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Effects of Mass Flow Rate Imbalance Among Petals
During 1'cqg Measurements of ITER TF Short
Samples in SULTAN

L. Savoldi Richard, F. Bellina, M. Breschi, P. L. Ribani, F. Subba, and R. Zanino

Abstract—Since year 2009, the joint of the toroidal field (TF) con-
ductor samples tested in the SULTAN facility at PSI Villigen, CH, is
solder-filled, so that the helium coolant can only flow axially inside
the central channel. The latter is however plugged starting ~40-45
mm downstream of the joint. The helium has then to pass from
the central channel into the annular cable region over such a short
length that the desired homogeneity of the flow distribution among
the petals in the high field region is not guaranteed a priori, since
central helix and petal wrappings act as azimuthally non-uniform
obstacles to the radial flow. In the paper we first present a geomet-
rical model for estimating this interference to the radial flow, and
combine it with a CFD (ANSYS-FLUENT) model of the hydraulic
effect of the plug, in order to estimate the mass flow rate imbalance
among the petals at the beginning of the plug. This is then used as
boundary condition by the THELMA code, to parametrically as-
sess the results of a T'cs measurement.

Index Terms—Fusion reactors, simulation, superconducting
coils.

1. INTRODUCTION

N the frame of the International Thermonuclear Experi-
mental Reactor (ITER) qualification program, several short
toroidal field (TF) conductor samples are being tested for DC
characterization in the SULTAN facility at PSI Villigen, CH [1].
The geometry of either leg of the SULTAN sample is sketched

in Fig. 1, where the originally vertical sample with forced super-
critical helium (SHe) flow from bottom to top is represented hor-
izontally with flow from the left to the right. We see that there are
basically four regions for the flow: 1) the soldered joint where
He flows only in the central channel; 2) the region just down-
stream of the joint where He can flow radially to the annular
cable region, impeded only by the central channel spiral; 3) the
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Fig. 1. Sketch of conductor geometry in the joint-to-plug region. The origin of
the x coordinate is set at the joint outlet; X is where the petal wrapping starts,
xp where the plug starts.

next region downstream, up to the beginning of the plug, where
however radial flow is impeded also by the petal wrappings; 4)
the region of the plug, including the high field region, where He
can flow only in the cable annulus.

Helium can enter one of the petals only at those locations
where the contact surface between the cable region and the cen-
tral channel is not obstructed by the central channel spiral, or
by the petal wrapping. These locations depend on the spiral and
wrapping pitches and perforations and, since xp < Lp (the
petal pitch ~450 mm), the open area allowing communication
between cable region and central channel will vary from petal
to petal, favoring a non-uniform flow distribution.

In addition, even if the open areas between the central channel
and the petals were equally distributed, this would not neces-
sarily guarantee a uniform distribution among the petals of the
axial mass flow rate. In fact, such uniformity would require the
radial He flux through an elemental open area d A; between cen-
tral channel and i-th petal to be independent of the location of
the area d A;. However, since the driver which forces He to move
from the central channel to the petals region is the pressure dif-
ference between the two regions, and the pressure profile along
the channel is strongly influenced by the presence of the final
plug, we can expect that the radial flux will increase as distance
of dA; from the plug decreases.

Here we model this complex situation as follows: a) compute,
by a purely geometrical 3-D model, the fraction of total open
area for radial He flow to the i-th petal; b) compute, using the
commercial CFD code ANSYS-FLUENT, the longitudinal dis-
tribution of the radial mass flux to the i-th petal induced by the
plug. The two effects are then combined to obtain an estimate of
the distribution of the mass flow rate among the different petals
at the beginning of the plug.
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Fig. 2. Distribution along the conductor of the open area fraction for each petal
for a typical set of geometrical parameters.

II. ANALYSIS OF HE FLOW INHOMOGENEITY AMONG PETALS

A. Geometrical Model for the Open Area Fraction

We introduce the function x;i(x,#): x; = 1 if at the corre-
sponding location (x, ), where 9 is the azimuthal coordinate,
the interface between the central channel and the i-th petal is
open; otherwise x; = 0. x; can be easily computed for any
given set of geometrical parameters (see Section II-C). The re-
sulting distributions of the open area fraction (with respect to the
total open area) g;(x) = [ xi(x,9)d9/Z; [ xi(x,9)dd, along
the CICC and for each petal, are reported in Fig. 2, showing that
10-20 mm are needed to reach uniformity among the petals (i.e.

B. CFD Model for the Plug Effect

The plug is the main driver for SHe transport from the cen-
tral channel to the cable region, because of the resulting pres-
surization. In other words, because of the much lower hydraulic
impedance the He will try to flow as long as possible in the cen-
tral channel and move to the cable only when this cannot be
avoided.

To model this effect we introduce a 2D, 2-region steady state
model of the CICC, as already presented in [2]. The two co-
ordinates represent the axial (2:) and the radial () directions.
The domain is composed by two regions: the central channel,
with turbulent He flow, delimited by a finite thickness spiral,
and the cable region, treated like a porous medium, introducing
a Darcy-Forchheimer constitutive relation for the friction in the
momentum conservation equation, with coefficients determined
as described in [2] and references therein. At the walls of the
porous region, the standard no-slip condition is enforced, while
at the outflow boundary zero normal gradient is enforced to
guarantee a smooth behavior of the solution. The petals are not
distinguished by the model, as its main purpose is to determine
the axial distribution of the radial flow transferred between the
central channel and the cable region. As opposed to [2], the
wrappings are taken into account by reducing the effective per-
foration of the spiral for xww < x < xp. In Fig. 3 we see a
typical set of streamlines computed by the code.
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Fig. 3. Streamlines in the central channel and cable regions computed by
FLUENT.
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Fig. 4. Axial distribution of the radial flux (F') from the central channel to the
cable bundle computed by FLUENT.

The axial distribution of the He radial flux is computed by the
code as follows: for every open segment (Z s¢qrt, Tena) Of the in-
terface between central channel and cable region, we evaluated
the average He flux as in (1):

Tend

! F(x, rint)da (1)

Tend — Tstart
Tstart

(F) =

The results are shown in Fig. 4. In order to account for different
possible (axial) placements of the channel helix with respect to
the plug, we have also considered two limiting spiral geome-
tries, shifted one with respect to the other. The results presented
here refer to an axisymmetric model. (A similar computation
was produced also for a slab (Cartesian) geometry, which gave a
qualitatively similar solution.) It is seen that the shape of (F') (1)
does not depend, in a first approximation, on the exact distribu-
tion of the open segments. F'(z) can be approximated by (2):

F(z,rin) = x(x)(a + be‘”/l‘) )

where the parameters a, b and I have been evaluated by a least-
square fit. In the following we shall assume that the parameter L
(~0.012 m) depends mostly on the plug position, and only very
weakly on other details like the exact helix/wrapping position,
perforated fraction and pitch. With this assumption, we can pro-
ceed to evaluate the He mass flow distribution among the petals
in a number of different 3D configurations.

C. Estimate of Flow Inhomogeneity Among Petals

We consider now the real 3D geometry. The helium entering
the i-th petal W; (kg/s) is given by (3):

27 Tp
W, = / — / Fi(, 0, i ) d. 3)
0 0
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and, based on the results above, we can assume
Fi(z,0,7int) = kxi(x,9)(a + be™ ) )

where the normalization constant % is introduced in order to
allow preserving the total flux. It is then easy to compute the
fraction f; of He flowing in the i-h petal at the beginning of the
plug as in (5):

W

fi )
where the integrals defining the W; are computed with a Monte-
Carlo algorithm.

In order to obtain a conservative estimate of the flow inho-
mogeneity among petals we selected a number of cases, cov-
ering the space of the free parameters in the conductor geometry
setup. The parameters for the scan and the corresponding ranges
consist of: wrapping width (reference 13.5 mm, range (12-15)),
petal pitch length (reference 450 mm, range (410-490)), cable
initial phase (reference 0°, range +30°), wrapping initial phase
(chosen at random). The f; distribution with the biggest spread
among those considered in our parametric study has a minimum
of 10.9% and a maximum of 22.5%. This most conservative dis-
tribution will be used as boundary condition in what follows.

III. THELMA CODE ANALYSIS OF AN ITER TF SAMPLE TCS
TEST IN SULTAN

The so-called USTF4 sample [3] is an ITER TF sample which
was tested in 2009. In the case of, e.g., the left leg, standard in-
strumentation includes: voltage crowns VH1 and VH3, with six
voltage taps each, located 225 mm upstream and downstream,
respectively, of the center of the high-field zone (HFZ); temper-
ature rings T1 and T3, with four thermometers each, located 400
mm upstream and downstream, respectively, of the center of the
HFZ. These sensors are utilized to measure T¢cs by means of
two standardized procedures for the voltmetric and calorimetric
assessment [4], [5]. No petal-level diagnostics is available for
the mass flow rate distribution (the other major ingredient of
calorimetry), and we have to rely on codes for that, as well as
for the translation of the information measured on the jacket into
corresponding knowledge inside the cable.

In view of the above, we try and use here the THELMA
code [6] in two steps: in the first one, which we may call of
qualitative validation, we shall consider as reference run #
USTF4D260501, a Tcs test @ Bsyrman ~ 10.78 T per-
formed after 600 cycles, and verify to what extent the code is
able to reproduce the main measured features of the test, with
particular reference to temperature gradients; after that, we
shall use the code as a simulator of a typical Tcg test, following
a suitably extended protocol to allow the inclusion of mass flow
rate inhomogeneities on the cross section, in order to estimate
how these can affect the interpretation of the test and the major
outcome of the measurement.

A. Analysis of Run # USTF4D260501

In this test, the current I is first ramped up in steps to 68
kA, the nominal ITER TF coil operating current, then the He
inlet temperature T}, to the sample is ramped up in steps using
a resistive heater until quench. The two quantities 7(t) and

T, (t) are imposed as external drivers of the transient in the
electromagnetic (EM) and thermal-hydraulic (TH) modules of
the code, respectively.

We simulate the portion of conductor between lower joint
and upper termination both excluded, discretizing the CICC in
macro-regions as follows:

* For the EM module

1) 6 cable elements (CE)+12 straight jacket elements (JE),

or alternatively, in order to verify the numerical
convergence/independence of discretization,
36 CE + 36 straight JE
* For the TH module

1) 6 twisted [(CE + He channel) = petal + JE], or alter-
natively, in order to verify the numerical convergence/
independence of discretization, 6 twisted [(6 CE +
He channel) = petal + JE]

2) Central channel plugged
The electrical (in particular lower joint and termina-
tion) parameters needed in the EM module are ob-
tained by modeling the solder filled joint through a
lumped parameter circuit [7], and then deriving equiv-
alent n-pole matrices.

In the TH module the following boundary conditions are im-
posed:

* Dins Pout and T, (where the latter already accounts for the

Joule heat generated in lower joint)

* Mass flow redistribution between neighboring petals,

driven by local (radial) Ap

* Intwo petals, modified friction factor to conservatively im-

pose the most imbalanced mass flow rate distribution cor-
responding to the results of Section II above.

If we compare simulations and experiment we notice first of
all (not shown) that the measured voltages on the given cross
section show a significantly larger spread (£10 1V) than the
computed ones (+2 1V), while the average voltages are in rea-
sonably good agreement.

If we consider the temperature, and in particular the tempera-
ture gradients on the cross section just downstream of the HFZ,
the result of the simulation strongly depends on the mass flow
rate distribution among petals assumed as boundary condition,
while the global (averaged) temperature evolution is only mar-
ginally affected. If we apply a uniform distribution of the mass
flow rate among the petals at the conductor inlet (just down-
stream of the lower joint), then we see in Fig. 5 that the com-
puted helium temperature gradients on the cross section essen-
tially vanish for most of the transient. If, on the other hand,
we consider as boundary condition the distribution computed
in Section II, we see in Fig. 5 that the agreement between sim-
ulation and experiment is both qualitatively and quantitatively
rather good, clearly emphasizing the role of the mass flow rate
nonuniformity to explain this feature of the experimental results.

In Fig. 5 we may clearly identify three phases:

* The current steps, during which temperature gradients
develop which are however related to the magneto-resis-
tance (as confirmed by the fact that in the baseline runs @
Bsurran ~ 0 T these gradients are not present) and, as
such, treated as offset here [8]
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Fig. 5. Comparison between computed (dashed) and measured (solid) tem-
perature gradients on the sample cross section just downstream of the HFZ:
Top—uniform inlet mass flow rate distribution among petals, Bottom—imbal-
anced inlet mass flow rate distribution among petals from Section II.

* An intermediate phase, at the beginning of the T}, stair-
case, characterized by “bumps” in the temperature gradi-
ents, due to different He speed transporting the steps of
T;, in different petals, see Fig. 6, followed by incomplete
recovery of the conditions before the bump, due to the in-
creasingly different heights of the steps in different petals,
because of the effect of Joule heating on different petals,
characterized by different mass flow rates

* A final phase, leading to the quench, where nonlinear am-
plification of the temperature gradients on the cross sec-
tion occurs (in the petal with the smallest mass flow rate,
Joule heating causes the highest temperature increase, fur-
ther choking the flow).

B. Interpretation of Tcs Measurements

According to the standard protocol, which assumes uniform
mass flow rate distribution among the petals, the estimated value
for the T'¢g in the run analyzed above is ~6.6 K. We have gener-
alized that protocol to include the possibility of different mass
flow rates (and different temperatures) in the different petals.
However, it turns out that the value of T cg is almost unchanged,
with differences of the order of 0.01 K. This is clearly under-
standable if we observe that in run # USTF4D260501 Tcg is
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Fig. 6. Ideal spatial propagation of temperature steps of the same height (a)
and of different heights (c) in adjacent petals, as due to pure advection with
different speeds. Subsequent temperature difference evolution in time (b and d,
respectively).

reached at t ~ 4000 s, i.e., at a time when the spread of temper-
atures on the CICC cross section is still rather small (see Fig. 5).

IV. CONCLUSION

Azimuthal temperature gradients arising during Tcg tests
of ITER TF samples in SULTAN have been related to mass
flow rate inhomogeneities among the petals by self-consistent
thermal-hydraulic electromagnetic analysis using the THELMA
code. In turn, these mass flow rate inhomogenities have been
quantitatively explained as caused by the combined effect of
obstructions to the radial flux from the central channel to the
cable bundle and of the plug blocking the central channel down-
stream of the joint. Notwithstanding these inhomogeneities on
the conductor cross section, the calorimetric assessment of the
Tcg appears to be only marginally affected.
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