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Convective heat transfer for an annulus, having its inner cylinder wrapped with a helical wire, has
been numerically studied. Constant heat flux boundary condition is applied at the inner wall of the
annulus whereas the outer wall is insulated. The computer code with k-omega SST turbulence model
has been validated with the results of bare annulus. Several numerical results such as variations in
velocity, pressure, vorticity, turbulent kinetic energy, temperature, friction factor and Nusselt number are
presented for various annulus diameter ratios (D/d = 1.5, 1.8 and 2.0), pitch ratios (P/d =9.09, 18.18 and
30.30), wire diameter ratios (D /d = 0.15, 0.25 and 0.30) and Reynolds number (Re = 20000 to 180000).
The zones of possible hot-spots in the cusp region close to the wrap-wire are discerned.
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1. Introduction

Heat transfer augmentation is attempted in many industrial
heat exchange devices, nuclear rod bundles and process equip-
ment. Cylindrical annulus is often considered as model geometry
for practical heat exchanger devices and therefore thermal hy-
draulic investigations for the annular geometry are considered ba-
sic. Helically wrapped wires are introduced around the fuel rods of
nuclear reactors for thermo-mechanical reasons; i.e. to act both as
heat transfer enhancer and a structural stabilizer. As the wire pro-
duces a flow field with a circulatory motion, the swirling fluid in
turn improves the transport rate. The annulus, helically wrapped
with wire, may be conceived as a general heat transfer augmenta-
tion device.

A large body of literature is available on bare cylindrical an-
nuli. Whilst analytical studies are available mainly in the laminar
regime [1], experimental investigations on turbulent flow through
the cylindrical annuli date back to 1930’s [2]. Empirical correla-
tions for friction factor and Nusselt number covering wider ranges
of turbulent flow conditions and diameter ratio continue to be re-
ported [3-9]. The most recent survey on bare cylindrical annuli is
given in [9]. From the review of literature, however, it is evident
that there is a wide variation in the published heat transfer data,
as summarized in Fig. 1.

There are both computational and experimental studies [10-15]
available on thermal-hydraulics in helical wire/tape inserted inside
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Fig. 1. Nusselt number correlations reported in [9] for turbulent flows in cylindrical
annuli.

the tubes. The main purpose of these investigations is to deter-
mine the increase in friction factor and overall heat transfer in
pipe flows due to these augmentation devices. However, by the
insertion of helical wire into the cylindrical annulus, the flow field
is locally distorted in the annulus. This may cause augmentation in
some regions, but may also trigger hot spots at some other loca-
tions. If the hot spot temperature reaches an unacceptable value,
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Nomenclature
D outer diameter........vvuieereerneeneieeaeeaannns m
D, cross diffusion term in turbulence
d inner diameter...........ovveiiiniiiinneenneennnnns m
p 2] (S ) Pa
E [ 1S ¥ A J/kg
f friction factor
G generation term of turbulence
I unit tensor
K thermal conductivity..............ooieviinnn. W/mK
Nu Nusselt number
p helical pitch length................ocoiiiiiiiiiiit, m
q’ heat fluX .....oviniiiii i W/m?
Re Reynolds number
S source term in turbulence
T LS 00101<) 1= 1§ ) <P PP K
%4 VelOCItY oot m/s
X local axial distance ...........ccoovviiiiniiiiniiinn., m
Y dissipation term in turbulence
y* viscous grid spacing
Greek symbols
A difference
K turbulent kinetic energy........................ m?2/s?
w dynamic ViSCOSItY ......vvrvineiieii i Pas

2 vorticity magnitude ...l 1/s
w specific dissipation rate..............oovvieinean.. 1/s
0 denSItY ...t kg/m3
T SNEAT SEIESS .. v ettt N/m?
\Y gradient operator

Subscripts

average average magnitude

axial axial component magnitude

h hydraulic

in inlet

local local magnitude

max maximum

rad radial component magnitude

tan tangential component magnitude

w wrap-wire

K turbulent kinetic energy

w specific dissipation rate

Abbreviations

SDR specific dissipation rate
TKE turbulent kinetic energy
THPR thermo hydraulic performance ratio

the life of the tube may be reduced. There was no report of previ-
ous work on the thermal hydraulic in annuli with helical wire as
insert, describing the local variations of flow and thermal charac-
teristics and consequent formation of hot spots.

As the wire is introduced into the annulus, several parameters
like tube to wire diameter ratio, the wire-pitch to diameter ratio
come into play. The parametric investigation through experimen-
tal methods in the wire-wrapped annuli is quite expensive and
difficult. Therefore, a numerical investigation is launched to study
the thermal hydraulic behavior of fluid flowing through a wire-
wrapped annulus. The parametric influences of varying Reynolds
number (Re) range: 20000 to 180000, outer diameter to inner di-
ameter ratio (D/d) range: 1.5 to 2, wire diameter to inner diameter
ratio (D /d) range: 0.15 to 0.30 and pitch to inner diameter ratio
(P/d) range: 9.09 to 30.3 are computationally investigated in this

paper.
2. Physical model and meshing

The physical configuration and computational domain in Fig. 2
is a concentric cylindrical annulus with a wire wrapped around
the inner cylinder. Different physical models are considered in ac-
cordance with the chosen parametric variations. In order to obtain
the numerical solution, the annular domain is discretized by auto-
matic mesh generation tools.

The bare annulus model is used for the purpose of validating
the computational methodology. The overall length of the annulus
is taken to be one-hundred times the hydraulic diameter. A mesh
containing hexahedral cell volumes is first generated for the an-
nulus without the wrap-wire as shown in Fig. 3. A fine clustered
mesh is generated near the wall regions to yield a maximum wall
yT not to exceed 4 at the inner wall. The mesh size for the bare
annuli which is used for validation is chosen as 0.35 million after
the grid independence study with mesh size varying from 0.12 to
1.2 million cells.

The cusp contact between the wire and inner cylinder is an
inherent problem for generating a good mesh in the helical wrap-
wire annulus. The complexity arises due to the presence of helical

edge contact, formed between the wrap-wire and the inner cylin-
der. This problem is ameliorated by approximating the helical edge
contact with a helical plane contact, having a width of 0.036D,, as
shown in Fig. 4. This value of contact plane width is arrived at after
several trials, essentially as a compromise between the desirable
(line contact) and the attainable plane contact accuracy. Similar
procedure for bare annuli is adopted to obtain a fine clustered
mesh with yT less than 4 after several trails. A typical hexahe-
dral mesh is thus generated as shown in Figs. 5 and 6. The total
numbers of grids used finally for computation are shown in Table 1
for typical geometric variation.

3. Methodology
The differential equations governing the flow, turbulence and

heat transfer under the assumptions of steady, incompressible flow
are given as follows:

Conservation of mass:

(V.(p¥)=0) (1
Conservation of momentum:
V.(pVvV) = —Vp+ V.(T) + pg (2)

The stress tensor T is given by
= - 7. 20 -
T=ul(Vv+Vv )—EV.VI (3)

Where the second term on the right-hand side is the effect of vol-
ume dilation. For incompressible flow, [V.VI] becomes zero.

Conservation of energy:
V.(V(pE + p)) =v.<keffvr—2hjjj+(r?ff.v)) (4)
i

Where ke is the effective conductivity = k + k¢, k; is the turbulent
thermal conductivity, defined according to the turbulence model



T. Sreenivasulu, B.V.S.S.S. Prasad / International Journal of Thermal Sciences 48 (2009) 1377-1391

Helical Pitch (P)
Outlet

Inner Cylinder (d)

Helical Wire (D)

Fig. 2. Physical model of annulus with wrap wire.

Fig. 3. Hexahedral mesh with clustering of grid near walls for bare annulus.
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Fig. 5. Hexahedral mesh with clustered mesh near walls.

Fig. 6. Zoomed view of annulus with helical wrap wire.

Table 1
Mesh size and maximum wall y* of Inner wall for different configurations.

Configuration Mesh size Maximum wall y* for
D/d P/d Dw/d inner wall
2.0 30.30 0.25 186550 2.09
1.8 30.30 0.25 186550 2.13
1.5 30.30 0.25 171850 4.85
1.8 18.18 P/d=18.18 111930 2.29
1.8 9.09 P/d=9.09 55965 2.29
1.8 30.30 Dw/d =0.15 186550 2.23
1.8 30.30 Dw/d=0.3 186550 2.03

being used. The first three terms on the right-hand side of Eq. (4)
represent energy transfer due to conduction, species diffusion, and
viscous dissipation respectively.

TKE equation:

9 o)+ 2 oreuy = 2 (R 2N 46— v 45 (5)
TSI P P G P R

SDR equation:

ow
—(To7— ) +Go—Yo+Du+Su  (6)

5 5
o KIS
ot PO g (M) = g\ Ty,

Where I, =+ J“—Kf TLy=u+ g—’(‘ 0xk1=1.176,041=2.0,0,7 =
1.0,00.2 = 1.168.

The overall methodology used in present analysis is given in
Fig. 7 in the form of Flow chart which is self explanatory. All these
equations are solved using Fluent (Version 6.3) finite volume com-
mercial code. Implicit first order upwind scheme is used for solving
the above equations. The convergence criterion is fixed such that
the residual values are lower than 1076, The pressure correction
approach using the SIMPLE algorithm is used. Mass flow rate is
specified at the inlet whereas static pressure is given at the outlet.
Static temperature of the fluid (ambient value) is specified at the
inlet. These input conditions are estimated indirectly from the cho-
sen Reynolds number value. An adiabatic and no slip wall bound-
ary are assumed for the outer wall of the annulus. Uniform heat
flux condition is applied for the outer wall of the inner cylinder.
The temperature difference between surfaces of helical wire and
the inner cylinder are assumed to be negligible. This means that
a conjugate analysis due to presence of conduction across the sur-
faces is not necessitated. Thus the same heat flux values imposed
on inner cylinder are applicable for the helical wrap-wire surface
as well. The turbulence model is chosen after applying various
two-equation turbulence models available in the software. While
all the turbulence models have yielded same results for bare an-
nuli, the turbulence model has significant influence on the results
of wire-wrapped annuli. It has been found by experimenting with
different turbulence models, that the best model for good conver-
gence is k-w SST as it has predicted the flow in the wake of the
cylinder very well. It is also evident from the literature [16] that
k-w SST is perhaps the best among the RANS models when flow
field contains recirculation cells. In keeping with the above, the
k-w SST model is chosen for prediction of the turbulent flow hy-
drodynamics and transport rate in the annulus with wrap-wire.

4. Validation for bare annulus

For all the annular geometries, computations are carried out for
various Reynolds numbers up to a uniform convergence criterion
with the residuals lower than 5 x 10~12, Nusselt number values at
a length of 100 times the hydraulic diameter are plotted against
Reynolds number. The Reynolds number range chosen is the same
as of the correlations provided by Kays [6] and Dirker [9]. Com-
parison of these works is found to yield a fifteen percent deviation
(Fig. 8) which is better than the general disagreement of various
correlations available in the literature (Fig. 1). The predicted values
by the present methodology are considered acceptable and hence
the methodology is deemed to have been validated.

5. Results and discussion
5.1. Flow characteristics of typical wire wrapped annulus

The computed results of flow characteristics in the form of path
lines velocity and pressure variations for the annulus without and
with the wrapped wire are presented in Figs. 9 to 16. Figs. 9 (a)
and (b) show the path lines for typical bare annulus (D/d = 1.80)
and wire wrapped annuli (D/d =1.80, P/d =30.30, D,,/d = 0.25)
respectively. The inner diameter is kept constant for all the geome-
tries for which the results are presented in the present analysis.
The extent of flow distortion from a straight undisturbed flow
(Fig. 9(a)) to the highly skewed flow (Fig. 9(b)) due to the pres-
ence of helical wire is amply evident from these figures. The path
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Fig. 8. Validation of present methodology.

lines depicted at a plane x/p = 0.5 (Fig. 9(c)) also show the quali-
tative influence that the wire has on the annular flow. The velocity
of flow which is primarily axial in bare annulus, see Fig. 10(a), will

have significant radial and tangential contributions in the wire-
wrapped annulus, as shown in Figs. 10 (b), (c) and (d). Referring
to Fig. 10(b), it is observed that the variation in the axial velocity
components does not markedly change with respect to the posi-
tion of wire. However, the variations in the radial and tangential
components with reference to the position of the wire are signif-
icant along the annulus length as noted from Figs. 10 (c) and (d).
The maximum swirl (the tangential velocity component) is about
12% of the mean velocity.

The velocity contours at x/p = 0.5 are shown in Fig. 11(a). The
velocity near the wire is higher in front side compared to aft side
as the wire is wrapped in a left hand helical screw fashion. The
stagnation zone near the cusp region is amplified and shown in
Fig. 11(a). Though there is asymmetry in the velocity contour in
front and aft sides of wire, there is symmetry near the cusp re-
gion. The corresponding pressure variations at the same plane are
drawn in Fig. 11(b). There is low pressure at the front side of the
wrapped wire where the velocity is high. The reason for this vari-
ation in the mid plane can be explained from Fig. 9(c) where the
path lines viewed on the plane (x/P = 0.5) clearly show the swirl
due to insertion of wrapped wire annuli. Further there is a cross
flow over the wire in the gap between the outer cylinder and the
wire. Fig. 11(c) shows the contours of vorticity ratio and Turbulent
Kinetic Energy (TKE) ratio presented back to back. The generation
of vorticity is due to shear and swirl of the fluid in the gap be-
tween the wire and the outer cylinder. The vorticity generated in
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(a)

(b)

Plane AA at X/p=0.5

f: Front Side of wire

a: aft side of the wire

Fig. 9. Pathlines for (a) bare annulus, (b) helical wrapped wire annuli, and (c) wire-wrapped annuli at plane AA.

the gap is thus relatively high. The vorticity is higher in the front
side compared to the aft side of the wire. It is evident from Figs. 11
(a) and (b) that the increase in TKE is qualitatively similar to the
variation in the vorticity magnitude. The increase in TKE is one of
the reasons for increase in heat transfer due to insertion of wire,
which will be discussed in the later section.

Thus, whilst Fig. 11 gives a qualitative picture of the velocity
and pressure variations, Figs. 12 and 13 compare these variations
quantitatively for the bare and wire-wrapped annuli in the form
of the polar plots. The data for these figures is taken at an axial
location x/p = 0.5 (see plane AA in Fig. 9(b)). The radial location
is at the mid of wrapped wire as denoted by the dotted line in
Fig. 9(c). The scales in Figs. 11 and 12 indicate the magnitudes of
the local velocity to average velocity ratio and the local pressure
to average pressure ratio represented along the radial lines.

The velocity distributions for the bare annuli of all D/d ra-
tios, when normalized with average velocity, fall on a single closed
circular line, curve A, refer Fig. 12. However, because of the pres-
ence of wrap-wire, the velocity distribution becomes non-circular,
curve B. The break in curve B is due to the presence of wire. The

velocity distribution with wire-wrap (curve B) closely follows the
velocity of bare annulus (curve A) from 0° to 110°. The variation
between the two curves is not significant because the contribu-
tion to radial and tangential components between 0° and 120° is
not substantial. The presence of wire is felt more strongly between
120° and 190°, where the velocity is much lower than the value
for bare annulus. On the wall of the wire, the velocity becomes
zero due to no-slip, but there is asymmetry in the velocity values
in the front and aft sides of the wire. Fig. 13 shows the correspond-
ing curves (A and B) for pressure variation. The above mentioned
asymmetry in the velocity field can be observed better from these
pressure curves. The pressure in the front side is high whereas it
is low in the aft side; as noted from in Fig. 13.

Figs. 14 (a), (b) and (c) show the polar plots of the magnitudes
of axial, tangential, and radial velocity variations for both the bare
annulus and the wire-wrapped annuli of different D/d. It may be
noted that the axial velocity profile (Fig. 14(a)) is almost same as
the velocity magnitude in Fig. 11, for the curves (C, D) correspond-
ing to D/d = 1.8 and 2.0. This is because; the contribution due
to radial and tangential components is zero for all the bare an-
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variation in the wire wrapped annuli.

nuli and small for D/d value of 1.8 and 2.0. However, as the wire
touches the outer tube, D/d = 1.5 (curve B) the axial component
reduces significantly and the tangential and radial components in-
crease as indicated in Figs. 14 (b) and (c). Figs. 11(c) and 15 (a)
and (b) qualitatively show the extent of swirl with change in D/d,
through the vorticity magnitude. These three figures bring out the
effect of D/d on the generation of vorticity and TKE in the an-
nulus. As the value of D/d decreases, velocity of swirl and values
of the vorticity as well as TKE increase. At D/d = 1.5, the wire is
symmetrically placed in the annulus whilst the cross flow is com-
pletely absent. This induces a symmetric pattern in the vorticity as
well as TKE contours. As the swirl produced is large, the vorticity
and TKE are also large.

The effect of D/d on the velocity and pressure variations for
wire-wrapped annuli is shown in Figs. 16 (a) and (b). The velocity

magnitude increases with decrease in the diameter. The distortions
in velocity profile near the wire also increase with reduction in
D/d. Unlike the velocity variation, the pressure difference between
the front and aft sides of the wire increases with decreasing gap
between the diameters, i.e. with decreasing D/d.

The changes in velocity profile for different values of pitch to
diameter ratio are shown in Fig. 17(a). The decrease in pitch ratio
causes an increase in swirl which in turn results in the increased
resistance to flow. The corresponding changes in pressure can be
noted from Fig. 17(b).

The changes in velocity and pressure distributions for different
helical wire diameter to inner diameter ratios (D /d) are shown
in Figs. 18 (a) and (b). The non-uniformity in velocity profile in-
creases with the increase in wire diameter. The effect of cross flow
is to increase the radial and tangential components of velocity. The
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Fig. 11. Contours for wire wrapped annuli (p/d =30.3, D/d =1.8, Dy /d = 0.25). (a) Velocity, (b) pressure, (c) vorticity & TKE.

cross flow is clearly dependent on the wire diameter. The change
in vorticity magnitude due to increased wire diameter is shown in
Figs. 19 (a) and (b). It is evident that with smaller diameter wire
the cross flow velocities are smaller and hence smaller are the vor-
ticity and TKE generated.

The foregoing calculations are repeated for three different in-
ner diameters, while keeping D/d constant. But in those cases, the
values of p/d and d,,/d also changed. After considerable scrutiny
of these data with the help of trends observed in Figs. 16 to 18, it
could be concluded that there was no influence of the actual size

of inner cylinder, as long as the dimensionless ratios are main-
tained. However, in order to prove this fact numerically in the
paper, one would have to do considerable number of computa-
tional experiments. Each set of calculation being computationally
very intensive; such an elaborate exercise has not been attempted.

5.2. Temperature distribution and hot spots

As stated earlier, the temperature variations in the flow and
on the inner wall are key results which are important to evalu-
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Fig. 12. Comparison of velocity profile with and without wire.
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Fig. 14. Effect of diameter ratio (D/d) on (a) axial, (b) tangential, (c) radial velocities for P/d =30.30, D,,/d =0.25.
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Fig. 16. Effect of diameter ratio (D/d) on (a) velocity, (b) pressure for P/d =30.30, Dy, /d = 0.25.

ate heat transfer characteristics and to cognize the hot spots that
arise due to the presence of wire-wrap. Figs. 20 (a) and (b) com-
pare the temperature contours of the wire-wrapped annulus with
bare annulus for a uniform heat flux parameter (q”L/k = 2383.33)
as input at the inner wall. The heat flux parameter is chosen such
that fluid does not ‘boil’ close to the cusp region. Typically this
value of heat flux parameter translates to a rate of specific en-
thalpy rise about 500 watts per meter length. With this input rate,
Figs. 20 (a) and (b) show the contours of dimensionless tempera-
ture ratio (defined as @ = (T — Tj,)/(q”L/k)) for the bare and the
wire wrapped annuli respectively. Whilst the temperature contours
are concentric circles for bare annulus they show asymmetry for
the wire-wrapped annulus. It means more rise in temperature in
the aft side than the front side of wire. Much closer to the wall,
near to the cusp region, significant temperature variations up to
21% occurs. The cusp regions with high temperature gradients are
important because phase change (if any) will be initiated here con-
verting them to become critical hot spot zones. The value and
extent of hot spot zone increases with increase in input heat flux
and decrease in mass flow rate. Figs. 21 (a), (b) and (c) show the
effect of D/d, P/d and D, /d respectively on the temperature of
inner wall. The data for these figures is taken at the inner cylin-

der. It is clear from these figures that near the stagnation zone of
the cusp region, heat transfer is large but is low in its wake. The
wall temperature distributions with wire-wrap (curves B, C, D) re-
semble the velocity variation for the bare annulus (curve A) closely
from 0° to 130°. The variation between the two curves (say A and
B) is not significant because the velocity in both of them is al-
most same as noted from Fig. 16(a). The presence of cusp region
is felt between 130° and 230°, where the wall temperature is in-
creased by more than 11% of the average temperature. Unlike the
velocity profile (Fig. 12), the temperature profile is also symmet-
ric in both front and aft sides of the wire. The variations in curve,
A, B and C indicate that with decreasing D/d, the maximum wall
temperature value decreases, increasing the heat transfer in that
region due to increase in velocity. As p/d decreases (Fig. 21(b))
heat transfer increases very little although there is some increase
in both surface area and velocity. However, there are significant
changes in local temperature with change in wire diameter. The
maximum temperature decrease as the wire size increases due
to increase in surface area and velocity. Hence it is one of the
important parameter for choosing an optimum geometric config-
uration.
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5.3. Friction factor

The fanning friction factor is defined as f = (2Apd)/(pLv?). As
the velocity term appears in the denominator, increase in velocity

due to t

he presence of the wire causes reduction in friction fac-

f: Front side of wire

a: Aft side of the wire

(b)

Fig. 19. Contour of vorticity and TKE for different wire diameters. (a) D, /d =0.15, (b) Dy /d =0.30 for D/d =1.8, P/d = 30.30.

tor for small outer diameters. However, there will be an increase
in pressure drop due to the wire wrap, which can be attributed to
increase in tangential velocity (Fig. 14(b)). On the whole, the fric-
tion factor increases due to the presence of wire. The variations
in the friction factor for different values of outer diameter ratios,
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f: Front side of wire

a: Aft side of the wire

Fig. 20. Comparison of dimensionless temperature contours of (a) annulus and (b) wire for P/d =30.30, D, /d =0.25.

pitch ratios, and wire diameter ratios are shown in Figs. 22 (a),
(b) and (c) respectively. The variation of friction factor with in-
crease in outer diameter and its comparison with bare annuli are
shown in Fig. 22(a). The friction factor increases with increase in
the outer diameter, even though the pressure drop itself decreases.
The friction factor increases as the p/d (Fig. 22(a)) decreases. As
the Reynolds number increases the friction factor starts to de-
crease. The slope of f vs. Re up to Reynolds number 0.5 x 10° is
large compared to the slope after 0.5 x 10°. The variation of fric-
tion factor with helical wire diameters is almost negligible; as seen
from Fig. 22(c).

5.4. Nusselt number

The Nusselt number variations for bare and wire wrapped an-
nuli with the Reynolds number varying from 20000 to 180000
shown in Fig. 23(a). As expected the heat transfer is increased
with the introduction of wire. The change in Nusselt number is
qualitatively in accordance with the Nu distributions for bare an-
nulus at various Reynolds number. It is stated earlier that with the
insertion of wire, the flow area decreases, velocity and its swirl
as well as vorticity increase along with the turbulence generated.
This swirl velocity induces centrifugal force near the inner wall
of the wire wrapped annuli, which causes heat transfer enhance-
ment. Another reason for the increase in convection heat transfer

is the increase in turbulent mixing. Further, the exposed surface
area also increases causing the enhanced heat transfer. The ra-
dius ratio of the wire wrapped annuli is varied by adjusting the
outer diameter with fixed inner diameter and its effect is shown
in Fig. 23(a). As the outer diameter is increased, the Nusselt num-
ber increases for a given Reynolds number. The change in the
turbulence structure due to variation in annulus ratio is primar-
ily responsible for such an interesting behavior. This variation of
Nusselt numbers with D/d is experimentally shown by Dirker and
Meyer [9]. The change in slope of Nu vs. Re can be attributed to
drastic change in Reynolds number. There will be a rise in Nusselt
number of around 300% at higher Reynolds numbers and for the
lowest diameter ratio (D/d = 1.5), when compared with the re-
sult of bare annuli. The same curve, when it is compared with the
wire wrapped annuli (D/d = 2.0), an increase of 22% is noticed for
D/d=2.0.

The variations in Nusselt number for different values of pitch
are shown in Fig. 23(b). It is observed that the cases with lower
pitch ratio have a higher Nusselt number and it reduces as the
pitch ratio increases. This change in Nusselt number for variations
in pitch observed here could be caused either due to the reduc-
tion in pitch length which results in reduction of overall annulus
length, or due to reduction of helical pitch or both The increase in
Nusselt number is also due to increase in turbulence intensity and
swirl inflow. The increase in Nusselt number with the change in
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Fig. 21. Temperature variation for various (a) outer diameter (D/d), (b) pitch (P/d), (c) wire diameter (D, /d).

the values of pitch from 9.09 to 30.3 at a nominal Reynolds num-
ber of 106 is around 20%.

Nusselt number variation for different wire diameters are
shown in Fig. 23(c). The Nusselt number increases with the in-
crease in wire diameter. As stated earlier, the increase in wire
diameter causes the increase in velocity and the surface area,
which inturn results in the increase of Nusselt number.

5.5. Performance

There is a large number of performance parameters in the lit-
erature to quantify the augmentation in heat transfer vis-a-vis
pressure drop. In a recent paper [17], the ratio of heat transfer
rate between enhanced and reference surfaces ((Nuy, /Nu)/(fw/f))
under identical flow rate are used as the performance parame-
ter for quantifying the augmentation. This parameter is named as
thermo hydraulic performance ratio, THPR. Fig. 24 shows the vari-
ation of THPR for various configurations with mass flow rate. It
shows that the proposed configuration performs considerably bet-
ter for all values of D/d, P/D and D, /d. This figure may also help
the designers to choose the parameters suitable to their applica-
tion.

6. Conclusions

A computational study on convective heat transfer in an an-
nulus with its inner cylinder wrapped by a helical wire is re-
ported in this paper. The salient conclusions drawn from the study
are:

1. The k-w SST turbulence model is found to predict the flow
and heat transfer characteristics satisfactorily.

2. The presence of wire in the annulus disturbs the flow, as a re-
sult of which the swirl component of velocity higher quantity
of vorticity and turbulent kinetic energy are produced. These
are responsible for increased transport rates in the annulus.
The parameters D/d, P/d, D, /d show the significant influ-
ence on the local transport rates.

3. In the cusp region close to the wrap-wire, there is a possibility
of in inception of hotspots.

4. The increase in D/d and decrease in P/d will result in increas-
ing the average values of friction factor and Nusselt number.
The change in wire diameter has no significant effect on the
average values.

5. Thermal hydraulic performance ratio for the wrapped wire an-
nulus is significantly higher than unity.
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