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ABSTRACT

Natural convection heat transfer from a vertical single cylinder with helical wire spacer in liquid sodium was
numerically analyzed on the following four effects, the influences of surface heat flux, gap between helical wire and
heated cylinder surface, pitch of helical wire and helical wire diameter on heat transfer. The unsteady laminar three
dimensional basic equations for natural convection heat transfer caused by a step heat flux were numerically solved
until the numerical solution reaches a steady-state. The PHOENICS code was used for the calculation considering the
temperature dependence of thermo-physical properties concerned. The heated cylinder for diameter (D=7.6 mm),
heated length (L=200 mm) and L/d (=26.32), and the helical wire spacers for gaps (0 to 1 mm), pitches (100 to 200

mm), helical wire diameters (d=1 to 2 mm) and height (H=470 mm) were used in this work. The surface heat fluxes



for each cylinder with helical wire spacer were equally given for a modified Rayleigh number, (Ras )w.s, ranging from
3.059x10* to 3.147x10” (g=1x10* to 7x10° W/m?) in liquid temperature (T_=673.15 K). The values of gap were
given from 0 to 1 mm at d=1.2 mm and a pitch of 165 mm, those of pitch were given from 100 to 200 mm at d=1.2
mm and a gap of 0.2 mm and those of wire diameter were given from 1 to 2 mm at a gap of 0.2 mm and a pitch of
165 mm on each cylinder with helical wire spacer. The spatial distributions of local and average Nusselt numbers,
(Nugz)w-s and (Nug)ws, on each cylinder with helical wire spacer were clarified. The values of average Nusselt
number, (Nua,)w-s, for a vertical cylinder with helical wire spacer were calculated to examine the effects of (Ras )w-s,
gap, pitch and helical wire diameter on heat transfer. The correlation for (Nug,)..s for a vertical cylinder with helical
wire spacer above mentioned including the effects of (Ras)w.s, gap, pitch and helical wire diameter was developed.
The correlation can describe the theoretical values of (Nug,)u.s for a vertical cylinder with helical wire spacer within -

2.74 to 1.63 % differences.
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1. Introduction

Knowledge of natural convection heat transfer from a vertical single cylinder with helical wire spacer in liquid
sodium is important as a database for the natural circulation and the design of a heat exchanger in a fast reactor core
for decay heat removal in the case of a loss of coolant accident (LOCA) and a loss of flow accident (LOFA).
However, there has been published little fundamental experimental work from a vertical single cylinder and a vertical
rod bundle with helical wire spacer in liquid sodium.

Research on a vertical rod bundle with helical wire spacer in liquid sodium has been conducted as follows. A
forced flow inter-channel mixing model applicable to LMFBR fuel assemblies containing helical wire spacer systems
that can be incorporated into COBRA-II and COBRA-III B lumped-parameter computer codes was presented by
Ginsberg [1]. An investigation of the hydraulic behavior of wire-wrapped fuel and blanket assemblies in an air flow
test facility was conducted by Roidt et al. [2]. Experimental results were discussed in detail below. 1. Static pressure
gradients. 2. Local and average cross flow through the gap spacing between rods as a function of the wire wrap
position and at all typical locations in the assembly. 3. Detailed axial velocity mappings in the inboard and peripheral

channels. Ninokata et al. [3] have developed three-dimensional flow hydrodynamic distributed resistance models for



rod bundles. The models were tested against sub-channel velocity and temperature data taken from bundles of
triangular rod array configurations with wire-spacers. Hu and Fanning [4] have developed a three-dimensional
momentum source model (MSM) to model the anisotropic flow without the need to resolve the geometric details of
the wire-wraps to improve the hydraulic modeling of wire-wrap spacers in a rod-bundle. Raj and Velusamy [5] have
carried out RANS based computational fluid dynamic (CFD) simulation of flow and temperature fields in a sodium
cooled fast reactor fuel subassembly which consists of 217 pins with helical wire spacers. Based on the investigation
of transverse and axial flows in different types of sub-channels, correlations have been proposed for calculation of
transverse flow, which forms an important input for development of sub-channel analysis codes. Zhao et al. [6]
simulated transverse flow in a wire-wrapped hexagonal seven-pin bundle by computational fluid dynamic (CFD)
method for reasons that transverse flow induced by helical spacer wires has important effects on the flow and heat
transfer behavior of reactor core. Transverse velocity distributions in four different kinds of sub-channel gaps were
analyzed and the influence of wire number and position on the transverse velocity distribution was clarified. Wang
and Cheng [7] analyzed the flow field in a 19-rod bundle with wire wraps using the computational fluid dynamics
(CFD) method for studying the characteristic of sweeping flow rate across the gaps between the sub-channels. The
influence of the ratio of rod pitch (P) to rod diameter (D) on the velocity of the sweeping flow, and the influence of
the ratio of wire pitch (H) to rod diameter (D) on the cross flow rate were clarified. A correlation as a function of both
P/D ratio and H/D ratio was proposed to predict the sweeping flow velocity.

Recently, natural convection heat transfer from vertical 7x7 rod bundles without helical wire spacer in liquid
sodium was numerically analyzed for the bundle geometry with equilateral square array, ESA. The unsteady laminar
three dimensional basic equations for natural convection heat transfer caused by a step heat flux were numerically
solved until the solution reaches a steady-state. The PHOENICS code was used for the calculation considering the
temperature dependence of thermo-physical properties concerned. The 7x7 heated rods for diameter (D=7.6 mm),
heated length (L=200 mm) and L/d (=26.32) were used in this work. The surface heat fluxes for each cylinder were
equally given for a modified Rayleigh number, (Ra; ); and (Ras )7.7s0, ranging from 3.08x10* to 4.28x10’
(9=1x10"~7x10° W/m?) in liquid temperature (T,=673.15 K). The values of S/D, which are ratios of the diameter of
flow channel for bundle geometry to the rod diameter, for vertical 7x7 rod bundles were ranged from 1.8 to 6 on the

bundle geometry with equilateral square array. The spatial distribution of average Nusselt nhumbers for a vertical



single cylinder of a rod bundle, (Nu,,);;, and average Nusselt numbers for a vertical rod bundle, (NUayg)7.7,sp, Were
clarified. The average value of Nusselt number, (Nug); and (Nuag)7.7sp, for the bundle geometry with various
values of S/D were calculated to examine the effect of array size, bundle geometry, S/D, (Ras.);j and (Ras)7.7sp ON
heat transfer. The bundle geometry for the higher (Nuug);.7sp Value under the condition of S/D=constant was
examined. The general correlations for natural convection heat transfer from a vertical 7x7 rod bundles with the
equilateral square and triangle arrays including the effects of array size, (RasL);.7.50 and S/D were developed. The
correlations for vertical 7 x7 rod bundles can describe the theoretical values of (Nug,g)7.7sp for each bundle geometry
in the wide analytical range of S/D (=1.8 to 6) and the modified Rayleigh number ((Raf,,_)7X7YS,D:3.08x104 to
4.28x10") within -9.49 to 10.6 % differences [8-11].

The objectives of present study are: (1) to analyze theoretically natural convection heat transfer from a vertical
single cylinder with helical wire spacer in liquid sodium to optimize the thermal-hydraulic design for the Vertical
Rod Bundles with helical wire spacer, (2) to obtain the numerical solutions of local and average Nusselt numbers on a
vertical single cylinder with helical wire spacer, (Nug,)w.s and (Nug,)ws, from theoretical laminar natural convection
equations for wide ranges of heat flux, gap, pitch and helical wire diameter on a vertical single cylinder, (3) to clarify
the effects of heat flux, gap, pitch and helical wire diameter on heat transfer, and (4) to derive general correlation for
natural convection heat transfer from a vertical single cylinder with helical wire spacer to describe the effects of heat

flux, gap, pitch and helical wire diameter on natural convection heat transfer.

2. Apparatus and method

The test vessel is shown schematically in Fig. 1 [8, 9, 12-15]. It is a cylindrical vessel of 288 mm in outer
diameter and 470 mm in height containing liquid sodium of about 30.62 liter. A single heated cylinder of a D mm in
diameter with helical wire spacer was mounted vertically at a central axis of the vessel. Natural convection heat
transfer from a vertical single heated cylinder without helical wire spacer has been numerically analyzed [8, 9].
Natural convection heat transfers from a vertical single cylinder with helical wire spacer are also numerically
analyzed for the various helical wire spacers as shown in Fig. 2. The various helical wire spacers are mounted

vertically at even gap on circumference of diameter D+2xgap mm with a central axis of the vessel.



3. Theoretical solution of laminar natural convection equations
3.1 Fundamental equations

Considering the asymmetry of the problem, the unsteady laminar three-dimensional basic equations in cylindrical
coordinates as shown in Fig. 2 for a vertical single cylinder with helical wire spacer are described as follows.
(Continuity Equation)
Cylindrical coordinates (6, r, z):
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Cylindrical coordinates (6, r, z):

0 o 10 0 1ofrmaf oty 1ofaf am| ofa( et
—(pc,T)+—(pc,Vv,T|+=—(pC,V,T |+—(pCV,T)==—<—|Cc,— | +———|C,— |+——|c,— |} (b
oot )+ oo )+ 2 (pepvaT )+ 2 (T rar{cp[parJ} rzae{cp("aaj} az{cp[pazj}()

v, lov, v, ov
Where 7y =200 g = va(?a_g+7rj’ 72 2PV, (6)
—r 0(Vy |, Lov o (ov, lov (v,
R e e B R @
9,=0, 9,=0, g,=-9 (8)

and the vy, v, and v, are the 6, r and z-components of a velocity vector, respectively.



3.2 Boundary conditions

The calculation domain for asymmetry model of a cylindrical vessel of 288 mm in diameter and 470 mm in height
were divided into (36, 34, 128) grid points for the 4, r, and z-components. And the first control volume width for r-
component, Ar, on the heated section was given 0.4 mm as shown in Figs. 3 (a), (b) and (c) [8-11, 14, 15]. The time
step, 4t, was set to 30 ms. The fundamental equations are numerically analyzed together with the following boundary

conditions.

On the surfaces of cylinder: constant heat flux, and non-slip condition.
At the outer boundary of test vessel:

ov,

T=T, —£=0 for inflow 9

o or ©
T o Mg for outflow. (10)
or or

At the lower and upper boundary:

oV,

T=T, Zz-0 for inflow (11)
oz

M _o Y_g for outflow (12)

oz oz

where T, is a bulk liquid temperature at the initial condition.

3.3 Method of solution

The helical wire spacer 3D geometry data file was created using the SolidWorks 3D CAD Design Engineering
Software Tool [16]. The coded 3D geometry data file was loaded into the PHOENICS-VR editor [17], and its
dimensions and orientation were then converted into cylindrical coordinates. Simple shapes with rectangular and
triangular facets formed by the helical wire spacer were combined to obtain the designed geometry. The object was
represented by facets distributed on the outer surfaces of the object, as shown in Fig. 3 (c). The PARSOL function in
PHOENICS is a technique that improves the accuracy of flow simulations for situations in which a fluid—solid
boundary obliquely intersects some of the cells of a Cartesian or cylindrical coordinate grid, as shown in Figs. 3 (a),

(b) and (c). PARSOL is capable of calculating fluid flow phenomena accurately, whether the flow is laminar or



turbulent, provided that the cell is cut by the interface into no more than two sub-cells, one containing fluid and the
other solid. The control volume discretization equations were derived from these fundamental equations by using the
hybrid scheme [18]. The thermo-physical properties for each control volume such as specific heat at constant
pressure (c,), thermal conductivity (1), viscosity (x) and density (p) are given as those at each volume temperature.
The procedure for the calculation of the flow field is the SIMPLE algorithm which stands for Semi-Implicit Method
for Pressure-Linked Equations.

The surface heat fluxes, g, for a vertical single cylinder with helical wire spacer were equally given in the value
of 1x10* to 7x10° W/m? as an initial condition, and numerical calculation was continued until the steady-state was
obtained. The surface temperature on the cylinder with helical wire spacer was calculated from the analyzed
temperature of the first control volume on the cylinder surface, TEM, which is supposed to be located on the center of
the control volume, by solving the thermal conduction equation in liquid sodium as follows [8-11, 14, 15].

T, =%% +TEM (13)

where, Ar is the first control volume width for the r-component. In Fig. 4, the heated cylinder surface is located at
r=0 mm and the conductive sub-layer [8-11, 19, 20] exists on the heated cylinder surface. The liquid temperatures in
the conductive sub-layer on the heated cylinder surface will become linearly lower with an increase in the radius by
the heat conduction from the surface temperature on the heated cylinder, T=Ts-(q/4,))(4r/2). And let those, T;, equal
the analyzed liquid temperature of the first control volume on the heated cylinder surface, TEM, as given in Eq. (13).
Half the first control volume width for the r-component, Ar/2, would become the thickness of the conductive sub-
layer, ocsi, for the local heat transfer on a vertical cylinder under two-phase model classified into laminar sub-layer
and transition region of the buoyancy-driven flow. Average heat transfer coefficient on a cylinder surface with helical
wire spacer was obtained by averaging the calculated 36 by 100 local surface temperatures on @-axis and z-axis at
every 10 degree and 2 mm, {(To)atws= 44 {(Ts)oz}ws d0 dz/(36x100), in the peripheral angle, 6, of 360 degrees

and the heated length, L, of 200 mm. All the calculations were made by using the PHOENICS code [18].



4. Results and discussion
In this section, the correlation of natural convection heat transfer from a vertical single cylinder without helical
wire spacer previously obtained is first explained. The general correlation for vertical single cylinder with helical

wire spacer is derived by the use of the following correlation for a vertical single cylinder without helical wire spacer.

4.1. Correlation for a vertical single cylinder without helical wire spacer (N=1) previously obtained [8, 9]
4.1.1. Local Nusselt number, Nu,
The experimental data and the numerical solutions for liquid sodium and the numerical solutions for air are

approximately expressed by the following correlation [8, 9, 21-23].

C 7 0.86

NLIZ =1+ W(Bj Rafo-z (14)

(Raz)

Pr 02
where C=0.85 ————— 15
(4+9Pr1’2+1OPrj (15)
4
or, - L% (16)
Ra; = Gr, Pr (17)
4 Gr, Pr? (18)
"2 44+ 9Pr2 1+ 10PF

In case of liquid sodium for liquid temperatures ranging from 673 to 873 K, C is constant ranging from 3.258 to
3.375 and almost equals to 3.36. The curves of Nu, derived from the correlation, Eq. (14), are in agreement with the
experimental data and the numerical solutions for vertical single cylinders without helical wire spacer within 20 %
difference.

The experimental data of the local surface temperature rises, (Ts),-T,, for a vertical single heated cylinder are
shown versus the vertical distance from the leading edge of the heated section, z, as the black symbols in Fig. 5 for
the heat fluxes, g, of 2x10°, 7x10°, 1x10° and 2x10°® W/m? at liquid temperature of around 773 K. Numerical
solutions numerically analyzed at the liquid temperatures of 773 K are also included as the red solid circles in the
figure. At a fixed heat flux, g, the increasing rate of (T;),-T, is steep near the leading edge of the heated section and it

becomes gradually gentle for z larger than 30 mm. The values obtained from Eq. (14) are also shown in the figure as



red broken lines for comparison. These temperature distributions are almost in good agreement with those for the
experimental data and the numerical solutions on a vertical single cylinder within -14.91 to 18.25 % differences and -

8.14 to -2.52 % ones.

4.1.2. Average Nusselt number, Nu,,
The average Nusselt number, Nu,,, for a vertical single cylinder without helical wire spacer is expressed from Eq.

(14) as follows.

0.86
1 C L

Nuav = ﬁ + —OZ(B] Raf ’LO'Z (19)

0.86(Ra; )
where Ra, =Gr, Pr (20)

._gpql

GrL= FE (21)
a, = LP[‘Z (22)

" 44 9Pr2 4 10Pr

The values of the average Nusselt number, Nu,, derived from the correlation, Eqg. (19), on a vertical single
heated cylinder of 7.6 mm in diameter and 200 mm in heated length become 41.502 and 45.511 for the heat fluxes, g,
of 1x10° and 2x10° W/m? at the liquid temperature of 673.15 K, and 42.386 and 46.576 for the heat fluxes, g, of

1x10° and 2x10° W/m? at the liquid temperature of 773.15 K, respectively.

4.1.3. Thickness of conductive sub-layer on natural convection, dcs.

The typical example of the laminar natural convection heat transfer curve for vertical cylinder, D, of 7.62 mm,
heated length, L, of 186 mm and heated length-to-cylinder diameter ratios, L/d, of 24.41 without helical wire spacer
at the liquid temperature, T, of around 773.15 K is plotted versus the temperature difference between average inner
surface temperature and liquid bulk mean temperature, AT, (=Ta-TL.), in Fig. 6. The numerical solutions for the
relation between the heat flux, g, and the temperature difference between average inner surface temperature and
liquid bulk mean temperature, AT, are shown as green solid circles. The numerical solutions of the theoretical
equations for laminar natural convection are in good agreement with the experimental data and the values derived
from Eq. (19) within -15 % differences as shown in Fig. 6. The thicknesses of the conductive sub-layer, &g, for the

9



laminar natural convection heat transfer on the vertical cylinder of D=7.62 mm and L=186 mm in Fig 6 is 200 um.
The thickness of the conduction sub-layer does not depend on the heat flux and is almost constant at 200 pum in the

wide AT region.

4.2. Local heat transfer for a vertical single cylinder with helical wire spacer

Natural convection heat transfers from a vertical single cylinder with helical wire spacer are numerically
analyzed for the geometry as shown in Fig. 2. The heated cylinder for diameter (D=7.6 mm), heated length (L=200
mm) and L/d (=26.32) and helical wire spacers for gap (0 to 1 mm), pitch (100 to 200 mm), diameter (d=1 to 2 mm)
and height (H=470 mm) were given in this work. The surface heat fluxes for each cylinder with helical wire spacer
were equally given at 1x10%, 2x10%, 7x10% 1x10° 2x10° 7x10° 1x10°, 2x10° and 7x10° W/m® The parameters

used for calculation were tabulated in Table 1.

4.2.1. Effects of helical wire spacer, peripheral angle and heat flux on heat transfer

The numerical solutions of local surface temperature rises, {(Ts)aztw-s-TL, for a vertical single cylinder with
helical wire spacer are shown versus the vertical distance from the leading edge of the heated section, z, in Figs. 7
[peripheral angle, 6=5 to 175 degrees (ix=1 to 18)] and 8 [#=185 to 355 degrees (ix=19 to 36)] for the liquid
temperature of about 673 K and the heat fluxes, g, of 2x10°, 1x10°® and 2x10° W/m? with helical wire spacer for gap
(0.2 mm), pitch (165 mm), diameter (d=1.2 mm) and height (H=470 mm). The peripheral angle was divided into 36
every 10 degrees as shown in Fig. 3 (a). The peripheral angles of the heated cylinder, 4, correspond to 5, 85, 175, 265
and 355 degrees from top on the vertical axis for the ix of 1, 9, 18, 27 and 36 respectively.

The numerical results of the local surface temperature, {(Ts)g.}w-s the local Nusselt number, (Nug,)ws, and the

modified Rayleigh number, {(Ras )g.}ws for a vertical single cylinder with helical wire spacer were obtained as

follows:
{(Ts )H,Z }w—s:[{Ts( z )}9 ]Wfs (23)
S CLED R 1 (24)

4 AT )2 hos —Ti ]

{(Gr* )9,1 }W—s{(Pr)ﬁ,z }vzv—s
4-+9{(Pr)y, K% +10{(Pr)y, hu s

—S

{( Raf )6,2 }W—s = (25)
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At a fixed heat flux, g, the local surface temperature rise for 6=5° (ix=1, red solid line) becomes higher with
increasing z as shown in the figure. The increasing rate of {(Ts)g.}w-s-TL IS Steep near the leading edge of the heated
section and it becomes gradually gentle for z larger than 30 mm. The temperature distribution is almost in good
agreement with that for a vertical single cylinder without helical wire spacer. The increasing rate of {(Ts)g.}w-s-Tv rises
suddenly again at z=83 mm in the presence of helical wire spacer on the control volume of the calculation mesh (due
to narrow gap heat transfer), the local surface temperature rises peak at z=89 mm, subsequently decreases to a
minimum at z=112 mm and it gradually increases with increasing z. The surface temperature after exceeding the
presence of helical wire spacer becomes a little lower than the value for a vertical single cylinder without helical wire
spacer (due to disturbance of buoyancy driven flow). When the peripheral angle and ix increase by 10 degrees and 1
each time, the values of the position z of the point where the rise begins, the peak point and the descent point increase
by about 4.58 mm. The sharp rise in the increase rate occurs at a constant interval distance, Az, as the peripheral
angle increases. The rapid increase in the rate of increase becomes greater as the heat flux increases as shown in
figures.

The contours of liquid temperature of the r-z plane on 6=105° and the r-8 plane on z=25, 99 and 199 mm from
the leading edge of the heated section for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm
and pitch=165 mm) at q=1x10° W/m? were plotted in Figs. 9 (a) and (b). It is recognized that the liquid temperatures
around the circumference on the heated section for a vertical single cylinder with helical wire spacer become lower
and higher with increases in the radius, r, and the vertical distance from the leading edge of the heated section, z,
respectively, as mentioned in a former article [9-11].

The numerical solutions of (Vg)y.s, (Vi)w.s and (V,)w.s On the first control volume (r=3.8 mm) for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm and pitch=165 mm) are shown versus the vertical distance
from the leading edge of the heated section, z, at various peripheral angles (6=45°, 135°, 225° and 315°) with g
=1x10°% W/m? in Fig. 10. The (Vows (Vr)ws and (v,)w.s are plotted with broken lines, one dot dashed ones and solid
ones for each color with respect to the peripheral angle, respectively. The numerical solutions of v, v, and v, on the
first control volume for a vertical single cylinder without helical wire spacer are shown in the figure for comparison
as the black solid line with open circle, open triangle and solid circle [8, 9]. In the lower part of the figure, the

numerical solutions of local surface temperature rises, {(Ts)s.bw-s-TL, for a vertical single cylinder with helical wire
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spacer are also plotted with solid lines for each color with respect to the peripheral angle at peripheral angles, 6, of
45°, 135°, 225° and 315°, and those without helical wire spacer are plotted by black solid line with red solid circle.
The numerical solutions of (Vg)w.s, (Vr)ws and (V,),.s at the peripheral angle of 45° (sky-blue solid curve) almost agree
with the values of v, v, and v, for a vertical single cylinder without helical wire spacer up to about 28 mm before the
presence of a helical wire spacer (z=79 mm). The (v,).s begins to decrease and recovers once, but it starts sudden
decrease again from 10 mm before the presence of helical wire spacer (z=96 mm) and reaches the minimum value
(V)w-s=0.023 m/s at the helical wire spacer position (z=106 mm). After that, the (v,)w.s turns to rise with an increase in
the heated length, crosses the value of v, for a vertical single cylinder without helical wire spacer at 13 mm behind the
presence of helical wire spacer (z=119.6 mm), reaches the maximum value (v,),.s=0.0776 m/s at the 47.4 mm behind
the presence of helical wire spacer (z=154 mm), and gradually decreases. The values of (Vg)w.s and (v,)w.s fluctuate
with decrease and increase of (v,)..s, but these fluctuation range are not as large as (v,)u. It can be concluded that the
sharp rises in local surface temperature rise, {(Ts)g.}w-s-TL, fOr a vertical single cylinder with helical wire spacer (sky-
blue solid curve) as shown in the lower diagram of Fig. 10 are based on the sharp decreases in the buoyancy-driven
flow (v,)w-s due to blocking flow by the presence of helical wire spacer.

The local Nusselt numbers, (Nug,)w.s, for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2
mm and pitch=165 mm) at various peripheral angles of the heated cylinder [6=5 to 175 degrees (ix=1 to 18) and
=185 to 355 degrees (ix=19 to 36)] are plotted versus the vertical distance from the leading edge of the heated
section, z, in Figs. 11 and 12 for the liquid temperature of about 673 K and the heat fluxes, g, of 2x10°, 1x10° and
2x10° W/m?, respectively.

At a fixed heat flux, g, the local Nusselt numbers, (Nug,)ws, at 6=5° (ix=1, red solid line) become linearly higher
with increasing z as shown in the figure. These (Nuy,)w-s distributions are almost in good agreement with those for
vertical single cylinder without helical wire spacer. The local Nusselt number rapidly decreases when there is the
presence of helical wire spacer on the control volumes of the calculation mesh (due to narrow gap heat transfer), and
when the wire spacer does not exist in the control volume, the local Nusselt number rises again. However, the value is
somewhat larger than the local Nusselt number for a vertical single cylinder without helical wire spacer (due to
disturbance of buoyancy driven flow). The rapid decrease in the rate of decrease becomes greater as the heat flux

increases as shown in figures. The local Nusselt numbers, (Nug,)w.s, also decrease with the decrease in the heat flux,

12



q, for the whole range of the vertical distance from the leading edge of the heated section, z, analyzed here.

5. Correlation for a vertical single cylinder with helical wire spacer

The numerical solutions were numerically analyzed natural convection heat transfer from a vertical single
cylinder with helical wire spacers for gaps (0 to 1 mm), pitches (100 to 200 mm), diameters (d=1 to 2 mm) and height
(H=470 mm). In this section the correlation for a vertical single cylinder with helical wire spacer including the effects

of (R¢)w.s» 9ap, pitch and helical wire diameter on heat transfer is derived based on the numerical solutions.

5.1. Calculated results of (Nu,,)w.s for a vertical single cylinder with helical wire spacer

Numerical solutions of average heat transfer coefficients from a vertical single cylinder with helical wire spacer
(d=1.2 mm, gap=0.2 mm and pitch=165 mm) are plotted on (Nuga)w.s VS. (Ras)w.s graph in Fig. 13. The average
Nusselt number, (Nua)w.s, and the modified Rayleigh number, (Ras)w.s, for a vertical single cylinder with helical wire

spacer were obtained as follows:

Ng N;
Z Z{(Ts )I‘j }w—s

Ts av w—s:i:ljﬂ— 26
(T des= 20 (26)

hxL gxL
N = = 27
b T T @

(Gr s (PP s

4 +9(Pr)¥2, +10(Pr), _, (28)

( Raf L )\N—s =

The calculation domain for asymmetry model of a heated cylindrical surface with helical wire spacer were
divided into N,~=36 and N,=100 grid points for the 8 and z-components. The numerical solutions for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm and pitch=165 mm) are shown as black cross symbols in
the figure. The surface heat fluxes for a vertical single cylinder with helical wire spacer were equally given at 1x10*%,
2x10%, 7x10%, 1x10° 2x10° 7x10°, 1x10° 2x10° and 7x10° W/m? and the values of (Rar ). at that time are
3.059x10%, 6.123x10%, 2.150x10°, 3.081x10°, 6.200x10°, 2.235x10° 3.248x10° 6.860x10° and 3.147x10’,
respectively. The numerical solutions, Nu,,, for a vertical single cylinder without helical wire spacer are shown in the
figure for comparison as the black open circles [8, 9]. The Nu,, values for a vertical single cylinder without helical

wire spacer predicted by Eq. (19) are also shown in the figure as the red open circles and a red broken curve. As can
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be seen in the figure, the numerical solution of (Nu,,)..s for a vertical single cylinder with helical wire spacer is about
6.67 % lower than the value calculated by Eq. (19) for the vertical single cylinder without helical wire spacer at the
(Ray)w.s Of 3.057x10* (q=1x10* W/m?). Those become also linearly higher with an increase in the (Ra )., in parallel
with Nu,, for a vertical single cylinder without helical wire spacer. The numerical solutions of (Nug,)..s for a vertical
single cylinder with helical wire spacer are almost in better agreement with those of Nu,, for a vertical single cylinder
without helical wire spacer in the whole range of the modified Rayleigh number, (Ras | )y.s, and those with and without
helical wire spacer can be expressed by authors’ correlation for a vertical single cylinder without helical wire spacer,

Eq. (19), within 10 % differences.

5.1.1. Comparison of analytical solutions of (Nu,,)w.s With authors’ correlation, Eq. (19)

The numerical solutions for a vertical single cylinder with helical wire spacer are compare with authors’
correlation for a vertical single cylinder without helical wire spacer, Eq. (19), in Fig. 14. The ratios of the numerical
solutions for a vertical single cylinder with helical wire space to the values given by authors’ correlation, Eq. (19), are
plotted as the black cross symbols on (Nuay)w-s/(NUay)eq.(19) VErsus (Rag )w-s graph in Fig. 14. Furthermore, those of the
numerical solutions for a vertical single cylinder without helical wire spacer to the values given by Eq. (19) are
shown as the black open circles in the figure. The ratios of (NUa)w.s t0 (NUay)eq.ag) and those of Nuga, /(NUg)eq.qg) are

approximately given by the following correlations.

(Nuav)

n 0.003095
0 ws=C, x(Ray L)Wis =0.8704x(Ra, L)Wis (29)
( a )Eq.(w)
Nu
——& _=C,xRa}, =0.7786xRa}{*** (30)
(N, )
& /Eq.(19)

Equations, Egs. (29) and (30), for a vertical single cylinder with and without helical wire spacer are in good
agreement with the ratios of (Nua)w.s 0 (NUa)eq gy Within -2.75 to 1.63 % differences as well as those of
NUa/(NUay)eq.ae) Within -1.50 to 1.63 % differences. These equations including a vertical single cylinder without
helical wire spacer, Eq. (19), would become the general correlations for average Nusselt number versus modified

Rayleigh number, (Nua)w.s=f{(Ras)w-s}, On a vertical single cylinder with and without helical wire spacer.
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5.2. Effect of gap on (Nugyz)w-s and (NUay)w-s

Natural convection heat transfer for a vertical single cylinder with helical wire spacer (d=1.2 mm and pitch=165
mm) were numerically analyzed to examine the effect of gap on local and average Nusselt numbers at the constant
heat flux condition of (Ray, ),.s=3.248x10° (q=1x10° W/m?) for gaps ranging from 0 mm to 1 mm. Typical numerical
solutions of the local surface temperature rise, {(Ts)a-ws-T1, and the local Nusselt number, (Nuy,).s, for a vertical
single cylinder with helical wire spacer (d=1.2 mm, gap=0.6 mm and pitch=165 mm) are shown against the vertical
distance from the leading edge of the heated section, z, in Figs. 15 to 18 for the liquid temperature of about 673 K
and the heat flux, g, of 1x10° W/m?. The gap width is gap=0.6 mm which is three times larger than the gap=0.2 mm
shown in Figs. 7, 8, 11 and 12. The sharp increase in the rate of increase in Figs. 15 and 16 becomes smaller as the
gap increases as compared with Fig. 7 and 8. The abrupt decrease in the reduction rate in Figs. 17 and 18 becomes
smaller as the gap increases as compared with Fig. 11 and 12. Numerical solutions of average Nusselt numbers from
a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0 to 1 mm and pitch=165 mm) are plotted on
(Nuay)w-s vS. gap graph in Fig. 19. The numerical solutions of (Nu,,)..s are almost constant in the analysis range from 0
to 1 mm in gap as shown in Fig. 19, which are 0.876% to 2.32% smaller than those of Nu,, for a vertical single

cylinder without helical wire spacer as shown in Fig. 20.

5.3. Effect of pitch on (Nug)w.s and (NUay)w-s

The numerical solutions of natural convection heat transfer for a vertical single cylinder with helical wire spacer
(d=1.2 mm gap=0.2 mm and pitch=100 mm) were plotted in Figs. 21 to 24 to investigate the effect of pitch on local
and average Nusselt numbers for pitch ranging from 100 to 200 mm at the constant heat flux condition of (Ras )u-
=3.248x10° (q=1x10° W/m?). When the peripheral angle and ix increase by 10 degrees and 1 each time, the values
of the position z of the point where the rise begins, the peak point and the descent point increased by about 2.78 mm.
As shown in Figures 21 to 24, it is observed that the sharp rises in the increase rate in the local temperature of
{(Ts)o}ws-TL and a noticeable drops in the local Nusselt number of (Nugy,)y.s 0ccur exactly twice at each peripheral
angle of 10 degrees in the heated section 200 mm range. The average Nusselt numbers, (Nug,)y.s, become almost

constant even at pitch ranging from 100 mm more to 200 mm as shown in Fig. 25. These are almost identical with the
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average Nusselt number for a vertical single cylinder without helical wire spacer, Nu,, within -2.74 to -2.34 %

differences as shown in Fig. 26.

5.4. Effect of wire diameter on (Nuy_z)w-s and (Nuay)w-s

The local surface temperature rises, {(Ts)a.}bw-s-T1, for a vertical single cylinder with helical wire spacer (d=1.6
mm, gap=0.2 mm and pitch=165 mm) are shown versus the vertical distance from the leading edge of the heated
section, z, in Figs. 27 and 28 for the liquid temperature of about 673 K and the heat flux, g, of 1x10° W/m? to clarify
the effect of wire diameter on heat transfer. The local Nusselt number, (Nuy,)w.s, for a vertical single cylinder with
helical wire spacer (d=1.6 mm, gap=0.2 mm and pitch=165 mm) are shown versus the vertical distance from the
leading edge of the heated section, z, in Figs. 29 and 30. The local surface temperature rise distribution in Figs. 27
and 28 and the local Nusselt number distribution in Figs. 29 and 30 are almost the same as those in Figs. 7 and 8 and
those in Figs. 11 and 12 with a wire diameter, d, of 1.2 mm. The effect of d on average Nusselt numbers, (Nuz)w-s,
was estimated based on the numerical solutions for the d ranging from 1 to 2 mm. The calculations were made for the
heat flux, q, of 1x10° W/m?. The (Nug)w-s are shown versus d in Fig. 31 with Nu,, and Eq. (19). As can be seen in
these figure, the values of (Nua)w.s for the heat flux of 1x10° W/m? become linearly lower with an increase in d for
the d ranging from 1 to 2 mm and these seem to be almost constant values. The values of (Nu,y)w.s almost agree with
the tendency of d with respect to Nu,, for a vertical single cylinder without helical wire spacer, which are 2.00 to

4.59 % smaller than Nu, as shown in Fig. 32.

5.5. General correlation for natural convection heat transfer from a vertical single cylinder with helical wire
spacer

In the numerical analysis of a vertical single cylinder with helical wire spacer, it was found that influences of heat
flux, gap, pitch and wire diameter on the local and average Nusselt numbers, (Nuy;)w-s and (Nua)w-s, hardly existed as
described above.

The widely and precisely predictable correlation of natural convection heat transfer from a vertical single
cylinder with helical wire spacer in liquid sodium was given by substituting Eq. (19) for Nu,, in Eq. (29) based on the

numerical solutions.
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0.86 02
(Nuy,), , =Cix(Rag. )V"Vs X 0_18 + ;02(%] (Ray ,L)W_s (31)
: 0.86{(Ra’[)W75}

C,=0.8704 (32)
n=0.003095 (33)
The curves given by Eq. (31) for a vertical single cylinder with helical wire spacer are shown as the blue solid line in
Fig. 13 at each (Ray )w.s for comparison. The numerical solutions are in good agreement with the values given by the

correlation, Eq. (31), within -2.74 to 1.63 % differences.

6. Conclusions

Natural convection heat transfer from a vertical single cylinder with helical wire spacer in liquid sodium was
numerically analyzed to clarify the influences of surface heat flux, gap, pitch and helical wire diameter on heat
transfer. The heated cylinder for diameter (D=7.6 mm), heated length (L=200 mm) and L/d (=26.32) and helical wire
spacers for gaps (0 to 1 mm), pitches (100 to 200 mm), wire diameters (d=1 to 2 mm) and height (H=470 mm) were
used in this work. The surface heat fluxes for each cylinder with helical wire spacer were equally given for a
modified Rayleigh number, (Ra; )., ranging from 3.059x10* to 3.147x10” (q=1x10* to 7x10°® W/m?) in liquid

temperature (T,=673.15 K). Numerical solutions lead to the following conclusions.

1) The increasing rate of {(Ts)a.bw-s-TL rises suddenly again in the presence of helical wire spacer on the control
volume of the calculation mesh (due to narrow gap heat transfer), the local surface temperature rises peak,
subsequently decreases to a minimum and it gradually increases with increasing z. The surface temperature after
exceeding the presence of helical wire spacer becomes a little lower than the value for a vertical single cylinder
without helical wire spacer (due to disturbance of buoyancy driven flow). The rapid increase in the rate of
increase becomes greater as the heat flux increases.

2) It can be concluded that the sharp rises in local surface temperature rise, {(Ts)otws-TL, fOr a vertical single
cylinder with helical wire spacer are based on the sharp decreases in the buoyancy-driven flow (v,),.s due to

blocking flow by the presence of helical wire spacer.
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3)

4)

5)

6)

7)

8)

The local Nusselt number rapidly decreases when there is the presence of helical wire spacer on the control
volume of the calculation mesh (due to narrow gap heat transfer), and when the wire spacer does not exist in the
control volume, the local Nusselt number rises again. However, the value is somewhat larger than the local
Nusselt number for a vertical single cylinder without helical wire spacer (due to disturbance of buoyancy driven
flow). The rapid decrease in the rate of decrease becomes greater as the heat flux increases.

The numerical solution of (Nu,,)..s for a vertical single cylinder with helical wire spacer is about 6.67 % lower
than the value calculated by Eq. (19) for the vertical single cylinder without helical wire spacer at the (Ra )u-s Of
3.057x10* (q=1x10* W/m?). Those become also linearly higher with an increase in the (Ra; ), in parallel with
Nu,, for a vertical single cylinder without helical wire spacer.

Numerical solutions of average Nusselt numbers from a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0 to 1 mm and pitch=165 mm) are almost constant in the analysis range from 0 to 1 mm in gap, which
are 0.876% to 2.32% smaller than the numerical solutions of Nu,, for a vertical single cylinder without helical
wire spacer.

The average Nusselt numbers, (Nua,)w.s, become almost constant even at pitch ranging from 100 mm more to 200
mm. These are almost identical with the average Nusselt number for a vertical single cylinder without helical
wire spacer, Nu,,, within -2.74 to -2.34 % differences.

The values of (Nua)w.s for the heat flux of 1x10° W/m? become linearly lower with an increase in d for the d
ranging from 1 to 2 mm. The values of (Nug)..s almost agree with the tendency of d with respect to Nu,, for a
vertical single cylinder without helical wire spacer, which is 2.00 to 4.59 % smaller than Nu,.

The numerical solutions are in good agreement with the values given by the widely and precisely predictable
correlation of natural convection heat transfer from a vertical single cylinder with helical wire spacer in liquid

sodium, Eq. (31), within -2.74 to 1.63 % differences.

Nomenclature

C

Cy

Cp

D

parameter in Egs. (14) and (19)
constant in Egs. (29), (30) and (31)
specific heat at constant pressure, J/kg K

cylinder diameter and rod diameter, m
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d helical wire diameter, m

Gr* =gphq L*/4 w?, Grashof number for constant heat flux without helical wire spacer
Gri*)ws =ghq L*4 w?, Grashof number for constant heat flux with helical wire spacer

Gr* =gphq 2*/2, v?, local Grashof number for constant heat flux without helical wire spacer

Gr*)ws =ghq 2*/2, v?, local Grashof number for constant heat flux with helical wire spacer

g acceleration of gravity, m/s’
H height, m
hay average heat transfer coefficient for a vertical single cylinder without helical wire spacer, W/(m?K)

(ha)ws  average heat transfer coefficient for a vertical single cylinder with helical wire spacer, W/(m?K)
h, local heat transfer coefficient for a vertical single cylinder without helical wire spacer, W/(m?K)

(h)ws local heat transfer coefficient for a vertical single cylinder with helical wire spacer, W/(m*K)

L heated length, m
N, grid point for the r-component
N, grid point for the z-component

Ng grid point for the 8-component

n exponent in Egs. (29), (30) and (31)
Nu Nusselt number
NUgy average Nusselt number for a vertical single cylinder without helical wire spacer

(Nua)ws average Nusselt number for a vertical single cylinder with helical wire spacer

Nu, =q z/A, (Ts-T.), local Nusselt number for a vertical cylinder without helical wire spacer

Nug, =q z/4, (Ts-T), local Nusselt number for a vertical cylinder without helical wire spacer at peripheral angle
of the heated cylinder, &

(Nug)ws =9 z/4 (Ts-T.), local Nusselt number for a vertical cylinder at peripheral angle of the heated cylinder,

Pr =Cpi /A1, Prandtl number
q heat flux, W/m?
Ra,* = Gr_ *Pr, Rayleigh number for constant heat flux without helical wire spacer

(Ra_*),.s= Gr_.*Pr, Rayleigh number for constant heat flux with helical wire spacer
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Ra,* = Gr,*Pr, local Rayleigh number for constant heat flux without helical wire spacer

(Ras*)ws = Gr*Pr, local Rayleigh number for constant heat flux with helical wire spacer

Ray, = Gr,*Pr¥/(4+9Pr2+10Pr), modified local Rayleigh number without helical wire spacer
{(Ray) g hws = Gr*Pré/(4+9Pr*+10Pr), modified local Rayleigh number with helical wire spacer
Ray, = Gr *Pr?/(4+9Pr2+10Pr), modified Rayleigh number without helical wire spacer

(Ras)ws = Gr *Pré/(4+9Pr2+10Pr), modified Rayleigh number with helical wire spacer

r radius of a cylinder, m

Ar first control volume width for r-component, m

T temperature, K and °C

TEM analyzed liquid temperature of the first control volume, K
Ts liquid temperature, K

T, bulk liquid temperature, K

Ts heater surface temperature, K

(Ty)ay  average surface temperature without helical wire spacer, K

{(Ts)av w-s average surface temperature with helical wire spacer, K
(Ty), local surface temperature without helical wire spacer, K
{(Ts)oz}w-s local surface temperature with helical wire spacer, K

At time step, s

z cylinder height and the vertical distance from the leading edge of the heated section, m
s volumetric expansion coefficient, K™

0 peripheral angle from inside on the r-8plane, degree

A thermal conductivity, W/(m K)

u viscosity, Ns/m?

v kinematic viscosity, m*/s

p density, kg/m®

Subscript

| liquid
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Figure and Table Captions

Table 1 Parameters for calculation.

Fig. 1 Schematic diagram of a test vessel with a 7.6-mm diameter heated cylinder with helical wire spacer.

Fig. 2 Geometry: Vertical single cylinder with helical wire spacer.

Figs. 3 Coordinates for a 7.6-mm diameter heated cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm and
pitch=165 mm): r-@plane (a), r-z plane (b) and r-&top plane (c).

Fig. 4 Liquid temperatures in the conductive sub-layer, &cs, based on numerically predicted data points (solution of
unsteady laminar three dimensional basic equations) for vertical single cylinder with D=7.6 mm.

Fig. 5 Experimental data of local surface temperature rises, (Ts),-T., for vertical single heated cylinder without helical
wire spacer versus the vertical distance from the leading edge of the heated section, z, at heat fluxes of 2x10° to
2x10® W/m? compared with the numerical solutions and Eq. (14).

Fig. 6 Heat transfer process on the vertical cylinder of D=7.62 mm and L=186 mm without helical wire spacer
compared with heat transfer curves numerically analyzed by dcs.=200 pum, and thickness of conductive sub-layer,
5CSL-

Fig. 7 Local surface temperature rises, {(Ts)s.}w-s-TL, for a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0.2 mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z,
at various peripheral angles (6=5° to 175°) and heat fluxes.

Fig. 8 Local surface temperature rises, {(Ts)s.tws-TL, for a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0.2 mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z,
at various peripheral angles (6=185° to 355°) and heat fluxes.

Fig. 9 Contours of liquid temperature of the r-z plane on £=105° (a) and the r-& plane on z=25, 99 and 199 mm from
the leading edge of the heated section (b) for a vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.2 mm and pitch=165 mm) at q =1x10° W/m?.

Fig. 10 The (Vgws (Vows and (v,)ys, for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm
and pitch=165 mm) on r=3.8 mm versus the vertical distance from the leading edge of the heated section, z, at

various peripheral angles (6=45°, 135°, 225° and 315°) with q =1x10°® W/m?.
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Fig. 11 Local Nusselt number, (Nug,)w.s, for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2
mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°) and heat fluxes.

Fig. 12 Local Nusselt number, (Nug,)w.-s for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2
mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°) and heat fluxes.

Fig. 13 Theoretical solutions of (Nug,),.s for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2
mm and pitch=165 mm) with authors’ correlation, Eq. (31), and Nu,, for vertical single cylinder without helical
wire spacer with authors’ correlation, Eq. (19).

Fig. 14 Comparison of theoretical solutions of (Nugy)w-s for a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0.2 mm and pitch=165 mm) and Nu,, for a vertical single cylinder without helical wire spacer with
authors’ correlation, Eq. (19).

Fig. 15 Local surface temperature rises, {(Ts)g-}ws-TL, for a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0.6 mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z,
at various peripheral angles (6=5° to 175°).

Fig. 16 Local surface temperature rises, {(Ts)g-}ws-TL, for a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0.6 mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z,
at various peripheral angles (6=185° to 355°).

Fig. 17 Local Nusselt number, (Nu,,)ws, for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.6
mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°).

Fig. 18 Local Nusselt number, (Nuy,).s for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.6
mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°).

Fig. 19 Average Nusselt number, (Nu,)y.s, for a vertical single cylinder with helical wire spacer (d=1.2 mm and

pitch=165 mm) versus gap at (Ras ),.s=3.248x10° (q =1x10° W/m?).
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Fig. 20 Comparison of theoretical solutions of (Nu,,)w.s for a vertical single cylinder with helical wire spacer at
various gaps (d=1.2 mm, gap=0 to 1 mm and pitch=165 mm) with those of Nu,, for a vertical single cylinder
without helical wire spacer, with authors’ correlations, Eq. (19).

Fig. 21 Local surface temperature rises, {(Ts)g.tw-s-TL, for a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0.2 mm and pitch=100 mm) versus the vertical distance from the leading edge of the heated section, z,
at various peripheral angles (6=5° to 175°).

Fig. 22 Local surface temperature rises, {(Ts)g.tw-s-TL, for a vertical single cylinder with helical wire spacer (d=1.2
mm, gap=0.2 mm and pitch=100 mm) versus the vertical distance from the leading edge of the heated section, z,
at various peripheral angles (£=185° to 355°).

Fig. 23 Local Nusselt number, (Nug,)u-s for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2
mm and pitch=100 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°).

Fig. 24 Local Nusselt number, (Nug,)w-s for a vertical single cylinder with helical wire spacer (d=1.2 mm, gap=0.2
mm and pitch=100 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°).

Fig. 25 Average Nusselt number, (Nu)w.s, for a vertical single cylinder with helical wire spacer (d=1.2 mm and
gap=0.2 mm) versus pitch at (Ra, ).s=3.248x10° (q =1x10° W/m?).

Fig. 26 Comparison of theoretical solutions of (Nua)..s for a vertical single cylinder with helical wire spacer at
various pitches (d=1.2 mm, gap=0.2 mm and pitch=100 to 200 mm) with those of Nu,, for a vertical single
cylinder without helical wire spacer, with authors’ correlations, Eq. (19).

Fig. 27 Local surface temperature rises, {(Ts)g-}ws-Tr, for a vertical single cylinder with helical wire spacer (d=1.6
mm, gap=0.2 mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z,
at various peripheral angles (6=5° to 175°).

Fig. 28 Local surface temperature rises, {(Ts)g-}ws-Tr, for a vertical single cylinder with helical wire spacer (d=1.6
mm, gap=0.2 mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z,

at various peripheral angles (6=185° to 355°).
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Fig. 29 Local Nusselt number, (Nug,)w-s for a vertical single cylinder with helical wire spacer (d=1.6 mm, gap=0.2
mm and pitch=165 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°).

Fig. 30 Local Nusselt number, (Nug,)w-s for a vertical single cylinder with helical wire spacer (d=1.6 mm, gap=0.2
mm and pitch=185 mm) versus the vertical distance from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°).

Fig. 31 Average Nusselt number, (Nu,,)w.s, for a vertical single cylinder with helical wire spacer (gap=0.2 mm and
pitch=165 mm) versus d at (Ray, )u.s=3.248x10° (q =1x10° W/m?).

Fig. 32 Comparison of theoretical solutions of (Nua)ws for a vertical single cylinder with helical wire spacer at
various wire diameters (d=1 to 2 mm, gap=0.2 mm and pitch=165 mm) with those of Nu,, for a vertical single

cylinder without helical wire spacer, with authors’ correlations, Eq. (19).
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Table 1 Parameters for calculation.

System Pressure (P) [kPa]
Cylinder Diameter (D) [mm]
Heated Length (L) [mm]
Liquid Temperature (T,) [K]
Heat Flux (q) [W/m?]
(GrL*)w-s
(Ra Yues {=(GrL YuesPrus}
(Rasws {=(G rL*)w-sPrw-szl (4+9Prw-sll2+1oprw-s)}
First Control Volume Width for r-component (4r) [mm]
Thickness of the conductive sub-layer (5cs) [um]
Geometry
Helical wire spacer
gap [mm]
pitch [mm]
diameter (d) [mm]
Coordinate system
Control volume
Control volume number
Physical model

101.3
76
200
673
1x10* 2x10* 7x10* 1x10°
5.771x10° 1.157x10" 4.088x10" 5.877x10™
2.876x10"  5.761x10"  2.029x10®°  2.912x10°
3.059x10*  6.123x10*  2.150x10°  3.081x10°
0.4
200
a vertical single cylinder with helical wire spacer
Solid with smooth-wall friction
0 0.05 0.1 0.2
100 160 200
1 1.2 1.6 2

Cylindrical coordinates (6, r, z)
Cut-cell algorithm

(36, 34, 128)

Laminar model

29

2x10°
1.195x10%
5.889x108
6.200x10°

0.4

7x10°
4.502x101
2.168x10°
2.235x10°

0.6

1x10°
6.698x10™
3.187x10°
3.248x10°

0.8

2x10°
1.514x10%
6.953x10°
6.860x10°

7x10°
8.585x10'2
3.533x10%°
3.147x107



N
N
(=]
S
3
3

7#@—
<gap
£ £
O £
o G E
< o
R
gL (ls
T (R
z=120 mm
[=
1S
o
N

Fig. 1 Schematic diagram of a test vessel with a 7.6-mm
diameter heated cylinder with helical wire spacer.
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NATURAL CONVECTION-VERTICAL TUBEx36zl127

Fig. 2 Geometry: Vertical single cylinder with helical wire
spacer.
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Figs. 3 Coordinates for a 7.6-mm diameter heated cylinder with
helical wire spacer (d=1.2 mm, gap=0.2 mm and pitch=165
mm): r-@plane (a), r-z plane (b) and r-&top plane (c).
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Fig. 4 Liquid temperatures in the conductive sub-layer, ocs,
based on numerically predicted data points (solution of
unsteady laminar three dimensional basic equations) for vertical
single cylinder with D=7.6 mm.
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I I I I I I I I I I I I I I I I I I I I I I
|~ Experimental Data T
|~ Pressure 94.2-95.1 kPa ——Numerical Solution ]|
[ Liquid Temp. 766-798 K for Vertical Cylinder ]
" Liquid Head 336 mm - -Eq. (14) ]
200_Heater Diam. 7.62 mm ]
- Heated Length 186 mm ’ q ]
B 2 2.0 MW/n?
1.0 MW/n? -
0.7 MW/n?
0.2 MW/n?
||||||||||||||||||||||||_
0 50 100 150 200 250
z (mm)

Fig. 5 Experimental data of local surface temperature rises,
(T),-T,, for vertical single heated cylinder without helical wire
spacer versus the vertical distance from the leading edge of the
heated section, z, at heat fluxes of 2x10° to 2x10° W/m?
compared with the numerical solutions and Eq. (14).
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- —@—Experimental Data .
- Pressure 94.2-95.1 kPa .
- Liquid Temp. 766-798 K .
- Liquid Head 336 mm 3
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Fig. 6 Heat transfer process on the vertical cylinder of
D=7.62 mm and L=186 mm without helical wire spacer
compared with heat transfer curves numerically analyzed
by 6cst=200 um, and thickness of conductive sub-layer,
5CSL-
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Numerical Solution rI
for Vertical Single Cylinde
with helical wire spacer

Pressure 101.3 kPa

-4 Liquid Temp. 673 K
Heater Diam. 7.6 mm
Heated Length 200 mm

q=1x10° W/m®
(Ras )w-s=3.248x10

| —®—Numerical Solution
- for Vertical Single Cylinder
without helical wire spacer

ol 4

! I
150 200 250

Z (mm)

d=1.2 mm, gap=0.2 mm, pitch=165 mm

—0=5° 0=15—0=25>—6=35°0=45—10=55°

— —0=65°—- —0=75°— —0=85°— —0=95°—- —6=105°—- —0=115°
-—-—0=125°—-—6=135°—-—0=145°—--0=155°—--0=165°—-—-0=175°

Fig. 7 Local surface temperature rises, {(Ts)g}ws-TL, fOr a
vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.2 mm and pitch=165 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°) and heat fluxes.
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= -4 Numerical Solution
for Vertical Single Cylinder
with helical wire spacer

Pressure 101.3 kPa

4 Liquid Temp. 673 K
Heater Diam. 7.6 mm
Heated Length 200 mm

q=1x10° W/m*
(Ray w.s=3.248x10

—e—Numerical Solution
for Vertical Single Cylinder
without helical wire spacer

I ! I
0 50 100 150 200 250

Z (mm)
d=1.2 mm, gap=0.2 mm, pitch=165 mm
—0=185°—0=195"—0=205"—0=215°0=225—0=235°

— —0=245°— -0=255°—- —0=265°— —0=275° - —-0=285°- —0=295°
-— —0=305°——0=315°—-—0=325°—-—0=335°  0=345°—--—0=355°

Fig. 8 Local surface temperature rises, {(Ts)gzws-TL, TOr a
vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.2 mm and pitch=165 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°) and heat fluxes.
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(b)

Fig. 9 Contours of liquid temperature of the r-z plane on
6=105° (a) and the r-@plane on z=25, 99 and 199 mm from the
leading edge of the heated section (b) for a vertical single
cylinder with helical wire spacer_(d=1.2 mm, gap=0.2 mm and
pitch=165 mm) at q =1x10° W/m>.
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Numerical Solution
for Vertical Single Cylinder
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(T, T Pressure 101.3 kPa

s/z- 'L Liquid Temp. 673 K
{(Ts)e,z}w-s'TL Heater Diam. 7.6 mm
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[ 1 g=1x10° wim?
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I150 I2(|)0I Numerical Solution
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z(mm) e AN
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, , 0=45 0=135°— —, -——, —0=225°- -, ——, —0=315°
{(Ts)e,z}w-s 'TL
0=45°—-0=135"—"0=225"—0=315°

Fig. 10 The (Vows (Vws and (v,).s, for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm
and pitch=165 mm) on r=3.8 mm versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (&=45°, 135°, 225° and 315°) with g
=1x10° W/m?.

42



40

NUZ’ (Nue,z)w-s
) w
o o

=
(=)

Numerical Solution
for Vertical Single Cylinde
with helical wire spacer

Pressure 101.3 kPa
Liquid Temp. 673 K
Heater Diam. 7.6 mm
Heated Length 200 mm

q=1x10° W/m*
(Ray | )y.s=3.248x10

—o—Numerical Solution
for Vertical Single Cylinder
without helical wire spacer

[
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z(mm)

I
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d=1.2 mm, gap=0.2 mm, pitch=165 mm

——6=5°——0=15"——0=25"—0=35" 9=45"—0=55°
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-~ —9=125°— —9=135°—-—9=145°——0=155°_0=165°—"—0=175°

Fig. 11 Local Nusselt number, (Nuy,).s for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm and
pitch=165 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles (6=5°
to 175°) and heat fluxes.
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with helical wire spacer

Pressure 101.3 kPa
Liguid Temp. 673 K
Heater Diam. 7.6 mm
Heated Length 200 mm

q=1x10° W/m*
(Ray | )y.s=3.248x10

—e—Numerical Solution
for Vertical Single Cylinder
without helical wire spacer
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Fig. 12 Local Nusselt number, (Nuy,).s for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm and
pitch=165 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles
(6=185° to 355°) and heat fluxes.
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- Vertical Silngle éylinder WithI Heliclal Wire Spacer I I T
- X Numerical Solutions .
Pressurel101.3 kPa
Liquid Temp. 673 K ’
? Heater Diam. 7.6 mm
= 102k Heated Length 200 mm — Eq. (31) -
= L wire spacer ]
=) [ d=1.2mm —
< - gap=0.2 mm
_ i pitch=165 mm
> i
=) = i
Z : . . , . .
Vertical single cylinder without helical wire spacer
10t O Numerical Solutions _
- o - -Eq. (19) ]
[ MR B MR RS MR B M BT
10 10° 10° 10 10°

Ra-f,L, (Raf,L)w-s

Fig. 13 Theoretical solutions of (Nu,,)..s for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm and
pitch=165 mm) with authors’ correlation, Eq. (31), and Nu,, for
vertical single cylinder without helical wire spacer with authors’
correlation, Eq. (19).
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Fig. 14 Comparison of theoretical solutions of (Nug)y.s for a
vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.2 mm and pitch=165 mm) and Nu,, for a vertical single
cylinder without helical wire spacer with authors’ correlation,

Eg. (19).
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Fig. 15 Local surface temperature rises, {(Ts)gztw-s-TL, for a
vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.6 mm and pitch=165 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°).
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Numerical Solution
for Vertical Single Cylinder
with helical wire spacer
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Liquid Temp. 673 K
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Fig. 16 Local surface temperature rises, {(Ts)gztw-s-TL, for a
vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.6 mm and pitch=165 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°).
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Fig. 17 Local Nusselt number, (Nug,).s for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.6 mm and
pitch=165 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles (6=5°

to 175°).
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Fig. 18 Local Nusselt number, (Nug,).s for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.6 mm and
pitch=165 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles
(6=185° to 355°).
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Fig. 19 Average Nusselt number, (Nua)w.s, for a vertical single
cylinder with helical wire spacer (d=1.2 mm and pitch=165
mm) versus gap at (Ray )u.s=3.248x10° (q =1x10° W/m?).
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Fig. 20 Comparison of theoretical solutions of (Nug,)y.s for a
vertical single cylinder with helical wire spacer at various gaps
(d=1.2 mm, gap=0 to 1 mm and pitch=165 mm) with those of
Nu,, for a vertical single cylinder without helical wire spacer,
with authors’ correlation, Eq. (19).
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Fig. 21 Local surface temperature rises, {(Ts)gz}ws-Tr, fOr a
vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.2 mm and pitch=100 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°).
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Fig. 22 Local surface temperature rises, {(Ts)gztw-s-TL, for a
vertical single cylinder with helical wire spacer (d=1.2 mm,
gap=0.2 mm and pitch=100 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°).
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Fig. 23 Local Nusselt number, (Nuy,)ws for a vertical single
cylinder with helical wire spacer (d=1.2 mm, gap=0.2 mm and
pitch=100 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles (6=5°
to 175°).
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Fig. 24 Local Nusselt number, (Nuy,).s for a vertical single

cylinder with helical wire spacer (d=1.2 mm,

gap=0.2 mm and

pitch=100 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles

(6=185° to 355°).
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Fig. 25 Average Nusselt number, (Nua)w.s, for a vertical single
cylinder with helical wire spacer g =1.2 mm and gap=0.2 mm)
versus pitch at (Ray),.s=3.248x10° (q =1x10° W/m®).
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Fig. 26 Comparison of theoretical solutions of (Nug)y.s for a
vertical single cylinder with helical wire spacer at various
pitches (d=1.2 mm, gap=0.2 mm and pitch=100 to 200 mm)
with those of Nu,, for a vertical single cylinder without helical
wire spacer, with authors’ correlation, Eq. (19).
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Fig. 27 Local surface temperature rises, {(Ts)gztw-s-TL, for a
vertical single cylinder with helical wire spacer (d=1.6 mm,
gap=0.2 mm and pitch=165 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=5° to 175°).
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Fig. 28 Local surface temperature rises, {(Ts)gztw-s-TL, for a
vertical single cylinder with helical wire spacer (d=1.6 mm,
gap=0.2 mm and pitch=165 mm) versus the vertical distance
from the leading edge of the heated section, z, at various
peripheral angles (6=185° to 355°).
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Fig. 29 Local Nusselt number, (Nuy,).s for a vertical single
cylinder with helical wire spacer (d=1.6 mm, gap=0.2 mm and
pitch=165 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles (6=5°

to 175°).
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Fig. 30 Local Nusselt number, (Nuy,).s for a vertical single
cylinder with helical wire spacer (d=1.6 mm, gap=0.2 mm and
pitch=185 mm) versus the vertical distance from the leading
edge of the heated section, z, at various peripheral angles
(6=185° to 355°).
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Fig. 31 Average Nusselt number, (Nua)w.s, for a vertical single
cylinder with helical wire spacer (%ap:O.Z mm and_pitch=165
mm) versus d at (Ras ).s=3.248x10° (q =1x10° W/m?).
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Fig. 32 Comparison of theoretical solutions of (Nug)y.s for a
vertical single cylinder with helical wire spacer at various wire
diameters (d=1 to 2 mm, gap=0.2 mm and pitch=165 mm) with
those of Nu,, for a vertical single cylinder without helical wire
spacer, with authors’ correlation, Eq. (19).
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