞ¼ � ∂p

∂xþ
∂τxx
∂x þ ∂τyx

∂y þ ∂τzx
∂z þ ρf x ½x direction� Eq. 3

∂ðρiÞ
∂t þrðρiVÞ¼ �r:ðpVÞ þr:ðk grad TÞþSE þ VE Eq. 4

The numerical modelling and simulation (or system-level simulation)
enveloping the thermal, hydraulic, electromagnetic and geometrical as-
pects is a useful tool to capture the entire domain associated with the
cryogenic cooling, however, the semi-empirical data such as the friction
factor and the heat transfer coefficients, are required to support the
system-level simulation.

The VINCENTA [39] simulation model couples the 1-D
thermo-hydraulic model for the SC cables and 2-D thermal diffusion
model for the transverse heat conduction at a few discrete locations. The
1-D model is used to simulate the transient behavior of compressible
helium flow in CICC while the 2-D heat diffusion model is used to
simulate the heat diffusion in the support structure. This model can
simulate the whole coil with its cryogenic loop, leading to a detailed but
complex model. The validation of the VINCENTA model has been done
Figure 6. The phase diagram of Helium-4.
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for CSMC of ITER [39]. Also the simulation of the ITER TF coil has been
performed with the VINCENTA model [40] which is also a basis for the
specification of the cryogenic forced flow cooling loop of ITER [32].

The SuperMagnet [41] model uses the existing tools and joins them in
a customizable and flexible way to simulate the thermo-hydraulic and
electrical transients in the SCmagnets including the cryogenic circuit and
power supply [41]. It is composed of a FLOWERmodule for the hydraulic
network simulation, a THEAmodule for Thermal, Hydraulic, and Electric
Analysis of the SC cables, a POWER module for the electrical network
simulation, and a HEATER module for the simulation of the transverse
heat conduction. The SuperMagnet is a manager that launches two or
more of above-mentioned code for their execution. The code has been
validated for the 15 MA scenario operation against the VINCENTA code
[41].

The Cryogenic Circuit Conductor and Coil (4C) code [42] allows the
thermo-hydraulic transient simulation of the entire SC magnet system
and in particular the CICC windings, the structures (radial plate and
casing) and the cooling circuits. The code combines different components
and integrates them in a single tool. The 4C code has also been validated
against the experimental data of W7-X for the cool-down from room
temperature to the SC transition temperature ~10K [43]. The
thermo-hydraulic validation of the code has also done for the 25kA safety
discharge of the TFMC [44]. The 4C code has been rigorously validated
for various SC magnet system [43, 44, 45, 46, 47, 48, 49] including even
predictive validation where the simulations are performed before/with-
out the knowledge of the results of the measurements [50]. The rigorous
validation activity carried out on 4C code puts it in a different perspective
with respect to the others.

6.1. Convective heat transfer studies in helium

The convective heat transfer studies for internal flows, i.e., through
the circular pipe, has been widely [51] conducted and several convective
heat transfer correlations are available in the published literature [52,
53, 54]. The major convective heat transfer correlations are listed in
Table 2.

The convective heat transfer studies for helium fluid is, however, of
particular interest for the fusion devices due to the exclusive use of he-
lium to achieve a low temperature of the order 4 K. The basic require-
ment of heat transfer studies is the knowledge of thermodynamic and
transport properties of the fluid (helium), which are available through
NIST database (https://webbook.nist.gov) [61] for a wide range of
pressure and temperature conditions. Helium has specific properties as
compared to other fluids [62], as its critical point is not so far from the
saturated liquid point at atmospheric pressure and it becomes a super-
fluid (He-II) at lambda point (as shown in Figure 6 which is drawn
schematically based on the data from NIST database).

https://webbook.nist.gov/


Table 3. The heat transfer coefficients for internal flow of helium (in Eq. 5).

Reference Coefficient C1 to C4 in Eq. Remarks

C1 C2 C3 C4 σ

Dittus-Boelter 0.023 0.8 0.4 0 10–20%

Giarratano et al. [64, 70] 0.0259 0.8 0.4 -0.716 8.5% C1to C4 shown above are with least σ

Giarratano et al. [64, 70] 0.0258 0.801 0.461 -0.711 8.3%

Pron'ko et al. [65, 71] 0.036 0.8 1.2 0

Brassington et al. [67, 68] Upward flow 0.0602 0.718 0.5 -0.48 8.5% Pr is harmonic average over the range Tw and Tb

Brassington et al. [67, 68] Downward flow 0.0931 0.687 0.53 0 6.4%
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A summary of heat transfer in helium-I for various regions of the
helium phase diagram is presented by R. V. Smith [63]. The various re-
gions of helium phase diagram are mainly divided into four zones (i) the
pool boiling region under the liquid-vapor dome of the helium, (ii) the
region near the critical point and transposed or pseudo critical line, (iii)
the supercritical helium liquid-like region and (iv) the supercritical he-
lium gaseous like region.

The helium properties largely vary near the critical point and near the
transposed critical line. The variation of density and Prandtl number at
various pressures (isobars) has been shown in Figure 7 based on the NIST
fluid properties data for helium. The various heat transfer studies for
supercritical helium heat transfer have been carried out [64, 65, 66, 67,
68, 69] for the internal flow and most of the correlations were suggested
based on the Dittus Boelter correlation as given in a general form in Eq.
(5).

Nu¼C1ReC2PrC3

�
Tw

Tb

�C4

Eq. 5

Where C1to C4 are different coefficients suggested to best fit the
experimental results with the least standard deviation. The fluid property
variation near the pseudo or transposed critical line is taken care of by
the property ratios at wall temperature and bulk fluid temperature. The
coefficient C1to C4 in Eq. (5) as obtained by various researchers are
tabulated in Table 3.

The above empirical correlations are for the simple circular conduit.
The hydraulic diameter for the cross-section and length represent the
required geometric information for fluid flow and heat transfer
correlations.
6.2. Thermo-hydraulic studies in CICC

The review of fluid flow and heat transfer studies for helium fluid is
further extended for the special cases utilized in the fusion devices such
as SC magnets made from the winding of special cable called Cable in
Conduit Conductor (CICC). The CICCs are made from tiny multi-
filamentary wires made of superconducting material such as NbTi or
Nb3Sn with a mixture of normal conductor, like copper, as a stabilizing
agent. The SC strands are paired and twisted to make a cable, e.g.,
twisting of strands in a pattern 3x3x4x5x6 to make a cable with 1080
strands. The cables are encased in a jacket, made of stainless steel or
aluminum, to provide mechanical strength. The cryogenic cooling fluid
passes through the voids between the SC strands. Sometimes relief
hole(s) is provided as the coolant passages. There have been several
Figure 8. Various typical cross-sections of CICC [(a) square jacket without relief ho
hole (d) square jacket with relief hole (e) internally round jacket with relief hole (g

7

improvements in the design and construction of CICC since it was first
proposed by Hoenig and Montgomery in 1970s [72]. The typical
cross-sections of such Cable in Conduit Conductor (CICC) are shown in
Figure 8 in which Type (a) CICC used in SST-1 [73], Type (b) CICC used
for W7-X [74], Type (e) CICC used for ITER PF and CS conductor samples
[75, 76], Type (g) CICC used for TF conductor sample for the ITER project
[77] and Type (h) CICC is ENEA conductor envisaged for the EU DEMO
[44].

CICC functions as electrical conductors for SC magnet and is contin-
uously cooled, through channel(s) provided for the coolant, by helium at
4 K temperature to remain a superconductor. In the context of SC mag-
nets, the coolant must overcome the a.c. losses, neutron heat flux, ther-
mal radiation and solid conduction heat load during the magnetically
confined fusion process. Studies related to the fluid flow and heat transfer
through the complex geometry of the CICC are therefore necessary to
predict the conductor cooling, magnet quench behavior and to ensure the
stability as well as effective cold source requirement at 4 K temperature.

Katheder [78] proposed, in 1994, the optimum operating regime for
CICC from the first principles and suggested that for a typical CICC ge-
ometry, the optimum pressure should be between 6 and 7 bar. The study
also proposed friction factor for Type-(a), (b) and (c) CICC based on a
standard formula used for pebble beds, which takes into account the void
fraction in the CICC. Katheder's work is pioneering for CICC
thermo-hydraulic studies and has been referred subsequently by other
researchers. The thermo-hydraulic characteristics of Type-(a) CICC was
analyzed forWendelstein 7-Xmagnet, in 1994, by X. Cheng et al. [74, 79]
and proposed friction factor with an empirical coefficient from the
experimental data. The evaluated pressure drop was found to be 3 times
higher than that for an equivalent smooth tube. However, the proposed
correlation of friction factor did not mention the effect of void fraction,
which is an important parameter for the pressure drop. In the same
experimental set-up [79], the transverse heat transfer coefficient was
proposed which is a modified form of Dittus-Boelter correlation.

S. Nicollet et al., in 1998, proposed a friction factor correlation for
ITER TFMC CICC, Type-(g), a bundle region as derived from Katheder
formulae but with different parameters [80]. This correlation takes into
account the void fraction and the Reynolds number. S. Nicollet et al.
proposed, in 2000 [77,81], a friction factor correlation for the central
hole region delimited by central spirals. The correlations depend on the
type of the central spiral and their characteristics, specially, the twist
pitch length and the turn length. R. Zanino et al., in 2000 [82], proposed
another approach, based on an equivalent roughness of the central relief
hole, to determine the friction factor correlation for the central hole
region.
le (b) internally round jacket without relief hole (c) round jacket without relief
) round jacket with relief hole (h) rectangular jacket with two relief holes].



Table 4. A summary of experiments conducted for studying the pressure drop in CICC.

CICC Sample W7-X TFMC ITER CS1 PFCI PFCI COND OPT-1 COND OPT-5 TFC for EU Demo

Year
Reference

1994
[74]

2000
[77]

2001
[76, 97]

2005
[75]

2005
[75]

2008
[96]

2008
[96]

2018
[44]

G
eo

m
et
ri
ca
ld

at
a

Type (refer Figure 8) (b) (g) (e) (e)# (e)& (g) (g) (h)

SC strand NbTi Nb3Sn Nb3Sn NbTi NbTi NbTi NbTi Nb3Sn

SC strand dia (mm) 0.55 0.81 0.81 0.73 0.73 0.87 0.7 1

Cu strand dia (mm) NA NA NA NA NA 0.62 0.7 1.5

No. of SC strands 192 720 1152 1440 1440 48 48 1080

No. of Cu strands NA 360 NA NA NA 336 288 132

Total no. of strands 192 1080 1152 1440 1440 384 336 1212

Cos θ NA NA 0.925 0.96 0.96 0.985 0.981 0.95

Length (m) 1.36 72.2 1 1 0.631 3 3 2.546

Jacket inner dimension (mm) 9.4 37.5 38.99 37.53 36.89 15.5 15.5 66.6 � 25

OD of relief hole (mm) NA 12 11.8 12 12 NA NA 6.6

ID of relief hole (mm) NA 10 9.8 NA NA NA NA 4.6

Total strand c/s (mm2) 45.6@ 579.11 642 627.808 627.808 131 133.7 1081.5@

Total cable space (mm2) 69.1@ 1097.2 1194 1106.234 1068.827 188.6 188.7 1665.0@

Flow area bundle (mm2) 23.5@ 355.2 396 332.429 327.921 50.4 47.7 378.6

Flow area relief (mm2) NA 113.09 76 113.097 113.097 NA NA 33.24

Void fraction 0.34 0.3685 0.365 0.33473 0.34311 0.267 0.249 0.246

Wetted perimeter (mm) 361.2@ 3193 3610 3222.983 2886.166 504 459 4239.6@

Hydraulic dia bundle (mm) 0.3 0.445 0.438 0.413 0.454 0.399 0.416 0.336

Ex
pe

ri
m
en

ta
l

co
nd

it
io
ns

Fluid Helium Nitrogen Water Water Water Water Water SHe

Temp. (K) 5–20 K 293 301 299 300 room room 4.5–13 K

Inlet pressure (MPa) 0.3–0.7 0.2–0.67 1.1 0.8 0.8 0.1 0.1 1

Mass flow rate range (g/s) 0.3–2.5 127.5 0–800 0–800 0–800 0–80 0–60 1–10

Reynolds number (bundled region) 1000–10000 8000–9000 10–1000 1117 1244 712 784 10–2000

& - without cable wrap.
# - with cable wrapss
@ - calculated value.
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ITER Central Solenoid Model Coil (CSMC) test results were presented
by K. Hamada et al. [76], in 2002. CSMC utilize Type-(e) conductor and
therefore two different pressure drop correlations were applied, one for
the bundled region and the other for the relief hole region as per ITER
design criteria. R. Zanino et al. [83], in 2006, proposed to utilize the
porous media analogy approach for the CICC bundled region. Claudio
Marinucci et al. [84] proposed, in 2007, an approximate analysis to
obtain the mass flow rates in a bundled region to predict the friction
factor coefficient and concluded the friction factor to be 0.7 times the
value obtained by Katheder's [78] correlation. M. Bagnasco et al. [85], in
2010, proposed friction factor correlation and M. Lewandowska et al.
[86], in 2011, proposed a modified friction factor based on the porous
media analogy.

S. Nicollet et al. [87], in 2004, proposed a convective heat transfer
coefficient based on steady state helium measurements temperature
along heated and non-heated zone of a short length of CICC, and also
laws for transverse heat transfer coefficient in CICC between bundle re-
gion and central hole region. The mass and heat transfer between the
central channel and bundle region were studied with mass and energy
balance method by Zanino et al. [83], in 2006. L. Bottura et al. [88]
proposed, in 2006, transverse heat transfer coefficient for CICC with
relief hole Type-(c). The study further distinguished the bundle region;
strands wrapped with a steel band and without steel wrap. The method
was based on the temperature measurement in time and space during a
pulsed heat load condition. The term ‘effective thermal conductivity keff ’
was proposed by Claudio Marinucci et al. [84], in 2007, related to ITER
CICC, Type-(c). The flow distribution and heat transfer coefficient be-
tween the central channel and the bundle region in the ITER TF
conductor was determined based on a direct heat and mass transfer
analysis of the temperature measurements at steady state.

The difficulties of scaling up the model from a small geometry scale to
a bigger scale of a few hundred meters length of CICC were discussed for
fusion grade machines [83]. A CFD based numerical analysis approach
8

for the central relief hole [89, 90] and a friction factor correlation
deduced from the CFD analysis of CICC was proposed by Zanino et al.
[91] in 2006. A CFD based analysis approach was adopted and reported
by Sekhar [92, 93, 94, 95] by developing a 3D model to estimate the
pressure drop and heat transfer in CICC considering it as a partially filled
porous medium for bundled region [92]. It was also reported that the
thermal gradients develop due to transport of turbulence through CICC
even without external heat sources [93] and the turbulence in the flow
causes the occurrence of recirculation zones at leading and trailing edges
of the central spiral rib thereby initiating formation of eddies [94].

Dedicated thermo-hydraulic tests were carried out for Type-(h) CICC
on a full scale, short length CICC sample having a rectangular cross-
section with two small pressure relief ‘holes’ of 5 mm diameter [44].
The CICC consisted of Nb3Sn strands with copper as a stabilizer for TF
magnet cooled by SHe. The test results obtained from the actual test as
well as from the CFD simulation for the hole were compared with the
proposed friction factor correlation [86] and utilized to calibrate the
developed numerical code [98].

A summary of experiments carried out for pressure drop measure-
ment and predicting the friction factor is given in Table 4. The proposed
friction factor coefficient and heat transfer correlations by various re-
searchers are summarized in Table 5 and Table 6 respectively.

As observed from Table 5, the friction factor has been described as a
function of one or more parameters such as Reynolds number, void
fraction and hydraulic diameter for the bundled region. However, the
cabling pattern and surface roughness of strands/jacket is not considered
as a parameter in any of the studies.

For an identical CICC geometry, the variation of friction factor as a
function of Reynolds number (in the range of 100–10000) and a void
fraction (20%, 30% and 40%) is shown in Figure 9. The Darcy friction
factor for laminar flow as well as the Haaland friction factor for turbulent
pipe flow have also been considered for comparison with available cor-
relations for the friction factor in CICC. The difference between the



Table 5. A summary of studies related to friction factor coefficients.

Reference Friction factor Remarks Type of CICC Nomenclature

X. Cheng [74, 79] 1ffiffiffi
f

p ¼ 0:87 lnðRe
ffiffiffi
f

p Þ� A Proposed coefficient, A ¼ 3.3 based on
experiment. Reported measurement;
~2000 < Re < ~10000

(b) f ¼ Darcy friction factor
A ¼ Area
fa ¼ void fraction in budled region
p ¼ wetted perimeter
ρ ¼ fluid density
CF ¼ Drag coefficient
Re ¼ Reynolds number
Pr ¼ Prandtl number
d ¼ hydraulic diameter
K ¼ Permeability

β0 ¼ Coefficient CF=√K

H. Katheder [78]
f ¼ 1

f 0:72a

�
19:5
Re0:88

þ0:051
�

Correlation has been proposed based on
pebble bed analogy
8000 < Re < 17000

(a) (b) (c)

S. Nicollet [77, 80, 81, 82]
f ¼ 1

f 0:72a

�
19:5

Re0:7953
þ0:023

�
For relief hole region;
f ¼ 0:3024 Re�0:0707 Showa Spiral
f ¼ 0:7391 Re�0:1083 Cortaillod Spiral

Correlation based on Katheder formulae
but with different parameters
1000 < Re < 6000
Correlation for relief hole with two
different delimiter central spirals, (i)
Showa (ii) Cortaillod.
Reported measurement;
~10000 < Re < ~500000

K. Hamada et al. [76] For bundled region;

f ¼ 1
f 0:72a

�
19:5
Re0:88

þ0:051
�

For relief hole region;

f ¼ 0:046 N
1

Re0:2

Correlation is the same as proposed by
Katheder [78] for the bundled region
Correlation for relief hole region with a
recommended value of Coefficient N ¼ 2 to
7
10000 < Re < 100000

(e)

Claudio Marinucci et al. [84] For bundled region;

f ¼ 0:7
1

f 0:72a

�
19:5
Re0:88

þ0:051
� Proposed friction factor is 0.7 times the

friction factor proposed by Katheder [78]
10 < Re < 1000 for bundled region

(e)

M. Lewandowska and M. Bagnasco [86]
f ¼ d2fa

2K
1
Re

þ d f 2a
2

β0
f 4:23a

 
d

faRe
ffiffiffiffi
K

p
!0:14

β0 ¼ 19:1 ðfor non � braided CICCÞ
β0 ¼ 41:9 ðfor braided CICCÞ
K ¼ 20:9 � 10�19 f 3a

ð1� faÞ2

Correlation has been proposed based on
analogy with porous media
100 < Re < 100000

(d) (e) (g)
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various proposed friction factor increases with an increase in void frac-
tion and decreases at high Reynolds number. The friction factor proposed
by X. Cheng [74] is independent of the void fraction and hence there is no
variation for different void fractions.

6.3. Thermo-hydraulic studies in cryopump panels

Yet another application of forced flow cooling in fusion devices is the
cryo-adsorption pumps which are used to pump down unwanted gases
for nuclear fusion to take place and to maintain the required vacuum in
the torus. The major sources of heat load in a cryopump cooling panel
include thermal radiation, solid conduction, gas conduction and energy
transfer from the pumped gas.

The geometry of cryo-adsorption panels is designed to maximize the
heat transfer area and minimize the flow losses within the given space
constraints. The usual geometry is a hydraulically formed dimple panel
(HFDP) in which fluid is passed through the flow passages which are
created between two spot-welded (in a certain pattern) flat metallic
sheets by inflation. The HFDP for cryopump application is a widely
accepted solution as a heat transfer device for many other industrial
applications too, e.g., thermal shield, heat jacket etc. A typical cooling
panel for cryopump is shown in Figure 10. For the effective pumping of
helium and hydrogen gases from the torus, the HFDPs are coated with an
adsorption material. Several developments have been made to effectively
characterize the pumping speed of cryopump with various adsorption
materials [99, 100, 101, 102].

The theoretical estimation of the pressure drop through a typical
HFDP needs information of the flow cross-section (circular segment) as
shown in Figure 10, where a is the sag, R is the radius, θ is the central
angle and c is the chord of the circular segment. The flow cross-section
Aflow and the wetted perimeter p for one circular segment of HFDP are
given by

Aflow ¼ 2 �R
2

2
ðθ� sin θÞ Eq. 6

p¼ 2Rθ Eq. 7

d¼ 4
Aflow

p
Eq. 8

The pressure drop ΔP can be expressed in terms of the hydraulic
diameter d, an equivalent characteristic length Leq, an effective flow area
Aflow and the mass flow through the panel [103].

ΔP¼ ζ
ρLeqv2

2d
¼ ζ

Leq _m2

2ρA2
flow d

Eq. 9

The hydraulic diameter, d, is defined at the HFDP mid cross-section.
The pressure loss coefficient ζ is a function of Reynolds number Re and
other geometric characteristics.

The complex geometry of the HFDP does not allow simple analytical
formulae to be applied for the fluid flow and heat transfer analysis as the
theoretical estimation of hydraulic diameter, characteristics length and
fluid-solid interaction is difficult for such a geometry. The pressure loss
coefficient is highly dependent on the flow pattern made on HFDP and
hence the experimental and numerical validation is necessary for the
thermo-hydraulic characterization.

Scannapiego et al. [103] carried out experimental and numerical
investigation for pressure drop at different mass flow rates (0.5–3.5 kg/s)
and obtained a good agreement between the two results. The largest plate
central region contributes only up to <50 % of the overall pressure drop,
whereas the sudden enlargement/restriction in cross-sectional area be-
tween the inlet/outlet piping and the plate, and the resulting diver-
ging/converging flows result in large pressure losses.

Suhagiya et al. [104] carried out analytical calculation as well as
numerical investigation using ANSYS® for heat transfer and pressure



Figure 9. The variation of friction factor as a function of Reynolds number with different void fractions (f a) based on various correlations.
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drop for a single panel of a cryopump. The variation of 2%, 18.6% and
0.7% are found for the pressure drop, velocity and surface temperature
respectively between analytical and numerical calculations.

Copra et al. [105] numerically analyzed two different cases based on
the arrangements of inlet and outlet ports. The favorable arrangement
(i.e., two inlets at the end and one outlet at the center of the panel) were
further investigated for different mass flow rates between 20 g/s to 50
g/s. A maximum pressure drop of 128 mbar was obtained with temper-
ature less than 90K in 95% of the panel area.

Sanghani et al. [106] considered fluid-solid interaction in a numerical
computation validated through experiment. The experimental and CFD
techniques showed a pressure drop of 3000 Pa and 2311 Pa for the
surface temperature of 280.4 K and 280.6 K respectively.

A summary of experimental and computation investigations con-
ducted for the cryo-adsorption pump panels is presented in Table 7.

6.4. Challenges ahead

The forced flow cryogenic cooling of SC magnets and cryo-adsorption
pumping panels in fusion devices are challenging due to the intricate
geometries of fluid flow channels coupled with an impingement of heat
flux in various modes such as convection, solid and gas conduction,
thermal radiation, electrical energy dissipation (for the conductor) and
ionizing radiation. The thermal stability of SC magnet is achieved
through the forced flow cooling while overcoming the various static and
Figure 10. (a) A typical cooling panel for cryopump
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pulsed heat loads in any modern fusion device. The design of the SC CICC
and cryopump panel are evolving continuously for efficient cryogenic
cooling while maintaining their primary functions in an optimized
manner. This evolvement makes it more challenging to establish pre-
dictive correlations for thermo-hydraulic behavior for CICC and cry-
opump panels. The following challenges are foreseen in order to make
the technology viable in future:

(i) The existing predictive correlations for the bundled region friction
factor for CICC is based on analogical correlations, e.g., rough
pipe, porous media, pebble bed etc. However, further insight of
CICC construction, twisting pattern, relative roughness etc., would
improve the prediction of pressure drop.

(ii) It is obvious that CICC with relief hole(s) will reduce the hydraulic
impedance in long length and enhance the heat transfer and the
global cooling capacity of the fluid through both regions of CICC.
Indeed, adding a central cooling channel (and additional mass
flow through central hole) reduces the Reynolds number in the
bundle region, and thus increase the friction factor and the
convective heat exchange coefficient. However, the mass flow
distribution and mixing between the bundled region and relief
hole is a function of mass flow rate and their individual hydraulic
impedance needs to be included in the correlations for friction
factor of the bundled region and relief hole(s) in an interlinked
manner.
(b) typical cross-sectional view of the flow area.
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(iii) While the HFDP of the cryopumps can be modeled and simulated
to study the thermo-hydraulic characteristics using the finite
element or numerical techniques, it is difficult to exactly model
and simulate the CICC using finite element technique for thermo-
hydraulic studies.

(iv) The ultimate goal of the thermo-hydraulic analysis of the CICC is
to ensure the SC magnet stability, however, the overall perfor-
mance prediction of SC magnet from the cross-sectional geometry
of CICC is difficult. The SCmagnet is formed by winding of CICC of
few hundred meters in length with certain curvature, several
joints, terminations etc. The thermo-hydraulic study of the CICC
cross-section considering a straight length is not sufficient for
thermo-hydraulic characterization of the SC magnet. The devel-
opment of SC magnet simulation codes are helpful to predict or
analyze the thermal-hydraulic behavior of SC magnet including
the transient conditions such as the quench. Such simulation codes
are quasi 3-D due to the computational efforts required to make it
full 3-D. With the advancement in high performance computing,
further development in simulation and code development is
possible.

(v) The hydraulic behavior under the pulsed heat load and internal
heat generation (during quench) condition for the fusion grade SC
magnets is yet to be studied. More accurate prediction of the CICC
thermo-hydraulic performance in the complex construction of the
SC magnet will certainly be beneficial to design higher magnetic
field SC magnets.

(vi) In the context of cryogenically cooled HFDP for fusion devices, the
prediction of more accurate pressure losses and heat transfer co-
efficient is very important to save energy for the helium R/L.
There is a need to establish correlations for pressure loss and heat
transfer coefficient for the most frequently used HFDP patterns
and utilize the same in the numerical simulation to get a complete
picture of the fluid and temperature profile.

7. Conclusions

In order to cope with the increasing energy demand, nuclear fusion
represents the potential option for providing clean and abundant energy.
In the nuclear fusion devices, cryogenic cooling involves the forced flow
circulation of helium by CCP in the CICC of the SC magnets as well as in
the HFDP of the cryopumps. In the present study, a state-of-the-art review
of forced flow cryogenic cooling in nuclear fusion devices is conducted.
The fluid flow and heat transfer characteristics specific to the SC magnets
and cryopumps in nuclear fusion devices are presented.

The accurate prediction of the CICC thermo-hydraulic performance in
the complex construction of the SC magnet will be beneficial to design
higher magnetic field SC magnets. The thermo-hydraulic studies carried
out for the CICC shows that the correlations for the hydraulic charac-
teristics are mainly proposed based on different analogies such as pebble
bed and porous medium without specifying all the geometric details.
Similarly, within the CICC, the heat transfer coefficient in the transverse
direction has been proposed by various researchers based on modifica-
tions of the Dittus Boelter correlation with support from experimental
data. In the same line, it is highlighted that the cooling channel for
cryopump using HFDP pose similar complexity in thermo-hydraulic
prediction as in the case of CICC. The thermo-hydraulic characteristics
of the cryopump HFDP have been addressed through a combination of
numerical and experimental studies.
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