JAERI-Research

PRESSURE DROP CHARACTERISTIC
IN A CABLE-IN-CONDUIT CONDUCTOR

Norikiyo KOIZUMI, Yoshikazu TAKAHASHI, Makoto SUGIMOTO
Kazuya HAMADA, Takashi KATO, Hiroshi TSUJI
and Susumu SHIMAMOTO

BERFHHARRFA
Japan Atomic Energy Research Institute




AL AH— it HRRTAFEFTP LRI SFIL T 2 RREETT,

AFEOMEGhEIE, BARTAFRFRMIERIBEREE (T319-11 BB HAITEA
WA BT, BELELIZS Y, 2B, IoE»RERENETFHLFAaER -7 —
(F319-11 #3HEHGTA R A H R E T IHEMA) THECL2EEAR 2B 20 - T
BOET,

This report is issued irregularly.
[nquiries about availability of the reports should be addressed to Information Division,
Department of Technical Information, Japan Atomic Energy Research Institute, Tokai-

mura, Naka-gun, Ibaraki-ken 319-11, Japan.

© Japan Atomic Energy Research Institute, 1995

e H A | T A1 %
I =) L s 2R




JAERI-Research 95-062

Pressure Drop Characteristic in a Cable-in-conduit Conductor

Norikiyo KOIZUMI, Yoshikazu TAKAHASHI, Makoto SUGIMOTO. Kazuya HAMADA
Takashi KATO, Hiroshi TSUJT and Susumu SHIMAMOTO

Department of Fusion Engineering Research
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki-ken

(Received August 23, 1993)

A cable-in-conduit conductor (CICC) is the best candidate to satisfy requirement for a
superconducting magnet to be employed in a fusion machine, such as a large operating
current, high magnetic field, high breakdown voltage and so on. The present drop of the
conductor is a key factor in design of a cryogenic pump to be used in a magnet system in
the fusion machine. Also, pressure rise at a coil quench depends on the pressure drop
characteristic of the conductor. Several workers investigated the pressure drop
characteristic of €ICCs. Katheder attempted to derive general correlation of the
pressure drop characteristic basis on the correlation used for pebble beds. He compared
his correlation with the measurements for the eight different CICCs. However, there is a
large error of 75% in the maximum. It seems general formula of the pressure drop
characteristic of CICC has not been provided, The authors investigate the pressure drop
characteristic of 30 kA, 80 m cooling path length CICCs, whose dimension is almost same
as the conductor to be emploved in the fusion machine. The result indicates correlation
between the Reynolds number and the friction factor of CICCs obeys the conventional
formula for a smooth tube, Hagen-Poesuilli formula, in laminar flow region but does not
agree with the conventional formula for a smooth tube, Blasius formula, in turbulent
flow region. The experimental result is compared with Katheder's correlation.
Katheder’ s correlation does not show good agreement with the experimental result in the
turbulent flow region. The correlation that the friction factor is inversely

proportional to 0.157 power of the Reynolds number and the proportional constant is
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0. 257 coincides better with the experimental result in this region.
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Nomenclature

L [m] Cooling path length Ay, [m?]  Coolant cross sectional area
Pe[m] Wetted perimeter Pe,, [m}] Conduit wetted perimeter
D, [m] Hydraulic diameter d [m] Strand diameter

y Void fraction p[kg/m’] Coolant density

m[kg/sm’] Coolant mass flow flux M [kg/s] Coolant mass flow rate

u [kg/ms] Coolant viscosity Re Reynolds number

Re, Critical Reynolds number I Friction factor

¥ Friction factor in laminar flow region

yé Friction factor in turbulent flow region

AP [Pa]  Pressure drop of unit cooling path length

vi
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1 Introduction

A cable-in-conduit conductor (CICC) is the best candidate for application of a
superconductor to large and high magnetic field coils in a tokamak fusion reactor since it
can provide high-voltage integrity, robust structure and so on. In particular, its low AC
loss characteristic is excellent in the application to a Poloidal field coil. Applicability of
CICCs to a fusion machine were demonstrated through the Demo Poloidal Coil (DPC)
experiments’™. Also, CICCs will be employed in the next fusion machine, International
Thermonuclear Experimental Reactor (ITER)’.

Superconducting strands in CICC are cooled by supercritical helium (SHe) flowing in
the conductor. SHe usually flows a closed circuit consisting of coils, cryogenic
circulation pumps, heat exchangers and so on in a Jarge magnet system. The pressure
drop characteristic of the conductor is of importance in design of the cryogenic
circulation pump.

Also, pressure rise during a coil quench depends on the pressure drop characteristic of
the conductor since large induced flow is generated in the conductor at that time. Rapid
pressure rise may cause damage of the conductor and/or insulation of the conductor.
Evaluation of the pressure rise at a coil quench is then one of the most important works
in conductor design. For this evaluation, the pressure drop characteristic should be
clarified.

Several workers investigated the pressure drop characteristic of CICCs™™.
Katheder'™'! attempted to derive a general correlation between the Reynolds number and
the friction factor basis on the correlation used for pebble beds. He compared his
correlation with the measurements for the eight different CICCs. However, there 1s a

111 1t seems the general formula of the pressure

large error of 75% in the maximum
drop characteristic of CICC has not been established. The pressure drop characteristic
of DPC-U1 and DPC-U2"" conductors whose dimension and length are almost same as
the one to be employed in a fusion machine was investigated during and after cooldown
of the coils to evaluate the pressure drop characteristic of the conductors for the fusion
machine. Hercafter, DPC-U1 and -U2 are collectively called as ‘DPC-U. The

experimental results are reported in this paper.

In addition, the experimental result is compared with the correlation derived by
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! Katheder.

2 Experiment

2.1 Main parameters of the conductor
The cable of the DPC-U conductor consists of 486 twisted strands whose diameter is
1.12 mm and is jacketed by 2-mm thick stainless steel conduit. Void fraction of the
DPC-U conductor is 38%. The cross section of the DPC-U conductor is shown in Fig. 1.
The conductor is wound into a double pancake with inner diameter of 1 m and outer
diameter of 2 m. Each of DPC-U is composed of four double pancakes, each of which is
termed as A- to H-pancake as shown in Fig. 2. The coolant flow from the innermost

turn to the outermost turn. Unit Jength of the conductor is 160 m and then the cooling

path length is 80 m. The main parameters of the conductors are listed m Table 1.

2.2 Measurement

The pressure drop characteristic is investigated in the A-pancake of DPC-U1 and -U2

3I5mm

3I0mim

Fig. 1 Cross sectional view of the sample conductor
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Katheder.

2 Experiment

2.1 Main parameters of the conductor
The cable of the DPC-U conductor consists of 486 twisted strands whose diameter is
1.12 mm and is jacketed by 2-mm thick stainless steel conduit. Void fraction of the
DPC-U conductor is 38%. The cross section of the DPC-U conductor is shown in Fig. 1.
The conductor is wound into a double pancake with inner diameter of 1 m and outer
diameter of 2 m. Each of DPC-U is composed of four double pancakes, each of which is
termed as A- to H-pancake as shown in Fig. 2. The coolant flow fiom the innermost

turn to the outermost turn. Unit length of the conductor is 160 m and then the cooling

path length is 80 m. The main parameters of the conductors are listed in Table 1.

2.2 Measurement

The pressure drop characteristic is investigated in the A-pancake of DPC-U1 and -U2

I5mm

30mm

Fig. 1 Cross sectional view of the sample conductor
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High field Low field
(Inner turn) (Outer turn)
SHe outlet
Current
] H - pancake }———£ terminal
G - pancake }i’G pan._joint
( F - pancake SHe ouflet
C . .
Sde inlet E - pancake D-E pan. joint
D ( C - pancake B~C pan. joint
< B - nancake E SHe outlet
| 3 - Current
A - pancake ‘rerminul
(T) SHe outlet
1 ®
G

Fig. 2 Schematic configuration of DPC-U. T, P, F and AP in the figure indicate the location

where the coolant temperature, pressure, mass flow rate and pressure drop were measured.

during and after the cooldown in the latest DPC experiment'. Figure 3 shows a coil

assembly of DPC-U1, -U2 and test coil, installed between DPC-Ul and -U2, in the DPC

test facility™.

The friction factor and the Reynolds number are defined by the following equations.

D, 2pAP
=k 1
I a2 (1)
Re = mb, )
i
Where,
= £ (3)
AH@
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Table | Main parameters of the BDPC-U conductor

Length of unit cooling channel 80 m

Inner winding diameter of pancake 1 m

Outer winding diameter of pancake 2m
Conductor outside dimension 3035 mm
Conductor inner dimension 26 x 31 mm
Number of strands 486

Twisting fength

First stage 90 mm
Second stage 180 mm
Third stage 240 mm
Forth stage 480 mm
Fifth stage 950 mm

‘ Void fraction 38%

! Hydraulic diameter 0.665 mm

| Strand Diameter 1.12 mm

Fig. 3 Coil assembly of DPC-U1, -U2 and test coll in the DPC test facility.
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The thermal properties of helium are calculated by employing a helium thermal property
calculation library'¢. Hydraulic diameter is defined by,

_ 4A.He
Pe

(4)

D,

Circumference of the strands are usually multiplied by 5/6 in the estimation of the wetted
perimeter as the follows since the circumference surrounded by triplex is believed to take

no effect on the pressure drop.
5
Pe = 486nd x 5 +Pe . (%)

However, this is true only when the coolant surrounded by the triplex is completely
isolated from the coolant at the triplex outside. In the DPC-U conductor, we cannot
recognize what three strands compose the triplex from the DPC-U conductor cross
sectional view shown in Fig. 1. It is because of the long length twisting pitch and the
high void fraction of the DPC-U conductor. Therefore, the circumference of the strands
is not multiplied by 5/6 in the estimation of the wetted perimeter in the DPC-U
conductor. The wetted perimeter is then calculated from,
Pe = 486nd + Pe,,, (6)

Note that the circumference of the stainless steel tape, wrapping the cable, is neglected
since there exists almost no space between the tape and the inner surface of the conduit
as shown in Fig. 1.

Temperature and pressure of the coolant were measured at the inlet and the outlet of
the coolant. Their averages are used for the calculation of the friction factor and the
Reynolds number. The temperature difference between the inlet and the outlet was
controlied so as to be less than 80 K during the cooldown. The data of the Reynolds
number of less than about 2000 were acquired during the cooldown. The other data
were acquired after the cooldown. After the cooldown, the temperature difference

between the inlet and the outlet was less than 0.5 K.

2.3 Experimental result
Figure 4 shows the experimental results of the pressure drop characteristic of the

DPC-U1 and -U2 conductors. The measured friction factor is dominated by the general
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Fig. 4 Measured and calculated friction factor as a function of Reynolds number. The wetted

perimeter is calculated by equation (6}

formula for laminar flow in a smooth tube, Hagen-Poesuilli formula, in the low Reynolds
number region as shown in Fig. 4. However, in the high Reynolds number region, the
measured friction factor is higher than that calculated for a smooth tube according to
Blasius formula as shown in Fig. 4.

The transition from laminar flow to turbulent flow was not observed in this

experiment as well as in the experiments by other workers®-12.

3 Consideration

3.1 Comparison with Katheder's correlation

The experimental result is compared with the correlation derived by Katherder'™'"

The Katheder’s correlation!®.11 is,
i 195 .

0
Vv
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Fig. 4 Measured and calculated friction factor os a function of Reynolds number. The wetted

perimeter is calculated by equation (6}

formula for laminar flow in a smooth tube, Hagen-Poesuilli formula, in the low Reynolds
number region as shown in Fig. 4. However, in the high Reynolds number region, the

measured friction factor is higher than that calculated for a smooth tube according to

Blasius formula as shown in Fig. 4.

The transition from laminar flow to turbulent flow was not observed in this

experiment as well as in the experiments by other workers®-12.

3 Consideration

3.1 Comparison with Katheder's correlation

The experimental result is compared with the correlation derived by Katherder'*'"

The Katheder’s correlation' 11 is,

i/ 195
f= j‘o_n(R;ﬁ +005 1) "
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Fig. 5 Measured and calculated friction factor as a function of Reynelds number. The wetted

perimeter is calculated by equation (5).

In Fig. 4, the Katheder’s correlation is shown for comparison. This correlation disagrees
with the experimental results in the high Reynolds number region.

The wetted perimeter is defined by equation (5) in Katheder’s correlation. Figure 5
shows the experimental results when the wetted perimeter is calculated by equation (5)
and Katheder’s correlation. The agreement between the Katheder’s correlation and the
experimental result is improved by using equation (5). However, there still exists large

error between them in the high Reynolds number region.

3.2 New correiation

The flow of the coolant in the conductor is generally in the turbulent flow region to
obtain high heat transfer performance. The disagreement in the turbulent flow region 15
not therefore acceptable. New correlation showing good agreement in the turbulent flow
region is then provided. From the experimental result, the friction factor in the turbulent

flow region can be approximated by,
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0257

R(JU]

S = (8)

The correlation calculated by equation (8) is shown in Fig. 4.

For the estimation of the pressure rise during a coil quench, it should be possible to
calculate the friction factor on the low Reynolds number region. The experimental result
indicates Hagen-Poesuilli formula gives good approximation in the low Reynolds number
region. Consequently, the friction factor is approximated by the following equation with

equation (8),

Ji (Re < Re_)
J = { £ (Re, <Re) ©)
Where,
Ji= o (Hagen-Poesuilli ) (10)
Re

The transition from the laminar to turbulent flow was not observed in the experiment.
Therefore, we cannot define the critical Reynolds number. The critical Reynolds number
is however defined as the one at the intersection of the curves calculated by equations (8)
and (10), for convenience. The value of this pseudo critical Reynolds number is about

700.

4 Conclusion
The pressure drop characteristic was investigated. The conductors are 30 kA, 80 m

cooling path length CICCs whose dimension is almost same as the conductor to be

employed in the fusion machine. The friction factor was measured as a function of the

Reynolds number during and after the cooldown of the coils. The range of the Reynolds

number was 50 < Re < 20000 . The experimental results are:

1) In the law Reynolds number region, the relation between the friction factor and the
Reynolds number is in accordance with the conventional formula for laminar flow,
Hagen-Poesuilli formula.

2) The transition from laminar flow to turbulent flow was not observed.

3) The correlation derived by Katheder cannot show good agreement with our

experimental result in high Reynolds number region. In this region, the friction factor
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0257
Ji :_}_{éo_lﬂ ' (8)

The correlation calculated by equation (8) is shown in Fig. 4.

For the estimation of the pressure rise during a coil quench, it should be possible to
calculate the friction factor on the low Reynolds number region. The experimental result
indicates Hagen-Poesuilli formula gi\}es good approximation in the low Reynolds number
region. Consequently, the friction factor is approximated by the following equation with

equation (8),

) f (Re < Re.)
f“{j;’ (Re, < Re) )
Where,
7 = 64 ) (Hagen-Poesuilli ) (10}
Re

The transition from the laminar to turbulent flow was not observed in the experiment.
Therefore, we cannot define the critical Reynolds number. The critical Reynolds number
is however defined as the one at the intersection of the curves calculated by equations (8)
and (10), for convenience. The value of this pseudo critical Reynolds number is about

700,

4 Conclusion
The pressure drop characteristic was investigated. The conductors are 30 kA, 80 m

cooling path length CICCs whose dimension is almost same as the conductor to be

employed in the fusion machine, The friction factor was measured as a function of the

Reynolds number during and after the cooldown of the coils. The range of the Reynolds

number was 50 < Re < 20000 . The experimental results are:

1) In the law Reynolds number region, the relation between the friction factor and the
Reynolds number is in accordance with the conventional formula for laminar flow,
Hagen-Poesuillt formula.

2) The transition from laminar flow to turbulent flow was not observed.

3) The correlation derived by Katheder cannot show good agreement with our

experimental result in high Reynolds number region. In this region, the friction factor
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is inversely proportional to 0.157 power of Reynolds number and the proportional

canstant is 0.257.
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