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ABSRACT
In this study, we perform Direct Numerical Simula-

tions (DNS) of fully developed turbulent flows in eccentric
annuli having different diameter ratios. Annuli of unit ec-
centricity, and diameter ratios of 0.2591 and 0.1395 have
been investigated, for a Reynolds number of 14600 based
on the bulk velocity and outer wall diameter. This study
aims to investigate the different flow characteristics, includ-
ing the effect of the diameter ratio on the pressure gradi-
ent and the friction factor. Furthermore, this work confirms
the presence of mean secondary flow for the configurations
considered, while its effect on the flow characteristics and
vortex structures is discussed in relation to the diameter ra-
tios investigated.

INTRODUCTION
The relatively recent commercial implementation of

concentrating solar power (CSP) plants with thermal energy
storage (TES) has become a viable option for the dispatch
of large-scale power generation plants based on renewable
energy sources. Nowadays, most of the commercial TES
systems use molten salts as a storage medium and also as
the heat transfer fluid. Molten salts offer favorable storage
capacities and perform well, from a technical point of view,
at a relatively low cost. However, due to their relatively high
melting point (eutectic solar salt 60% NaNO3 - 40% KNO3
melts around 230o C) they pose a substantial thread to engi-
neering systems employing them, since operating tempera-
tures for the piping system are required to be maintained at
high values (typically 265o C) and freeze protection mea-
sures are needed. Slight deviations in electric heat tracing
or thermal insulation performance, electrical blackouts or
control failures can cause critical and catastrophic freez-
ing events, leading to long shut downs and large replace-
ment costs. Heat tracing applications typically install heat
tracing cables on the outer surface of the pipelines, under-
neath a generally thick thermal insulation layer (Stehling &
Alanis, 2012). Such indirect heat tracing systems are a ro-
bust solution, although not optimal for recovery from salt
plug scenarios, as one is forced to heat up both the stain-
less steel pipeline and the related thermal insulation (despite
their very high thermal inertia) before the melting process
starts. A plausible alternative is to heat up the salts directly
by installing heating cables inside the pipelines, therefore
reducing the recover time and energy required to reopen hy-
draulic circuits inside the pipelines after freezing events. A

potential drawback of this system, beyond the complexity
associated with installation and maintenance, is its impact
on the hydraulic operating parameters of the pipeline net-
work. In particular, an increase in the pressure drop and
friction factor characteristics due to presence of the heating
cable is to be expected. Taking into account that the energy
required for pumping is among the higher parasitic elec-
trical consumptions of a CSP power plant, quantifying the
potential pressure drop increase is fundamental to demon-
strating the viability of this alternative approach.

This kind of direct heat tracing systems can be rep-
resented by annular duct flows with unit eccentricity, i.e.
with the inner and outer surfaces of the annulus in direct
contact. A number of experiments and numerical simula-
tions on turbulent, concentric and eccentric annular duct
flows have been performed in the past (Jonsson & Sparrow,
1966; Bourne et al., 1968; Nouri et al., 1993; Chung et al.,
2002; Nikitin et al., 2009; Merzari & Ninokata, 2009). On
the other hand, turbulent flow in an eccentric annulus with
unit eccentricity has received much less attention because of
the numerical difficulties in precisely treating such complex
curved geometries. To our knowledge only a few experi-
mental studies have been performed by Jonsson & Sparrow
(1966), Nouri et al. (1993) and Bourne et al. (1968), with
the latest having been contacted a few decades ago. In their
studies they have shown that the diameter ratio (i.e. the ra-
tio of the inner surface diameter to the outer surface diam-
eter) is an important parameter with respect to friction fac-
tor characteristics. Interestingly, at high eccentricities (0.9
and 1) and low diameter ratios (0.281), Jonsson & Sparrow
(1966) reported difficulties in determining the local shear
distribution on the inner wall, which they attributed to the
presence of secondary flow. These studies, however, were
limited to diameter ratios ranging from 0.25 to 0.95, while
in heat tracing applications smaller diameter ratios ranging
from 0.3 to 0.02, and even lower, are of practical interest.

The present work aims to fill in the gap in the area of
low diameter ratios for the case of turbulent flow through an
annulus of unit eccentricity. The focus is on investigating in
detail the flow characteristics and frictional pressure drop
characteristics. This is a key feature when considering the
viability and engineering optimization of such heat tracing
applications in solar fields. During normal operation of such
a system, Reynolds numbers in the range 14600 ≤ Re ≤
146000 (based on the bulk velocity and outer wall diameter)
are expected. In this work, results will be presented only for
the lower extremum value of Re = 14600 utilizing Direct
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Table 1. Geometrical and numerical parameters for the
different cases investigated.

Case α e L/D Total nodes

C1 0 1 5 19 003 482

C2 0.1395 1 5 12 970 389

C3 0.2591 1 5 12 109 671

Figure 1. Schematic represantation of flow configuration.

Numerical Simulations.

PROBLEM FORMULATION
We consider the flow through an eccentric circular an-

nulus, as shown in Figure 1. The geometry consists of a
small cylindrical surface of diameter, d, encased and in di-
rect contact with a cylindrical surface of larger diameter,
D, and length L. The ratio of the inner wall diameter to
the diameter of the outer wall, defines the diameter ratio,
α , while the distance between the centres of the inner and
outer cylinders, s, is associated with the eccentricity, e, as:

α =
d
D

, e =
s

D−d
(1)

A geometry with unit eccentricity (walls in contact)
has been chosen, since this configuration corresponds to a
heating cable (inner wall) resting at the bottom of a solar
field pipeline (outer wall). In order to identify the influence
of the inner wall (heating cable) diameter on the computed
flow characteristics, two specific diameter ratios were con-
sidered, α = 0.2591 and α = 0.1395. In addition, the case
of a plain circular pipe in the absence of a smaller inner sur-
face has been considered, i.e. α = 0, for validation purposes
and to serve as a reference point. The length of the com-
putational domain was set to L = 5D, which is considered
sufficient for the development of all large turbulent struc-
tures at this Reynolds number (Eggels et al., 1994). The
dimensions of the different flow configurations investigated
are summarized in Table 1.

The flow of an incompressible, Newtonian fluid is de-
scribed by the set of Navier-Stokes equations. Using the di-
ameter of the outer pipe, D, and the bulk flow velocity, Ub,
as the characteristic length and velocity scales respectively,
the non-dimensional continuity and momentum equations
in a Cartesian coordinate system are given by

∂ui

∂xi
= 0 (2)

Figure 2. Close-up, cross-section of grid for case C3.

Table 2. Variation of the pressure gradient along the pipe
for different diameter ratios.

Case ∆P/L Rell. Diff. ∆P/L

C1 7.00×10−3 –

C2 7.90×10−3 10%

C3 9.01×10−3 26%

∂ui

∂ t
+

∂uiu j

∂x j
=− ∂ p

∂xi
+

1
Re

∂ 2ui

∂x j∂xi
(3)

where Re =UbD/ν is the Reynolds number. Here, ν is the
kinematic viscosity of the fluid.

The above equations are solved using the unstructured
nodal-based finite-volume code CharLES, developed at the
Center of Turbulence Research (Stanford/NASA Ames), as
a general platform, and imposing periodic boundary condi-
tions for the velocity component in the streamwise direc-
tion. Details of the code have been described extensively
in Ham et al. (2006), and Moin & Apte (2006). Numerical
simulations have been performed on different non-uniform
grids, consisting of quadrilateral elements in the boundary
layer and triangular elements in the center region (see Fig-
ure 2). Grid resolution was varied in each case, so as the
distance from the duct walls to the first node was ∆y+1st ≈ 1,
the maximum spacing in the direction normal to the wall
∆r+max ≈ 5, and the maximum streamwise spacing ∆z+ ≈ 7,
in terms of wall units. The total number of nodes of the
various grids used can be seen in Table 1.

RESULTS
All simulations are initiated from randomly generated

flow fields and advanced in time until computations reached
a statistically steady state. Figure 3 shows snapshots of the
streamwise velocity field, ux, in planes z = 0 and x = L/2,
for a fully developed flow corresponding to all cases inves-
tigated (see Table 1).
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Figure 3. Contour plots of streamwise velocity, ux, in planes z = 0 and x = L/2 for all cases at Re = 14600.

Pressure field
Table 2 shows the pressure gradient along the pipe, as

a function of the diameter ratio, where ∆P/L is defined as
the mean pressure gradient between the inlet (x = 0) and
the outlet (x = L) boundary. In order to highlight the mag-
nitude of the pressure drop in the cases when an inner wall
is present (cases C2, C3), the relative differences with re-
spect to a plain pipe (case C1), are also shown. As shown
here, for a fixed value of Re and with increasing diameter
ratio, the pressure drop gradient increases, as expected. For
the higher diameter ratio, 0.2591, this pressure drop is quite
significant when compared to a plain pipe, approximately
26%. However for the smaller diameter ratio, 0.1395, the
pressure drop is reduced to 10%. From an engineering point
of view, this initial analysis shows that for specific combina-
tion of heating cables and pipeline diameters, the increased
pressure drop (and related costs) of this new heat tracing
alternative is relatively small and, henceforth, viable.

In smooth pipes, the non-dimensional pressure drop is
also usually presented in terms of the Darcy friction factor,

C f =
(∆P/L)Dh

1
2 ρU2

b
(4)

Here, Dh is the hydraulic diameter, which depends on the
channels cross-sectional geometry, and is equal to R − r.
Figure 4 shows the variation of the Darcy friction factor as a
function of the Reynolds number, for the different diameter
ratios considered. Results from the present numerical sim-
ulations are compared against previous experimental stud-
ies in annular ducts of unit eccentricity, although for differ-
ent aspect ratios. In those studies, results have been corre-
lated by power law relationships of the type C f = C/Ren,
with each study yielding different coefficients and expo-
nents over the various configurations and range of Reynolds
number investigated. These correlations are shown in this
figure using dashed lines. The solid line indicates the Bla-
sius approximation for a turbulent pipe flow. As shown
here, there are large discrepancies between the experimental
studies, ranging from 10% up to 25%. Nevertheless there is
a fairly good qualitative agreement with respect to the vari-
ation of the friction factor, which decreases with increasing
Reynolds. For a given Re the friction factor also increases
as the diameter ratio is increased. This is line with current
observations. In addition, for α = 0 the agreement between
current results and the Blasius approximation is very good.
On the other hand, for α = 0.2591 the percentage difference
between current data with respect to the ones obtained by
Bourne et al. (1968) is around 10%. The results of Bourne,
however, correspond to slightly larger diameter ratio and
this might explain part of the discrepancy.

Figure 4. Darcy friction factor, C f , as a function of
Reynolds number, Re, for different diameter ratios, α . Cur-
rent results (symbols) are compared against previous exper-
imental studies in annular ducts of unit eccentricity (dashed
lines), and the Blasius approximation for a turbulent pipe
flow (solid line).

Secondary mean motion
The mean streamwise velocity field at a cross-section

of the flow is shown in Figure 5, for all diameter ratios
investigated. Contour lines of the mean velocity in the y-
direction, are superimposed in Figures 5(a-c). The juxta-
position of the mean velocity components, parallel (Ux, avg)
and normal (Uy, avg) to the flow, indicates the presence of
secondary motion perpendicular to the streamwise flow di-
rection in the cases of low diameter ratios (see Figs. 5b and
5c). The maximum velocity in the cross-flow direction is
3.7% and 2.4% of the maximum mean streamwise veloc-
ity for diameter ratios α = 0.1395 and α = 0.2591, respec-
tively. The later value, is similar with the results of Nouri
et al. (1993) who measured values of the secondary flow
up to 2.5% of the bulk flow, for a configuration with the
same eccentricity but a larger (almost double) diameter ra-
tio, α = 0.5. Interestingly, it appears that the diameter ratio
in the range 0.25 to 0.5 has little effect on the magnitude of
the secondary motion, while at smaller values one can ob-
serve an almost 50% increase. Such secondary mean-flow
patterns in the cross-section of an eccentric annulus are an
intrinsic feature of the flow. This cross-stream transfer of
momentum could be of practical importance in the heat trac-
ing of molten salt pipes, where enhancement of mixing and
heat transfer from the heated cable to the molten salt is de-
sired.

The distribution of the mean streamwise velocity as a
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Figure 5. Visualization of the mean stremwise velocity field, Ux, avg. (a-c) Contour plots of Ux, avg in the plane x = 5. Solid
lines correspond to contour lines of mean velocity in the y-direction, Uy, avg. (d-e) Distribution of Ux, avg as a function of the
normalized distance from the inner to the outer wall, S, in the planes x = 5, z = 0 (plane A) and x = 5, y = R− r (plane B).

Figure 6. Visualization of the mean streamwise vorticity component. Streamlines are constructed from the in-plane mean
velocity field. For the sake of clarity, streamlines are only shown on the right-half symmetry plane.

function of the normalized distance from the inner to the
outer wall, in the planes z = 0 (plane A) and y = R − r
(plane B), is shown in Figures 5(d-e). In case C1 (α = 0)
one can observe the typical average velocity profile for tur-
bulent flow in a pipe, with a large, relatively flat core, and
sharp velocity gradients near the pipe walls. For cases C2
(α = 0.1395) and C3 (α = 0.2591), the velocity profiles are
skewed with the point of maximum velocity being closer
to the outer wall in both cases. As the diameter ratio is
increased the velocity profile becomes less inclined. This
in line with the experimental observations of Nouri et al.
(1993) who observed even less inclined velocity profiles,
for an even larger diameter ratio, α = 0.5.

The effect of the secondary motion on the mean flow, is
depicted on the averaged streamwise vorticity component,
and the associated streamlines constructed from the mean
velocity field, as illustrated in Figure 6. For the sake of
clarity, streamlines are only shown on the right-half symme-
try plane. As expected, in the case of a straight pipe (case

C1) due to the one-directional character of the mean flow,
no streamwise vorticity is observed. On the other hand,
in the cases of annular flow (cases C2, C3) the secondary
motion yields streamwise vortex pairs at the vicinity of the
inner wall. Two pairs of recirculating flow are evident in
the flow, with the larger pair positioned on top of the inner
wall, and the smaller one squeezed in between the inner and
outer wall. Similar flow patterns have also been obtained
for a larger diameter ratio, α = 0.5, in the experimental
work of Nouri et al. (1993) for the same eccentricity and
the numerical investigations of Merzari & Ninokata (2009)
for e = 0.8. As the diameter ratio is decreased, the larger
vortex pair become even more dominant in the flow, dis-
placing the smaller recirculating regions closer to the outer
wall. This is related with the stronger secondary velocity for
α = 0.1395, and may explain the inclined velocity profiles
mentioned before.
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Figure 7. Iso-surfaces of the λ2 criterion normalized by its absolute minimum (λ2/λ2, min = 10%) at instantaneous time.
Iso-surfaces are colored by the spanwise vorticity component.

Three-dimesniponal Instabilities
An effective way of visualizing the vortex structures

in a turbulent pipe flow, is through the application of the
λ2 criterion proposed by Jeong & Hussain (1995). λ2 is
defined as the second eigenvalue of S2 +X2, where S and
X denote the symmetric and antisymmetric parts of the ve-
locity gradient tensor, respectively. Using iso-surfaces of
the λ2 criterion, one can identify three-dimensional vortical
motions in the flow, while excluding the near-wall shear re-
gion. Figure 7 presents snapshots of iso-surfaces of λ2 for
all cases. In order to reveal the streamwise rotation direc-
tion of each vortical structure, iso-surfaces are colored by
the streamwise vorticity component, ωx, avg. In all cases,
longitudinal, tubular vortices can be observed, which are
confined in the region close to the inner and outer wall of
the duct. Similar patterns have been observed in annular
ducts before by Merzari & Ninokata (2009) and Motlagh
et al. (2013), although for different geometrical parameters.
In case C2, there seems to be a tendency for stronger accu-
mulation of vortices in the vicinity on top of the inner cylin-
der. This effect is probably correlated with the stronger sec-
ondary mean-motion at this diameter ratio when compared
with case C3. Further work is needed to better understand
the contribution of these near-wall vortical structures to tur-
bulence production and the extent to which they affect heat
transfer characteristics.

CONCLUSIONS
Direct numerical simulations of the three-dimensional

turbulent flow in an annular duct of unit eccentricity, e = 1,
have been performed.Three diameter ratios have been in-
vestigated, namely α = 0 (plain circular pipe), α = 0.1395
and α = 0.2591, while the Reynolds number was kept con-
stant at Re = 14600. The effect of the diameter ratio on
the pressure drop and friction factor has been shown. Also,
present results confirmed the presence of secondary mean
motion, at small diameter ratios, and its effect on the flow
characteristics and vortex structures has been demonstrated.
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