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Experimental study of steady-state transverse heat
transfer 1n a single channel CICC

Monika Lewandowska, Aleksandra Dembkowska and Leszek Malinowski

Abstract—A new configuration of the THETIS installation (for
thermal-hydraulic tests of forced-flow superconducting cables,
such as e.g. Cable-in-Conduit Conductors (CICCs), has been
prepared at West Pomeranian University of Technology,
Szczecin. In the present form THETIS enables pressure drop and
heat transfer coefficient measurements in short samples of
conductors using water in a wide range of temperature and
Reynolds number. We present the new configuration of the
installation and demonstrate its capabilities by reporting the
results of the first thermal-hydraulic test conducted on a smooth
tube with a square cross section and on a reference sample (JT-
60SA TF conductor). The results obtained for a smooth tube are
in good agreement with predictions of the standard Dittus-
Boelter heat transfer correlation, which positively verifies
correctness of the applied procedures. The experimental Nu
values obtained for the CICC sample remain almost constant in
the considered Re range 700 — 1700, and they are about 3 times
larger than those predicted by the smooth tube correlation.

Index  Terms—heat transfer coefficient, forced-flow
superconducting cables, CICC, THETIS.

I INTRODUCTION

PRESENT models used in thermal-hydraulic analyses of
forced-flow superconducting cables, such as e.g. Cable-
in-Conduit Conductors (CICCs), are most often 1-D and they
need accurate predictive correlations for the transverse mass,
momentum- and energy transport processes between the
different cable components, in order to reliably analyze any
superconducting magnet design in both normal operating
conditions and off-normal conditions (e.g. during quench
evolution) [1], [2]. Very few heat transfer correlations for flow
in a CICC bundle have been proposed in literature [3]-[5], but
none of them is commonly accepted for predictive use. As a
result, in thermal-hydraulic analyses of the designs of the
DEMO coils [6]-[13] classical heat transfer correlations for
flows in smooth tubes are used, which are undoubtedly over-
conservative in these cases. The existing experimental
database of heat transfer coefficients in a CICC bundle is also
very modest [14]. There is a need to perform systematic
measurements of heat transfer coefficients in a CICC bundle,
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which could serve as a base for further attempts to develop
predictive correlations.

The THETIS installation for thermal-hydraulic tests of
forced-flow superconducting cables, such as e.g. CICCs, has
been prepared at West Pomeranian University of Technology,
Szczecin. The aim of the paper is to present the THETIS final
configuration and to report the results of the first performed
measurements of the transverse heat transfer coefficient in a
short reference CICC sample (JT-60SA TF conductor).

II. EXPERIMENTAL SETUP

A. THETIS installation

The THETIS basic configuration, which allowed pressure
drop tests of superconducting cables using distilled water at
room temperature, is described in detail in [15]. Recently,
THETIS has been upgraded, by adding a main heater and an
air flow cooler, which enable adjustments of the water
temperature in the circuit in the range from room temperature
to 70°C. The hydraulic scheme of the new THETIS
configuration is presented in Fig. 1.

B. Samples characteristics and instrumentation

To verify correctness of the applied test procedure the first
trial THETIS measurement of the transverse heat transfer
coefficient between the flowing fluid and the wall was
conducted using a smooth tube with a square cross section.
Then similar test of the JT60-SA TF (JTF091 sample) single
channel Cable-in-Conduit Conductor (CICC) sample was
performed. The parameters of these samples relevant for the
present study are given in Table I, whereas the full
characteristics of the JT-60SA TF conductor can be found in
[16],[17].

Schemes of the samples’ instrumentation are shown in Fig.
2. Water temperature at the sample inlet and outlet, 7;, and
T, was measured with two temperature sensors T-111-6-115-
60-3-G1/2-NA-A-Pt1000-400 with accuracy + 0.15 °C +
0.2%:]#|. The same kind of temperature sensors was used to

TABLE I

CHARACTERISTICS OF THE JT-60SA TF (JTF091) SAMPLE [16],[17] AND
THE SMOOTH TUBE USED IN THE EXPERIMENT

Quantity, unit Symbol Smooth tube CICC
Inner dimensions, mm x mm XXy 21 x 21 18 x 22
Void fraction, % 1 100 32
Flow area, mm?® Ay 440 126
Hydraulic diameter, mm D, 21.3 0.454
Wall thickness, mm ty 2 2
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Fig. 1. Hydraulic scheme of the new configuration of the THETIS installation.
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Fig. 2. Instrumentation scheme of the (a) smooth tube, (b) CICC sample, not
in scale. Dimensions in mm.

control the water temperature at the outlets of the main heater
and the cooler. Water pressure in the sample, p; and p,, was
measured with the pressure sensors Aplisens PR-28/0-25BAR/
M20x1.5 and Aplisens PR-28/0-10BAR/ M20x1.5,
respectively, with accuracy + 0.2% of measuring range. The
mass flow rate was measured with the flow meter KROHNE
OPTIMASS 1000. Two heating modules, each of length
0.100 m, and several Platinum Resistance Temperature
Detectors Pt1000, Class DIN 1/3B, with accuracy: + 0.1 °C +
0.17%|t] were attached at the outer surface of the sample.
Each heating module consisted of 4 thin copper plates. Each
copper plate was fully covered with 4 square resistive foil
heaters (25 mm X 25 mm, nominal power 40 W). After
installing the heating modules and temperature sensors the
sample was wrapped with a thermal insulation tape. A photo
of the CICC sample without the thermal insulation is shown in
Fig. 3.

C. Test procedure

At a set mass flow rate we adjusted the initial temperature
in the circuit at 41.2 °C and 41.4 °C for the smooth tube and
for the CICC sample, respectively. After the steady state was
reached we switched on the heating modules at the sample and
slightly reduced the heating power of the main heater to keep
constant temperature at the sample inlet and waited until the

Template version 7.2a, 04 August 2016

steaqy state was reacned again. 1hen tn€ neating modaules

Fig. 3. Photo of a piece of the instrumented CICC sample without the
thermal insulation showing the part of the right heating module and the
temperature sensors Tri — Trs.
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Fig. 4. Scheme of the considered system.

were switched off, and the whole procedure was repeated for
next value of the mass flow rate. In the course of the
experiment readings of the flow meter and of all the
temperature and pressure sensors were registered in 1 s
intervals by the Data Acquisition System. The average values
and their standard deviations were computed for the data
collected during steady states.

I1I. HEAT TRANSFER ANALYSIS

Our analysis is based on the energy balance equations. We
took into account the dependence of the water enthalpy on
pressure and temperature. The sample length is divided into
three segments as shown in Fig. 4. The pressure at the points
z; and z, was read from the experimental data, and the
pressure profile along the sample, p(z), was obtained under the
assumption that the pressure gradient in the sample was
constant. The energy balance equations for the Segments 1-3,
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respectively, can be written as:

mli<pH1)THl)7i<pin’Tin) :chiQumbl (la)
m[i(pHZ)THZ)_i(le’THl)]:QH_ch_Qc3_Qamb2 (1b)
m[i(pou[’Tout)_i(pHZ’THZ)}:Qﬂ_QambB (lc)

where m is the mass flow rate, 7 is the water specific enthalpy,
QOp is the thermal power released by the heating modules,
Qum j 1s the heat loss to ambient from the j-th Segment, and
Q. ; is the longitudinal heat transfer from the Segment 2 to the
j-th Segment due to conduction in the wall. The value of Qu,
equal to 1201 W for the smooth tube and 1038 W for the
CICC sample, was obtained based on measurements of voltage
and resistance with accuracy 5%. We approximated the outer
surface temperature profiles in the Segment 1 and 3,
respectively, by the functions:

T(z2)=T 4 (2)+Aexp|(z—24,)/A] for Zin=Z<Zy
(2a)
T(z)=T,(z)+AT,, +A,exp Zua— 2 +A,exp 2”2_2)
)\2 )\3
for Zu2<%=%ow  (2b)

where z is the coordinate along the sample, z; and zx, are the
coordinates of the left and right boundary of the heated section
(Segment 2), see Fig. 4, ATow = Tou (On) - Tou(0), and

Tref(z):Tin+aJT(p(Z)_pin] (2¢)
where oyr = - 0.021145 K/bar is the Joule - Thomson
coefficient. The values of parameters 4, and A, were obtained
by least square fitting of Eq. (2a) to the readings of the sensors
Tii - Tis. Analogously we obtained the values of 4>, A», 4, and
A2 using Eq. (2b) and the readings of Tr; — Trs. We assumed
that at a large distance from the heated section the wall

temperature should be equal to the water temperature. The

temperature profile within the heated section ( ZH1525%n2 )

was obtained by linear spline interpolation using the readings
of temperature sensors Tii, To and Tri. An example of the
calculated temperature profile along the sample is presented in
Fig. 5. We estimated the values of Q. and Qs at the
boundaries of Segment 2 using the temperature profiles in the
wall (Egs. (2a) and (2b)) and the Fourier law of conduction.

110
Je o cexp.data
100 fit Eq. (2a))
(@] 1 fit Eq. (2b
£ 90 2. (20) To .
e ] T®"
5 804 L1
"@‘ .
o 704
g. .
5 604
@ ]
0 Ty 4T
q'in L3l
40 T | T _'] I L) I T | T
0 0.2 0.4 0.6 0.8 1
z (m)

Fig. 5. Typical computed temperature profile along the smooth tube sample.

The average temperature of the outer surface of the j-th
Segment wall was calculated as:

jL
T o= | T(z2)dz|ilz; 2,
i ; 3)
where z; and zr are the coordinates of the left and right
boundary of the j-th Segment.

The heat rate transferred to the fluid, O, and the total heat
loss to ambient, Q..,, were calculated as:

Qf:m[i(pou[’Toul)ii(pin’Tin>

“)
Qamb:Qamb1+Qamb2+Qamb3:QH_Qf . (5)

The ratio of heat losses to ambient from the Segments 1 and 3
was expressed as:

Qambl — Swul( Twol Tamb)
S T

amb) s (6)

Qamb3 wo3( Tw03_

where S\, is the area of the outer surface of the j-th Segment
wall and T,., is the ambient temperature. The system of
equations (la)-(1c), (5) and (6) was solved for the unknown
Tty Troy Qampt, Qumez and Qumps. The average temperature of the
inner surface of the 2™ Segment wall, T,,,», was estimated from
the Fourier law by solving the equation:

QH_ch_Qc3_Qumb2_k TWOZ_TWI'Z

Sw w2 steel tw (7)

>

where kye. is the steel thermal conductivity and S, w2 is the
average area of the 2™ Segment wall. Finally, the heat transfer
coefficient /.., was obtained by solving the equation

QH_ch_QCS_Qamb2=hexpSwiZ[TwiZ_Tf] , (8)
where S, is the area of the inner surface of the 2™ Segment
wall and Ty = (T + Tw)/2 is the average fluid temperature in
the Segment 2. We also calculated the Nusselt number:

Nuexp:hexpDh/kwater(pfJTf) R (9)

where pr =(pm + pm)/2 is the reference pressure in the
Segment 2.

IV. RESULTS AND DISCUSSION

The results of our analysis in dimensional and
dimensionless form are presented in Figs. 6 and 7,
respectively. For comparison we also added in Figs. 6 and 7
heat transfer coefficient and Nu values obtained with standard
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smooth tube correlations, i.e.: Nuj, =4.364 for the laminar
flow and Dittus-Boelter correlation Nups = 0.023Re**Pr** for
the turbulent flow. The Prandtl number value, calculated for

O O O hgy smooth tube
hpg smooth tube

& & ©hgy, CICC
| IS hjam CICC

100000

10000

&

heat transfer coefficient (VWW/(m?K))
1

——
——

—_——
—

—

——

1000 T I T I T | T | T
0.1 0.15 0.2 0.25 0.3 0.35
mass flow rate (kg/s)

Fig. 6. Measured and calculated heat transfer coefficient as a function of
mass flow rate

o o © Nuexp smooth tube

Nupg
1004[¢ ¢ ©Nu,CicC
———— Nu,,=4364

Nu ()

1000 10000
Re (-)

Fig. 7. Measured and calculated Nusselt number as a function of Reynolds
number

each experimental point at the reference conditions (ps 7)),
varied in the range 4.12 - 4.17, so it may be considered almost
constant. It is seen in Figs. 6 and 7, that the experimental
values of the heat transfer coefficient and Nu for the smooth
tube agree well with the predictions of the Dittus-Boelter
correlation, which positively verifies correctness of the
applied test and analysis procedures. The values of the heat
transfer coefficient for the smooth tube increase with the mass
flow rate, whereas for the CICC remain at the constant level of
about 20 000 W/(m’K) within the whole considered mass flow
rate range. Although the measurements for the smooth tube
and for the CICC sample were performed in the similar mass
flow rate ranges, the corresponding Re ranges for both
samples are very different — the experimental Re range for the
CICC sample falls in the laminar regime, whereas for the
smooth tube in the turbulent regime. This effect results from
much different values of hydraulic diameters of both samples.
The values of the heat transfer coefficient and the respective
Nuey, values for the CICC are about 3 times larger than the
predictions of the smooth tube correlation. These results is
consistent with those obtained by Wachi et al. in [14].

The uncertainties of ., and Nu.y, values are rather large —
for the CICC they are of about 35-40%, which is not quite
satisfactory. The main contribution to the total error bar of /.,
and Nu.y, is due to large uncertainty of Oy (see Eq. (4)), which
results from the small increase of the fluid temperature within
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the sample — typical values of AT= T,.. — T;, vary in the range
0.9 — 2 K, which cannot be measured very accurately with our
thermometers. In further experiments we are going to add at
least one more heating module to achieve larger values of T,
which should result in reduction of /.., and Nu.y, error bars.

V. SUMMARY CONCLUSIONS AND PERSPECTIVES

The new configuration of the THETIS installation for
thermal-hydraulic tests of forced-flow superconducting cables,
using water at various temperatures, has been assembled. The
first measurements of the transverse heat transfer coefficient
between the wall and the fluid were performed in the smooth
tube and in the CICC sample. The results obtained for the
smooth tube agree well with predictions of the standard
Dittus-Boelter ~ correlation, which positively  verified
correctness of the applied procedures. The experimental
values of the heat transfer coefficient remain at the constant
level in the considered Re range 700-1700, and they are about
3 times larger than those predicted by the smooth tube
correlation for the laminar flow. Further systematic
measurements of the heat transfer coefficient at different
values of the water inlet temperature are planned to obtain the
results in a wide range of Pr and Re numbers.
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