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Abstract — A correlation has been developed for the turbulent
friction factor f'of a circular channel with a helical rib roughness
of rectangular cross section, which is relevant to the central
channel (hole) in two-channel cable-in-condnit conductors, The
correlation is based on data we measured on 2 pipe with three
different types of helix. It relates £ with the Reynolds number Re
and with suitable dimensionless combinations of all relevant
geometrical parameters of the problem, i.c, hole diameter and
hetix pap and thickness, A limited comparison wifh actual
(QUELL) conductor data shows good agreement.

1. INTRODUCTION

The Central Solenoid and Toroidal Ficld Model Coils
(CSMC and TFMC, respectively} of the International
Thermonuclear Bxperimental Reactor are being built using
super-conductors with a two-channel topology. The anmular
cable bundle region is separated from the central channel
(hole) by a helical spring-like interface. The hole provides a
low impedance parallel path for helium flow. Additionally,
overpressure of the supercritical helium coolant, which can
originate in the bundle as a consequence of thermal-hydraulic
transients in the cable, can be relieved in the hole through the
perforation of the spring.

The empirical correlation of Katheder [1] and/or extensions
thereof accurately medels the friction factor in the bundle in
the proper range of Re. On the conirary, the friction factor f
for the central channel has been traditionally modeled (e.g,,
for the QUench Experiment on Long Length — QUELL)
starting from the classical smooth circular tube correfation /=
0.046 (Re) %, and correcting it with an ad-hoc multiplier [2].
Very recently, however, experimental tests [3] have shown
that geometrical details of the helix can significantly influence
the ovcerall pressure drop along the conductor, while analysis
[4] indicated that a more accurate model of f is needed to
reproduce the measured mass flow rate.

Although the situation we arc analyzing is tightly related to
problems of heat transfer enhancement in heat exchangers [3]-
[8], the geometries previously considered in the litcrature
were characterized to the best of our knowledge by somewhat
different ranges of geometrical parameters. Here, a correlation
for the Fanning friction factor is derived based on a set of
experimental data we obtained in the OTHELLO facilily at
CEA Cadarache on a tube with a helical-rib-roughened inner
wall. The correlation is then applied te and validated against
actual QUELL conductor data.
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[Fig. 1. Sketch of the tested pipe (longitudinal cross seclion)

II. BXPERIMENTAL SCETUP

Three different helices with rectangular cross section, nsed for
different pancakes in the TFMC, were tested: CORTAILLOD
(©), HITACHI (F) and SHOWA (S). A sketch of a helix is
shown in Fig, 1, and its main features are summarized in Table
I: the inner diameter D, the height (thickness) A, the width w,
the gap length g. The angle formed by the helix with its axis is ¢
~ atan [n( Dy, thlp], where p = w + g is the pitch,

For the helices in Table I, #varies from 71° (C) to 76°(S), i.e,
these helices are very “closed”, Netice also that only g varics
significantly among the three, Both of these observations wilt be
important in what follows,

The dependence f (Re) is obtained from data of pressure drop
Ap vs. mass flow rate m as follows: starting from the
definitions of Re and of Ap

Re=pUDy/ u (n
Apll=2fpU?ID, 9)

and eliminating the average (core) flow speed U =m / (p A),
where 4 = er,,,z/tf is the minimum flow area, gives

Re=m D,,/(Jqu) 3 .
£=(1/2) (Ap/L) p Dy A% 1 i )

where L = 5 m is the length of the hydraulic path, and D, is
the hydraulic diameter assumed = D, for the core flow. The
dynamic viscosity u and the density p are obtained from
pressure and temperature measurcments, using GASPAK.
Typically, N2 enters the test section at T ~ 235 K and exits
at T ~ 295 K, the temperature increase being due mainly to
heat exchange with the surmrounding environment at room
temperature. Different series of tests were performed with
different N2 pressures, in the range between S bar and 40 bar.
Concerning the H{itachi) data it shenld be noticed fally
that only a subset of the measured data was used for the
correlation, i.e,, those showing a clearly decreasing trend of
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TABLE [
GrOMETRICAL PARAMETERS 0F TUE TisTEp HELICES

Dy h
Type [m;n] {nm] [mm] [u‘ﬁn]
C 1031 1 6.5 5.3
H .68 1 6.2 3.0
by 9.9 1 6.25 2.4

f with Re. In the literature, increasing f (Re) is found for
smooth pipes in the laminat-to-turbulent transition region,
which hewever occurs well below Re ~ le4. For rough pipes
it is found in the smooth-to-rough transition region, which
occurs at decreasing Re for increasing (A/D), e.g., at Re ~ led
for (&/D} ~ 0,01 [8], Some of our data serics, showing an
increasing trend of f with Re for Re > le5, have been therefore
discarded,

111 QUALITATIVE DISCUSSION

The experimental results (see, €.g5., Fig.3 below) show that, at
given Re, an increase of (g/h) of up to ~ 100%, see Table I, all
other parammeters being cssenttally unchanged, leads to an
increase of f of up to 50%. Therefore it can be considered
important experimental cviderce that the gap is playing the
major role in determining the friction factor,

The helix can be considered as a roughness of average
height £ on the underlying pipe of diameter Dy, B Dy,+2h
{alternately, onc could think that a helical gap has been
grooved in a pipe of diameter D;,). Geomelrics similar to that
of Fig. 1 have been ofien considered in studies of turbulence
promoters far heat exchangers. The obvicus trade-off is that
also friction incrcases with respect Lo the case of a smooth
pipe, so that it needs to be simultansously taken into account,

Friction on the flowing fluid in the geometry of Fig. 1 is
extremely complex because of the 3-D nature of the flow field
(indeed, not even numerical solutions appear to exist to date
for this gseometry). The analysis can he however simplified by
the observalion made above that the helices we are
considering are very closed, i.e., they may be approximated to
some extent by a 2—D model with a series of rings separated
by gaps g.

Conceptually, we may [urther split the force exeried by the
wall on the fluid in two contributions: that from the helix
width w, and that from the helix gap g. On the width a laminar
sub-layer attempts to build up, but it quickly separates at the
zap. Since w is so short, no significant shear can build up
there, and this contribution to friction can be considered
negligible (of course, in the limit of vanishing (g/h) this
contribution cannat be neglected). For this reason {and also
considering that w is essentially unchanged in the threc helices
tested) the helix width will net enfer the correlation for f,

On the contrary, in the gap a separated re-circulating vortex
appears. This is due (o the fact that the layer is not expected to
rcattach at the gap bottom unless (g/h) > 6-8 [5], whereas for
us {(g/h} is always < 6, see Table 1. Therefore, we can assume
that the major contribution to friction comes [rom the
interaction of the core flow in the channel with the salient
edges of the gap and with the re-circulating vortex, and the
parameter (g/h) will play an essential role in the correlation,
which we are going to derive,

TV, FRICTION MOLIELS

The conventicnal approach to the problem of friction in
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internally rough pipes is based on the study of the interaction
of the boundary layer at the pipe wall with obstacles of given
height and shape. Although strictly speaking justified only in
this case, the same approach has heen often empirically
applied also to situalions where, as scen above for our case,
formation of the boundary layer was not guaraniced. We shall
also follow this line eventually, for the derivation ol our
correlation, in the absence of more rigorous approaches.

If we consider the case of a smgoth circular pipe, therc arc
two fundamentally different regions in the boundary layer,
which forms near the wall in turbulent flow; a laminar region
next to the watl and a turbulent region next 1o the channel core
[6]. In the laminar sub-layer the velocily distribution can be
represented by a lincar dependence of 4* {= w/u®) on y' (=
yu#/y), Here u is the time average {mean) of the turbulent
flow speed along the chann_cl, y is the radial coordinate
measured from the wall, = v (T¢/p), Te is the viscous
tangential stress at the wall (y 0) and v= ;t/p In the outer
{(turbulent) boundary region it is easy to obtain 4™ = 2.5 In ™)
+ R, where R is an integration constant to be determined from
the experiment.

Although the boundary layer does not extend strictly
speaking beyond y ~ 0.15 (D,/2), it is common practice (o usc
the expression of #* for the turbulent layer, up to the center of
the channel, Thus, the ¢ (p) profile is known, and it is easy to
relate U with u*, i.¢., with Ty, Using the previous formulas, an
implicit expression for f(Re) can be obtained:

NRIH =25 [V Re /2] +R-375 . 5)

Notice that (5) can ecither be scen as an equation for f {Re),
provided R is known from experiment, or as a way of
determining R from f({Re) measurements.

Consider now the case of sand grains of diameter h
homoseneously glued on the inner surface of a circular pipe.
The major difference with respect to the above treatment of a
smooth pipe 1s that R is now expected to depend on the
roughness. More precisely one finds in this case 4" = 2.5 In
(v'hy + R (K", where

It = (hIDg) Re N(fi2) = (w*hiv) (6)

is a4 ronghness Reynolds number. In the case of a rough tube,
(5) gencralizes therefore to

R (1) =2/ + 2.5 In (2kiDy) + 3.75 . M

For homogencous sand grain Nikuradse found that, for £ >
70, the so-called fully rough regime, R (#*) ~ 8.48, a universal
value, Notice finally that {7) stays valid for any geometrically
stmilar type of roughness, i.c., provided only (A/D,) is varied,
and all the rest is kept fixed.

In order to undersland how additional geometrical
parameters, besides (#/D,)}, are empirically brought inlo the
model for geometrically more complex roughness, we shall
consider now two relevant examples of (wo-parameter
correlation,

In the first study, heat transfer and friction in tubes witlh
repeated-rib roughness (annular obstacles of given periodicily
p and height &, and negligible width) were considered [5], and
(pfh) was used as second correlation parameter. [n the second
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study, wrbulent heat transier and fluid [riction in & helical-
wire-coil-inserted tube were considered [7], and the helix
angle & was used as second correlation parameter. (Such a
device was also considered at MIT [9]. However the
parameters of the MIT helix (D, = 9.1mm, & = w = 1.55mm,
g = 1.6mm, giving & ~ 85, fall outside the domain of vatidity
of [7].) :

In both cases just discussed, the correlation formula has the
following structure

R (h") = a(W")YP [parameters)® (8)

which will be used as a guideline in the development of our
correlation. It should be stressed, however, that this procedure
is rather cmpirical since, ¢.g., (p/h} is not a peometrically
similar roughness parameier,

V. CORRELATION FOR R (h)

Starling [rom f (Re) experimenta! data, it is possible to
construet the R (A7) diagrams using (7). ‘The result, shown in
Fig.Za, indicates that, as expected, R (") needs to be properly
carrected as in {8), laking into account the additional relevant
geomeirical parameters of the helix, if we want the correlation
to be representative of all data.

The helices we are considering are defined by four
independent geometrical parameters (sec Table I). However,
m view of the discussion ol Section III, we can restrict our
choice to the foltowing two dimensionless combinations:

Rib-height on hydraulic diameter = /D,
Grap length on rib-height = g/h.
We then look lor the [riction function R in the form

R (%) = o (") (/) ©
and multivariate least squares regression (IMSL routine

RLSE) is used 10 find o, B, v (notice that /D, is hidden in k%,
The result is given by the first row of Table 11, i.e.,

R (A7) = 11,88 (") *% (g/n) ~02 (10)
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Fig. 2. (a) Experimental data for friction function R vs, k%, for different
helices. {b) Corrected friction function R (g/h)™ vs. 4" experimental data
{symbols), computed from correlation (10} (sclid line).

TABLE I
COBFFICIENTS IN (%) AND ACCURACY OF (73 + (10) IN T/ PREDICTION OF f
Gy 0c¢ T
« B Y wm @ @
C+8+H  11.88 0.032 -0.299 3.4 3.6 4.8
C+S 11.37 0.045  —0.300 3.5 32 3.0

and shown in Fig.2b {(where F = (g/h) ™.

It may be noticed in (10) that the dependence on A* is very
weak (but not negligible, see Fig.2a), This is typical of the
high Re regimes considered here, and in qualitative agresment
with results shown in [10] for a somewhat different geometry
and parameter range.

The friction factor can now bhe computed iferatively
combining (7) and {10). (Notice that, in a typical
MITHRANDIR run, the relative cost of the evaluation of both
{bundle + hole) friction factors increases from ~ 0.2% to ~
0.5% when going from an explicit f (Re) to tho present,
implicit relation, i.c., il remains abgolutely negligible,) The
resnlt of our correlation is given by the solid lines in Tig.3,
with an average error ¢ ~ 4% with respect to the experimental
data (sce Table [1),

As a measure of the predictive capability of the correlation
we have also repeated the exercise using only C and § data,
which lcads to the second row in Table 1T and to the dashed
lines in Fig.3. Notice the good accuracy of the prediction for
the H data, with average error ~ 5% (see Table 1D, The latter
is significantly smaller than the average relative seattering of
the data.

Probably the most striking featire of Fig.3, and indeed ihe
major moetivation behind this work, is the rather significant
increase of f when (g/h) increases, for a given Re. This
parametric dependence has been investigated also by other
authors, who found increasing f for 2 < (g/h) < 8.5 [11] or for
5 < (p/h) < 10 {6), in somewhat diffetent geometries. (In all
instances a maximum is predicted when the reattachment of
the boundary layer occurs just before the next obstacle — a fact
which should not happen, as seen above, for cur parameter
range.) Qualitative justification of the dependence on (g/h) is
not easy, in view of the extreme complexity of the flow
pattetn. However it can be observed that an increasing
deviation of the streamlines could be expeciled downstream of
the obstacle as the gap increases, and this should increase the
form drag. Simulations (based on the k-¢ lurbulence model)
and measurements, performed for a geometrically similar
situation, appear to qualitatively confirm this picture [12].

Notice finally that both in the limit of vanishing and of
infinite {g/h), one has to recover the smooth tube situation,
i.e., f~ 3-4 times smaller than with our helices, sce Fig.3,

Y1, APPLICATION TC Two-CHANNEL CIcC

The application of our correlation to an actual canductor is
not entirely obvious since the helix is not attached to a solid
wall, and one can now have flow through the gaps, which
allow communication between bundle and hole regions of the
two-chaunel CICC. In particular: 1) the {low pattern in the
gaps can be significantly perturbed with respect to the
experimental condition in OTHELLO; 2) the effective height
of the cbstacle could fall in principle anywhere belween 0 and
h. (For the latter, assuming that the helix is attached to a “wall
of strands”, we shall use the actual helix thickness.)
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Fig. 3. Dependence of the friclion facter f on the Reynolds number Re for
different helices: experimental dala (symbols), computed from correlation
(7)., (1) wsing whole data set (solid), computed from carrefation (73, (10)
using only € and § data set {dashed). Blasius correluation [or smooth tobes
(dotted) is also shown for comparison.

It should also be temarked that hydrodynamic similarity
between the gaseous N2 flow in OTHELLO and the liquid He
flow in an actval conductor would in principle require not
only same Re but also same Mach number M (= U/Cs where
Cy is the sound speed). However, while the He Mow in an
aclual CICC is typically very much subsonic {(e.g., M ~ 0.01
<< | was typical in QUELL), N2 inlet M ~ (.2-0.25 would be
sufficient to reach M ~ 0.3-1.0 at the test section outlef in the
case at hand, We checked therefore the outlet M in our cases
and it twned out to be always < 0.1. Furthermore, in
experiments by other authors [13] M does not appear fo
influence f significantly,

We now consider the application of the correlation just
developed to data measured on QUELL [2]. {Notice owhever
that the geomeirical parameters of the QUELL helix, I, =
59mm, 4 = 0.5mm, w = 5.9mm and g = lmm, are a bit
outside the range of Tabte L) Starting from the raw Ap (m)
data, where m is now the fotal {bundle + hole) mass flow rate,
and following the strategy presented in [2], we have
constructed a set of f (Re) couples as given by the symbols in
Fig.4. It should be observed also herc the rather surprising
oceurrence of data series with increasing trend of f with Re.
The prediction of our correlation is also shown in Fig4,
together with the correlation suggested in [2], t.e., Blasius
corrected by a factor N = 2.5, as well as used, e.g., in [4]. One

o T=133K
= + T=B78K
8002 ¢ 1270k
Bagsll 0 T=61K
5 - - 2.5'Smasth
E 001 — Cor:rela:t[nn
E]
2
h.
0.005 0 N H i . N i _; __;_- N

Hole Raynolds number

Fig. 4. dependence of the hole friction factor £ on the hole Reynolds number
Re in QUELL: experimental data derived [rom Ap {m) measurements
reported in [2] for different He temperatures (symbols), computed from
correlation (73, (10) {solid), Blasius correlation for smoolh tabes, correeted
by a facter of 2.5 as suggested in [2], is also shown for comparison (dashed).
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can sce that, considering all uncertaintics in the problem, the
agreement between our correlation and the experimental dala
is good. Comparison wilh the correlation proposed in [2]
appears dilficult, because of the spread of the data,

VIIL CONCLUSION AND PERSPLECTIVE

The correlation developed in the present paper predicts
within ~ 3% accuracy the [riction factor fin a helical-tib-
roughened tube similar to the central channel in two-channel
CICC, for Reynolds number Sed < Re < le6, and geometrical
patameters of the helix in the range specificd by Table L
Limited validation on actual {QUELL} conduclor data also
gives good agreement.

Observing the significant increase in pressure drop caused in
all cases by the helix, with respect to the smooth tube, a
reduction of the gap, with respect to the values of Table I,
should give an improvement, at least from this point of view,
Optimization of the helix geometry, however, should take into
account also other aspects not considercd here, e.g., heal
axchange, mechanical issues, ete.

From an engincering point of view the accuracy of the
results presented here can be considered satisfactory.
However, the physics of [riction in a geometry like that of
Fig.1 15 still not fully understood, and mare work will be
needed in the future.
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