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The generated heat by the superconducting windings and the other parts such as current leads in transformer
increases the hottest point temperature (HPT) and causes the high temperature superconducting (HTS) wind-
ings to quench. Due to the properties of superconducting windings, reducing the HPT is of critical importance
for the stable operation of the HTS transformer. The cooling system of HTS transformers, not only provides the
cryogenic temperature for the proper operation of the superconductors but also is responsible for dissipating
the generated heat by the windings. In this paper, the effect of the angle of inlet pipes in cooling system
was investigated. This was a simple and effective solution which increases the heat transfer in liquid nitrogen.
It was shown that inlet angle has a significant effect on the flow turbulence and the windings temperature. The
Perlator is used as a lattice sheet which is installed inside the inlet valve and increases the turbulence of inlet
flow of liquid nitrogen to increase heat transfer and reduce HPT. The thermal analysis is obtained by finite ele-
ment method using ANSYS Fluent software. The influence of changing the inlet pipe angle and different struc-
ture of Perlator on heat transfer was investigated.
1. Introduction

High temperature superconducting (HTS) transformers have vari-
ous advantages compared to conventional transformers such as their
reduced the size, weight, losses as well as increased efficiency
(>99%) [1–7]. Furthermore, due to the use of liquid nitrogen (LN2)
instead of oil, the risks and environmental damages are reduced [8].

The hottest point temperature (HPT) is the most sensitive point in
HTS transformers for probable quenches. During the design procedure
of HTS transformers, the HPT point of winding in terms of stability and
reliability of the transformer is the most important. Moreover, the
windings temperature reduction in the transformer design has several
advantages, including the power reduction of the cooling system,
which increases the efficiency of the transformer [9] and increasing
the critical current of the windings, which reduces the AC loss [10].
There are two major solutions for design engineers of HTS transform-
ers to reduce the risk of HPT at the windings. The first solution is to
increase the rate of heat transfer to the outside of the cryogenic envi-
ronment and the second solution is to decrease the AC loss of the HTS
transformer.

Different solutions to reduce the HPT of the HTS transformer are
presented [7,11–13]. These solutions mostly use flux diverter which
reduces the radial and axial leakage magnetic fields in the HTS trans-
former. The second solution is heat transfer increase in which the
velocity, flow direction, and turbulence of cryogenic fluid are three
major factors to increase heat transfer. Between these factors, increas-
ing the turbulence of the LN2, in addition to reduction of the HPT,
causes the average temperature of windings to be reduced. In [14],
the number and location of inlet and outlet pipes are investigated
and the optimal flow velocity of the LN2 to reduce the hottest point
temperature was investigated. In [15], the layout of inlet pipe on the
bottom of cryostat was investigated and concluded that the inlet valve
should be located near the hottest point of windings. However, in
these papers, the effect of inlet pipe angle and LN2 turbulence on
reducing the temperature of the hottest point was not investigated.
In [16] the efficiency of turbulence rate on heat transfer of LN2 was
studied and showed that increasing turbulence increases the heat
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Fig. 1. Structure of cryostat system in the understudied HTS transformer.
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transfer rate. In [17], heat transfer in porous plates was studied and
showed that heat transfer in these plates increases by 10–20%. In
[18], the importance of heat transfer in HTS transformers was further
discussed. AC loss is a major cause of heat generation in the HTS wind-
ings of transformers which must be considered in thermal analysis. For
simple and integrated geometries (such as solenoid windings and
transformer core) analytical methods are presented in [19] to calculate
the AC loss values. In order to calculate AC loss in complex geometries
researchers widely used FEMs. To calculate AC loss of HTS tapes and
HTS coils, the H‐formulation method are achieved which shows good
agreement with experimental tests [20,21]. In [22], a 120 kVA,
6 kV/0.4 kV, single‐phase HTS transformer operating at 77 K, was
designed but its cooling system was not considered. Additionally, mag-
netic field distribution and AC loss values in double pancake coils were
reported. Due to the high density of perpendicular field in HTS trans-
formers, the AC loss is relatively high. On other hand, the double‐
pancake is easy to quench in the case that AC loss produces a large
amount of heat [14]. The solution to this problem is studied in this pre-
sented paper.

In this paper, a cryostat system for 120 kVA, 6 kV/0.4 kV, single‐
phase HTS transformer is designed to increase the turbulence of LN2

which will lead to a significant improvement in heat transfer perfor-
mance and will reduce the HPT of windings. The specification of this
HTS transformer and its superconducting tapes are tabulated in
Table 1. Installing a Perlator and finding an orthogonal angle to the
natural flow of the fluid for the inlet flow are two simple and inexpen-
sive ways to increase turbulence. For this purpose, the temperature
distribution in superconducting windings and fluid movement inside
the cryostat for different inlet valve angles were analyzed after adding
a Perlator. Various structures of Perlators were considered and studied
to select the most suitable structure. Finally, the rate of turbulence, the
flow velocity, the heat transfer rate and the temperature distribution in
different parts of HTS transformer, by different inlet valve angles and
different Perlator structure, were presented.
2. The cryostat model of an HTS transformer with Perlator

2.1. Cryostat specification

The schematic of the HTS transformer including windings, cryostat,
inlet, outlet valves, and other parts are shown in Fig. 1.

As shown in this figure, inlet and outlet valves that are connected to
cryostat pump are on the top and bottom of the cryostat, respectively.
It should be mentioned that the double pancake and solenoid windings
consist of Bi2223 tapes are used for the low and high voltage windings,
respectively. LN2 at a pressure of 1 atmosphere and temperature of
77 K and at a velocity rate of 1.3 m/s is pumped by means of an
electro‐pump into the cryostat to stabilize the temperature of the
Table 1
Specifications of the understudied HTS transformer.

Parameters Values

Power rating 120 kVA
Voltage (HV/LV) 6000 V/400 V
Operation frequency 50 Hz

HV winding Winding type Solenoid
Radius (inner/outer) 274 mm/282 mm
Height 172 mm

LV winding Winding type Double pancake
Number of discs 13
Radius (inner/outer) 220 mm/234 mm
Height 172 mm

Operation temperature 77 K

2

HTS windings. Afterwards, the warmed‐up coolant is transferred by
the outlet valve to the cooling system. The cryostat walls are made
out of Fiber‐reinforced polymer (FRP) materials. Other specifications
of the cryostat are shown in Table 2.

In Fig. 2, the distribution of LN2 flow is shown. The blue arrows and
the red arrows show the cold and hot LN2 flow directions, respectively.
As shown in Fig. 2 the cold LN2 partials by collision to windings sur-
face, their temperature rises and move to upside.
2.2. Numerical calculation

The purpose of this study is to optimize the design of the inlet valve
angle θ to reach a minimum HPT in the transformer winding.

The natural movement of LN2 inside the cryostat is vital for deter-
mining and designing the angle. In this case, if the flow direction of the
fluid near the inlet valve (turbulence effective zone) is perpendicular
to the angle of the inlet valve, it would create higher turbulence and
thus, heat transfer would be improved. For this purpose, the LN2 move-
ment inside the cryostat for different angles of the inlet valve needs to
be analyzed to find the optimum inlet valve angle. The natural move-
ment of the fluid is determined according to density difference based
on Eq. (1) [15].
Table 2
Specifications of HTS Transformer Cryostat.

Cryostat parameters Design values (mm)

Height 220
Inside/outside radius 180/320
Inlet/outlet pipe number 2
Inlet/outlet valve height 190/30
Inlet valve radius 10



Fig. 2. The path of LN2 from the inlet valve to other parts of the cryostat and
cryostat specifications (all the dimensions are reported in mm).
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ρ� ρ0ð Þg ¼ �ρ0β T � T0ð Þg ð1Þ
where ρ and ρ0 are liquid density at T and T0 temperatures, respec-
tively, and g is gravity and β is Tyndall’s bar breaker.

The electromagnetic behavior of the HTS transformer is modeled
based on Maxwell equation as presented in the following equations
[23].

r� ξr� Hð Þ þ @μrH
@t

¼ 0 ð2Þ

where H is the magnetic field intensity, ξ is charge density and µr is
permeability.

The specific electrical resistance for superconducting windings is
calculated by Eq. (3) [11]:

σHTS ¼ Ec

Jc Bð Þ
J

Jc Bð Þ
����

����
n�1

ð3Þ

where σHTS is the specific electrical resistance, J is the current density,
Jc(B) is the magnetic field dependant critical current density, and Eq.
(4) shows the expression, Ec is the electric field criterion used to define
the critical current and n = 25 is the index value in the E‐J power law
[24].

Jc Bð Þ ¼ Jc0

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2B2kþB2?

p
B0

� �γ ð4Þ

where, JC0 is the self‐field critical current. Bk and B? are parallel and
perpendicular components of magnetic field to the surface of HTS
tapes.

The AC loss (in W/m) of the windings can be calculated by Eq. (5)
[22].
3

QAC ¼ f
Z1=f
0

Z
s
J:EdSdt ð5Þ

where, S and f are the cross section of superconducting tape and fre-
quency of input current, respectively. E is the electric field.

Heat generation at top and bottom discs are higher than in central
discs, due to higher magnetic fields in these parts. The heat generated
in the windings is dissipated by a flow of LN2. The main purpose of this
paper is to increase LN2 velocity and rate of turbulence to increase the
rate of heat transfer. So, the determination of velocity and direction of
LN2 is critical. The conservation of mass equation, energy equation,
and momentum equation to describe the motion of LN2 are shown in
Eqs. (6) to (8), respectively [25]:

@ρ

@t
þr:ρω ¼ 0 ð6Þ

ρ:rω ¼ F �rPþ ur2ω ð7Þ

ρcpω:rT ¼ r krTð Þ þ q ð8Þ
where ρ is the density, ω is the fluid velocity, F is the force vector, u is
the dynamic viscosity, P is the pressure, k is the thermal conductivity, T
is the temperature, cp is the specific heat of LN2, and q is heat flux inside
the transformer.

The main heat suppression method at the cryostat is heat convec-
tion. Eq. (9) is used to calculate the total transferred heat [26].

qt ¼ hA Ts � Tf
� � ð9Þ

h ¼ k
l
Nu ð10Þ

In this equation, h is the convective heat‐transfer coefficient, A is
dimension of the cryostat, Ts is the temperature of windings, Tf is
the LN2 temperature, l is the characteristic length, k = (1/3)Cth.vth.
lth, is the thermal conductivity where Cth, vth and lth, respectively,
are the specific heat, the velocity and the mean free path of thermal
carriers [25], and Nu is the Nusselt number.

According to heat transfer theory, the Nusselt number in the turbu-
lence state is calculated by Gnielinski’s equation [27].

Nu ¼
F
8

� �� Re� 1000ð Þ � PrÞ� 	
1þ 12:7� F

8

� �1=2 � Prð Þ2=3 � 1

 �h i ð11Þ

where Re is the Reynolds Number, Pr is the Prandtl number and F is
Darcy friction factor which calculated by Eq. (12) [27].

1ffiffiffiffiFp ¼ �2 log
Er
di


 �
3:7

0
@

1
Aþ 2:51

ReffiffiffiFp

 �

0
@

1
A

2
4

3
5 ð12Þ

where, Er is the pipe's effective roughness thickness, Dh is the operating
diameter of coils, µ is the dynamic viscosity and α is the thermal diffu-
sion coefficient.

The Nusselt number of vertical plan and horizontal plan in laminar
zone is shown in Eq. (13) and (14), respectively [28].

Nuv ¼ 0:825þ 0:387Ra1=6

1þ 0:492=Prð Þ9=16
h i8=27

0
B@

1
CA

2

ð13Þ

Nuh ¼ 0:27Ra
1
4 ð14Þ

Pr ¼ ω

α
ð15Þ

Ra ¼ gψ Ts � Tf
� �

l3ρ
uα

ð16Þ



Fig. 4. Perlator structure.
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where Pr is the Prandtl number, Ra is the Rayleigh number, α is the
thermal diffusion coefficient, and Ψ is the expansion coefficient.

The k‐epsilon model for turbulence is one of the common methods
to simulate the mean flow characteristics for turbulent flow conditions.
The turbulence transport equations in the k‐epsilon model are shown
in Eqs. (17) and (18) [29]:

• Turbulence energy transport:

@ρk
@t

þ @

@xj
ρωj

@k
@xj

� μþ μτ
δk

� �
@k
@xj

� �
¼ τijSij � ρɛ þ∅k ð17Þ

• Energy dissipation transport:

@ρɛ
@t

þ @

@xj
ρωjɛ � μþ μτ

δɛ

� �
@ɛ
@xj

� �
¼ cɛ1

ɛ
k
τijSij � cɛ2f 2ρ

ɛ2

k
þ∅ɛ ð18Þ

f 2 ¼ 1� 0:3exp � ρk2

μɛ

� �2 !
ð19Þ

∅k ¼ 2μ
@
ffiffiffi
k

p

@y

 !2

and ∅ɛ ¼ 2μ
μt
ρ

@2us
@y2

� �2

ð20Þ

where ε is turbulent dissipation rate, k is the thermal conductivity, xj is
the space coordinate component; j= 1,2,3, ωj is the mean flow velocity
component in the xj coordinate direction, µ is the molecular viscosity,
Sij mean strain rate tensor, τij total stress tensor, μt is turbulent eddy
viscosity, and constant parameters are cµ = 0.09, cε1 = 1.45,
cε2 = 1.92, δk = 1.0, δε = 1.3. In LN2 at 77 K, the experimental
diagram of Fig. 3 is used to calculate the Nusselt number by Reynolds
number.

2.3. Perlator specification

Installing Perlator at the bottom of inlet valve will disrupt the
coherence movement of LN2 and will lead to increase in the turbu-
lence. A circular Perlator with 5 mm radius which is installed in the
inlet valve is shown in Fig. 4. To eliminate Eddy current, FRP materials
are considered in the Perlator structure. The size of the Perlator is
small compared to the cryostat and its weight is negligible. A small
Fig. 3. Nusselt number diagram in terms of Reynolds number for LN2 in
77 K [16].
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Perlator made of fiberglass is the simplest and least expensive way
to increase turbulence, and since it has no moving part, it will offer
high reliability and a long life.

The porosity coefficient is a measure that is inversely related to
fluid velocity reduction by the Perlator. Therefore, our purpose will
be reaching the maximum value of the porosity coefficient. On the
other hand, turbulence rate is directly related to the total perimeter
of the cavities. The porosity of the Perlator is shown in Eq. (21):

φ ¼ At

Ap
ð21Þ

where At is the total area of the cavities and Ap is the area of the
Perlator.

Increasing the effective perimeter of the inlet valve (by installing a
Perlator) increases turbulence.

The Reynolds number, which indicates the intensity of the turbu-
lence, is calculated from the following equations:

Re ¼ ρωDH

u
ð22Þ

DH ¼ 4At

Pt
ð23Þ

where ρ and u are the density and dynamic viscosity of LN2, respec-
tively. DH is operating diameter and v is fluid velocity.

The equation of the total perimeter is as follows:

Pt ¼ 2πNh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
1 þ R2

2

2

s
ð24Þ

The total area of the cavities is based on the number of cavities
layers.

At ¼ NhπR1R2 ð25Þ
where Pt is the total perimeter of cavities, n is the number of rows of the
cavities, R1 ¼ 4πRp

8Nh
is the big radius of elliptic, R2 ¼ Rp

2 Nhþ1ð Þ is the small

radius of elliptic and r is the radius of Perlator.

2.4. Cooling system operation

Eventually, LN2 transfers heat into the cooling system and the tem-
perature of LN2 returns to 77 K. The heat generated while reducing
LN2 temperature to base temperature is determined by specific heat
formula which shown in Eq. (26):



Fig. 5. Temperature distribution (K) and flow velocity (m/s) of the two different layouts of the inlet pipes. (a) and (c) Bottom inlet. (b) and (d) Top inlet.
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Fig. 6. HPT comparison for different inlet valve angles.
Fig. 8. HPT changing by varying Reynolds number.

Table 4
Specifications of the pipe and Perlator in Cryostat.

The details of inlet valve Inlet pipe radius 10 mm
Pipe angel 20o

Perlator Number of tap hole 24
R1/R2 2.3 mm/1.1 mm

M. Mahamed et al. Superconductivity 3 (2022) 100021
Qc ¼ mc Tc � Tið Þ ð26Þ

where m is the mass, c is the specific heat capacity, Tc is the tempera-
ture of LN2, Ti = 77 K is the base source temperature.

The power of cooling system that absorbs Qc at Tc and reject this
at the room temperature can be expressed as [30]:
Fig. 7. (a) Temperature distribution (K) in θ = 20 (b) flow velocity (in meters per second) of LN2 in θ = 20.

Table 3
Parameters of 6 case studies of the Perlator cavities.

Cavities Radius Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

R1 (mm) 1.7 1.9 2.1 2.3 2.5 2.7
R2 (mm) 1.7 1.5 1.3 1.1 0.9 0.7
Nh 21 21 24 24 24 24
R1/R2 1 1.2 1.6 2 2.7 3.8

6



Fig. 9. The optimum result after the Perlator placement (a) temperature distribution (b) turbulent intensity distribution (c) LN2 pressure distribution (d) velocity
vectors.
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W ¼ PNT � Qc �
Tr

Tc
� 1

� �
ð27Þ

where Tr is room temperature and PNT is Penalty factor of the cry-
ocooler. We considered PNT value in 77 K as 15 in this study.
3. Results and discussions

The specifications of the understudied HTS transformer are given in
[22]. Because of the high density of magnetic field in the top and bot-
tom discs of double pancakes, AC loss in these discs is more than cen-
tral discs. The calculation result shows that total AC loss in full load
and non‐optimized condition is 32.11 W and AC loss for HV and LV
winding is 9.8 and 22.01 W, respectively [22]. Because of the natural
LN2 movement inside the cryostat, in the normal/rated condition, the
temperature of the upper parts of the windings is more than the bot-
tom parts. Therefore, it’s reasonable that the inlet valve is placed on
the upper side of the cryostat. The distribution of temperature and
flow velocity in the two different layouts is shown in Fig. 5.
3.1. Inlet valve angle

Changing the inlet valve angle significantly affects the temperature
of the bottom discs without increasing the temperature of the top
discs. As shown in Fig. 5c the inlet LN2 flow velocity mostly passes
from the above of the top discs and it is directed with the natural
movement of the LN2. This phenomenon reduced the effect of LN2

movement on the heat transfer. This case is optimized by changing
the inlet valve angle. The HPT of the windings is calculated at different
inlet pipe angles, as shown in Fig. 6. The lowest hottest point temper-
ature is 81.04 which occurs at the inlet valve angle of 20°. Tempera-
ture distribution of windings and LN2 in θ = 20 is shown in Fig. 7a.
Though the temperature of the top discs slightly increased, the hottest
point temperature and temperature of the bottom discs decreased, sig-
nificantly. The comparison between Fig. 5(d) and 7(b) shows that in
θ= 20, the path of cold LN2 changes towards the walls of the top discs
and reduces the temperature of these discs. In addition, a vortex forms
near the upper discs, which helps to dissipate the heat generated by
these discs. On the other hand, in θ = 20 the collision between inlet
LN2 and natural movement of LN2 in the turbulence effective zone
(shown in Fig. 2), maximize the turbulence of the fluid.
3.2. Analysis of Perlator

Due to porosity rate, increasing the ratio R1/R2, in Perlator design
would lead to an increase in turbulence and also inlet velocity reduc-
tion. The increase in the velocity and the turbulence of fluid, both lead
to an increase in heat transfer.

On the basis of the radius of elliptic hole, specifications of the cav-
ities are shown in Table 3. The HPT of winding for different cases in
Table 3 was examined and the results are shown in Fig. 8.

As shown in Fig. 8, the lowest HPT point of winding occurs at case
4, and again increasing the R1/R2 in this structure increases the hot-
test point temperature of winding. Also, excessive increase of turbu-
lence is lead to velocity reduction. As a result, HPT is increased
which can cause a conversation in the fluid flow from the turbulence
status to the linear status (See Table 4).

Fig. 9(a) shows the temperature distribution in the presence of the
Perlator. As the results show, with adding Perlator, the temperature
distribution in the double‐pancakes become more uniform and the
temperature of the discs has decreased. By adding Perlator, the HPT
is reduced by 1.16 K compared to non‐optimized condition.

Fig. 9(b) shows the fluid pressure distribution inside the cryostat.
The pressure due to the increase in velocity and turbulence at the max-
imum state is about 0.357 kPa.
8

The force resulting from this amount of pressure is negligible
against the strong electromagnetic Lorentz forces made by supercon-
ductors during their normal operation.

The AC loss is calculated for discs by Eq. (5). The result shows that
total loss of LV winding for primary winding is 22.01 W but after
reduction of temperature windings, the AC losses lease reduce to
20.42 W. The cooling power is reduced from 1297.77 to 1242.4 W
based on Eq. (27). In the optimum state, the power of the cooling sys-
tem is reduced by 4.26%.
4. Conclusion

In this study, a modified cryostat system for a 120 kVA,
6000/400 V High Temperature Superconducting (HTS) transformer
is designed. Firstly, the angle of the inlet valve to reduce the winding
temperature was examined and then the optimum inlet valve angle
was obtained. Afterward, by designing a Perlator inside the inlet valve,
the turbulence was increased, and it led to a significant reduction in
winding temperature which eventually made a reduction in the AC
losses. Heat analysis of winding temperature was done by ANSYS FLU-
ENT software. The findings of this paper can be experimentally tested
if an HTS transformer demonstrator is available.
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