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A spiral separator is one of the commonly-used gravity-concentration
devices. It has been widely used in the mineral processing of coal. Also, it
is used for the inexpensive pre-concentration of low grade ores. Spiral
separator consists of an open trough that twists downward in helical
configuration about a central axis. The aim of the present study is the
simulation of the flow of water in spiral separators. The study is based on
volume of Fluid (VOF) approach and turbulence modeling. The results
focus on water-flow characteristics such as the depth of water as well as
the turbulence intensity. The results demonstrated that the water depth
and turbulence intensity on spiral trough increase smoothly outward.
Predicted results are compared with the experimental findings from LD9
coal spiral. Comparison between the predicted and the measured values
show good agreement and the most accurate turbulence model is RSM.

KEYWORDS: Spiral separator, Free-surface flow, Computational
simulation, Turbulence modeling, Flow depth.

NOMENCLATURE
C1, Co, P, Puq, C, Cuc L: spiral separator length (m).
constants and parameters of L(r): mainstream distance (m).
RSM turbulence model. L characteristic length (m).
Ci, Cos, Cyt n: number of turns of spiral
constants of turbulence model. separator.
Ci: convection term, RSM. Pij: stress production term, RSM.
Drj:  turbulent diffusion term, RSM. Quaeer:  Water flow rate (m*/hr).
Dy molecular diffusion term, RSM. R: ang_ular distan_ce ir_1 the
F:  force vector (surface tension). mainstream direction from the
Gy generation of turbulence spiral inlet (m).
kinetic energy R.: mean rate of strain, RNG k-¢
G.:  generation of w. model. _
= I . r: radial distance from centerline
g: gravitational acceleration. axis (m)
H: spiral height (m). r: inner radius (m).
h: height loss (m). y: outer radius (m).
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S: modulus of the mean rate of
strain tensor, RNG k-¢ model.
ts: time per a single iteration
(Sec.).
t*: non-dimensional time =
* in ts )
(t _T)
Ti: turbulence intensity
Uin: inlet velocity (m/s).
u: spiral separator pitch (m).
(- puuj ): Reynolds stresses.
V: velocity vector.
W: trough width = (r, — r;) (m).

X: mainstream direction.

x-velocity: primary velocity (m/s).

Yand Y,,: dissipation of k and w due to
turbulence, SST k-« model.

y: cross-stream direction.

y-velocity: secondary velocity (m/s).

zZ depth-wise direction.

Greek
o volume fraction.
a(r):  spiral separator descent angle (°).
o*, ay, ok, 0,.SST k-w
model constants.
G- Kronecker delta.
g=e:  kinetic energy dissipation rate.
& dissipation term, RSM.
By pressure strain term, RSM.
dijw.  wall-reflection term, RSM.
I effective diffusivity for k.
r,: effective diffusivity for w.

Abbreviations

CFD: Computational Fluid Dynamics.
CPU: Central Processing Unit.

LD9: atype of spiral separator.

PC: Personal Computer.

PISO: Pressure-Implicit with Splitting
of Operators algorithm.

PRESTO: Pressure Staggering Option.

QUICK: Quadratic Upwind
Interpolation Scheme.

RNG: Renormalization Group.

RSM: Reynolds Stress Model.

SST:  Shear-Stress Transport.

VOF: Volume of Fraction

Subscripts

eff: effective.

i direction/phase indices.

k: turbulence kinetic energy.

q: fluid phase (either air or water).
t: turbulent.

w: wall

J7x dynamic viscosity (kg/ms).
Iuef-f . cffcutivc viauuaity (Ir\glllllb).
L turbulent viscosity (kg/ms).

W eddy viscosity (m?/s) = l/p.
p: density (kg/m®).

o. surface tension coefficient.

ok turbulent Prandtl number for k.
o turbulent Prandtl number for &.
O turbulent Prandtl number for w.
. specific dissipation rate.

v, channel curvature of spiral

separator
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1. INTRODUCTION

A spiral separator is a gravity-concentration device. Because of the simplicity of their
operation and low cost, spirals have widely been used in the mineral industry to
separate high-density particles from low-density particles. The majority of publications
concerning spirals have focused on their design and operation. Burt [1] and Wills [2]
have presented a comprehensive review of such papers within the period from 1940's
until the mid 1980's. It is clear that most spiral designs have evolved through empirical
analysis. Many empirical models, which are based on experimental data, were reported
by Tuker et al. [3], Tuker[4], Kelly et al. [5], Holland-Batt [6], Holland-Batt and
Holtham [7], Holland-Batt [8], Subasinghe and Kelly [9], King et al. [10], Loveday and
Cilliers [11], Atasoy and Spottiswood [12], Kapur and Meloy [13,14], and Glass et al.
[15]. The drawback of these empirical models is that if the type of spiral or the
minerals or the particle size range are changed, new experimental data must be
collected to modify the coefficients or even to change the mathematical model itself.

A fluid flow mechanistic model or CFD is based on fluid mechanics.
A mechanistic model incorporates the geometry of the device in the model. These
models started by Burch [16] when he assumed the pulp to be a liquid of uniform
viscosity. He also assumed that the secondary flow would not affect the primary flow.
Wang and Andrews [17] introduced a first step in the development of a mechanistic
model of the spiral operation. The model determines the flow fields for simplified
rectangular spiral sections. Jancar et al. [18,19] investigated the fluid flow on LD9
spiral using their developed code. All these models were developed with time to be
more reliable. Mathews et al. [20,21] presented CFD modeling of the fluid flow on
spiral trough.

The present study introduces a two phase (water and air) computational model
based on VOF method. The effect of surface tension force between water and air is
taken into account. Since, the flow is turbulent in the spiral trough, four turbulence
models, namely: k-, RNG k-¢, SST k-w, and RSM models are employed. One of the
objectives is to obtain the most appropriate turbulence model for the present problem.
The present model is validated using the experimental data of Holtham et al. [7,22,23].

2. SPIRAL SEPARATOR DESCRIPTION
2.1. Geometry of Spiral Separator

A spiral separator consists of an open channel that wraps around the central supporting
column. The number of turns (n) varies from 3 to 10. Most modern designs [24] have 5
to 7. The trough width usually ranges from 0.25 to 0.35 m. The design parameters of
the spiral separator can be listed as: spiral pitch (u), profile shape, length (L), and inner
and outer trough radii (ri , ro)) that govern the curvature (y) of the channel. The
parameters are shown in Fig. 1 and defined as follows [14,15,25,26]:
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Pitch: u =2z r tan o (m) |Curvature: w=(ri+r,)/2W (dimensionless)
Descent angle: a(r)=tan™(w/2 = r) (°) |Trough width: W=rg-r; (m)
Height loss: 2 = R r tan (@) (m)  |Spiral height: H=n.u (m)

Mainstream distance :L(r)=Rr/cos(a) (m)
Where, R is the angular distance in the mainstream direction from the spiral inlet (=2 =
a, on full turn), r is the radial distance from the centerline axis, H is the spiral height,
and W is the trough width. The geometrical parameters for LD9 spiral [7, 22, 26] are
stated in Table 1.

2.2. Flow Behaviour

The fluid flow on LD9 spiral is characterized by shallow depths of 1-20 mm and main
stream velocities of 0.3 — 3 m/s. The mainstream velocities increase radially outward.
The secondary current, normal to the main flow direction, travels outward near the
free-surface and inward near the trough base. Secondary flow is approximately an
order of magnitude smaller than the mainstream component [7,22,23].
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Fig. 1 Schematic drawing of a spiral separator [13].

Table (1) The geometrical parameters of LD9 spiral separator [7, 22, 26].

Inner Outer | Trough Pitch Descent | Number
Radius | Radius | Width W u Curvature angle of Turns
ri(mm) | r, (mm) (mm) (mm) v a(®) n

70 350 280 273 0.75 7-32 6

3. GOVERNING EQUATIONS AND
COMPUTATIONAL ASPECTS

3.1. Governing Equations

For modeling the free-surface flow on spiral separator, two-phase flow (air and water)
is considered. The Volume of Fluid (VOF) model [27,28] can model two or more
immiscible fluids. A single set of momentum and continuity equations is used for the
volume fraction of each of the fluids throughout the domain. The flow on a spiral
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separator is considered Newtonian and turbulent. Continuity and Navier—Stokes
equations supplemented by a suitable turbulence model are appropriate for modeling
the spiral separator flow. The following transient equations describe the conservation
of mass and momentum equations.

3.1.1. Continuity Equation

Continuity equation for the volume fraction of one (or more) of the phases takes the
following form,

0 _

a(aqpq) +Vi(a,pV,) =0 (1)
where, p is the fluid density, o is the volume fraction, V is the velocity vector, q is
the fluid phase (either air or water). The volume fractions of all phases sum to unity.

Zn:aq =1 (2)

q=1

The q™ fluid's volume fraction in the cell is denoted as aq. Then, the following

three conditions are possible: a,=0 : the cell is empty (of the q" fluid). aq=1 : the cell
is full (of the g™ fluid). 0 < aq < 1: the cell contains the interface between the q™" fluid

and one or more other fluids. In general, for an n phase system, the volume-fraction-
averaged density takes the following form:

n
PZZ%Pq
q=1

All other properties (e.g., viscosity, surface tension) are computed as stated.

@)

3.1.2. Momentum Equation

The momentum equation (4) is dependent on the volume fractions through the
properties p and u.

g(/? V)+V.(pV V)=-Vp +V.[yt (VV*+V\7T ):|+p§+|f (4)

Where, F is the force vector (surface tension). g, is the turbulent viscosity that is

given by Eq. 9. The surface tension can be expressed as a volume force. The volume
force is the source term, which is added to the momentum equation. It has the
following simplified form [29],

Fog, 2V V% (5)
7 (o + Pij )
Where, o is the surface tension coefficient.

3.2. Turbulence Models

The turbulence models considered in this study are the standard k-¢ model, the RNG
k-¢ model, the SST k- model, and the Reynolds-stress model (RSM).

3.2.1. The Standard k-e Model

The turbulence kinetic energy, k, and its rate of dissipation, ¢, are obtained from the
following transport equations [30,31],

3
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o 9 d 4 ) ok (6)
oK)+ (pk u)=-2|| gt | X |G -

P K g ek u) =5 [”+ak]ax11+ re

0 0 0 | o £ & )
Tpe)+peu)=-]| ust | |ic, E£G,)-C, pi-

at(pg) 6Xi(pg |) X (,u gjaxj:l 1gk( «) 25,0k

Where, Gy is the generation of turbulence kinetic energy due to the mean
velocity gradient. G, my be defined as

G —— U, ®)
k p ij axi
1 18 the turbulent viscosity, and is computed by
2
m=pC, — (9)
&
C.c(=1.44), C,.(= 1.92), C, (= 0.09), o (= 1.0) and o, (=1.3) are model constants.

3.2.2. The RNG k-e Model

The RNG-based K-¢ turbulence model is derived from the instantaneous Navier-Stokes
equations. The derivation is based on a mathematical technique called "renormalization
group” (RNG) method [32]. Transport equations for the RNG K-¢ model have a similar
form to the standard k-¢ model.

0 0 0 ok
—(pk)+—(pk U, )=— - _

o (p )+8X (pku) X [ak Hett 2 ]+Gk pPE

i ]

(10)

0 0 0 O¢ £ &2 (11)
- +— N=—H\a, gz — |+C_—G,)-C,, p—-R

at(pg) axi(pg I) axj( £lueff axj] 1£k( k) Zspk &

The RNG turbulence model is more sensitive to the mean rate of strain because of R_in

Eq. 11. Where, Gy is calculated from Eq. 8. The effective viscosity, u, IS given by

14 /CPKJ (12)
eff Iu \/;

The main difference between the RNG and standard k-e models lies in the
additional term in the ¢ equation and is given by

c, prra-1e|
R = o £
¢ 1+ k

(13)

Where, 77 =S * k/g, and S is the modulus of the mean rate of strain tensor. The
model constants are set as C,=1.42, C,.=1.68, C,= 0.0845, ¢,= 1.0, and ¢.=1.3.

3.2.3. The Shear-Stress Transport (SST) k-w Model

The shear-stress transport (SST) k- model blends the k-¢ and k-« models to get more
accurate predictions in complex flows [33]. The shear-stress transport (SST) k-« model
takes its name because the definition of the turbulent viscosity is modified to account
for the transport of the principal turbulent shear stress. This feature gives the SST k-w
model an advantage in terms of performance over both the standard k-« model and the
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standard k-¢ model. The turbulence kinetic energy, k, and the specific dissipation rate,
w, are obtained from the following transport equations,

d d d ok (14)
—(pk)+—(pk u)=—o|T, — |+G, -Y
8’[('0 )+8xi('0 u;) Gxi[ kaxj]+ Kk Tk
d d d dw (15)
= - )=—|T — |+G_-Y
at(/ow)+6xi(/0wU.) ax,( ”’axj} 0 Yo
Where, Gyis given by Eq. 8. G, is the generation of w and is given by
G,=a2G, (16)
Vt
Iy and I, are the effective diffusivities for k and w, respectively, and are given by
Ly =p+ = (17)
Oy
ro— s (18)

@

ox and a,, are the turbulent Prandtl numbers for k and w, respectively. . is computed as
follows,

pk 1 (19)
o { 1 s Fz}
max K
a o
Y, and Y, are the dissipation of k and w due to turbulence. The model constants are set

asa*=1, a;=0.31, 6,=1.176, and o, =2. For more details about SST k-w model, refer
to Ref. (33).

:th=

3.2.4. The Reynolds-Stress Model (RSM)

The Reynolds stress model (RSM) [34] is the most accurate turbulence model. The
exact transport equations for the transport of the Reynolds stresses ( u; u; ) may be

written as follows:

O a iy “(u.iw
— (u uj) T(Ukui uj) . i
at + 0%, {Convection (Cij)} =
Turbulent Diffusion (Dr ;) + Molecular Diffusion (D ;;)
+ Stress Production (P;;) + Pressure Strain (g;) + Dissipation (&;) (20)

Of the various terms in these exact equations, Dy jjand P;; do not require any modeling.
However, Drjj, ¢;, and g;need to be modeled to close the equations as follows:

0 0 — i,j,k=12&3 (21)
D L = . . 1 )y 1
L.,ij axk [Vaxk (u| uj )]
—— 0VU. )
P, = - (u; u, L o+u;u, oV, ) (22)
0 X, 0 X,
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0 1
DT,ij = 5Xk [ui u; u,. + ;P (5kj u; + 5ik u; )] (23)
ou, u;
_ _© (X Ty 5 = 0.82
OX, o OX,
1_,0u du
oop @ % 24
¢ P (8xj 6xi) (24)
& . —— 2 K 2
:-Clpi[uiuj-gé‘ij ]-Cz[(Pij-Cij)-gé‘ij(Pm-Cm)]-F|j,w

C,=18, C,=0.60, P, = 0.5 Py, C;, = 0.5 Cj;, ¢ is the wall-reflection term that is
responsible for the redistribution of normal stresses near the wall. g; is the Kronecker
delta. The eddy viscosity (v= /p) is computed from Eq. 9. The transport equations
for turbulence kinetic energy (k) and its dissipation rate (¢) are found from Egs. 6 & 7,
respectively, with the model constants take the following values, o= 0.82, o,= 1.0,
C.=1.44,C,,=192,C,=0.09.

3.3. Computational Domain

The depth of the LD9 spiral separator is shallow (0.001-0.015 m) relative to its
mainstream length (2.7-15.6 m). Thus, it is not feasible to model the complete spiral at
once. Otherwise, approximately eight million cells are required. This number of cells
could not be accommodated using the available personal computers (PCs). Therefore,
we suggested a computational domain (Fig. 2) that consists of one complete turn of the
spiral. Periodic boundary condition was applied by progressively feeding the results
from the outlet cells back to the inlet. This procedure continues until fully developed
conditions are reached or the computations cover the total number of LD9 spiral turns.
A single turn of the LD9 spiral was constructed to be the three-dimensional
computational domain. The grid consists of 150x200x40 cells in the mainstream (x),
cross-stream (y) and depth-wise (z) directions, respectively. This gives a total number
of cells of 1,200,000. The computational grid is a structured mesh consisting of
hexahedral control volumes.

| IILIRRNARANENET
111 UNENRRRSS
NSRS

77 A
/7 7
SESLA
S GO0 28,0/
90207 r
)

Y
Fig. 2 Computational domain with reduced cells for clarity.

3.4. Boundary Conditions
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The domain is surrounded by four boundaries, namely: inlet plane, outlet plane, solid
wall, and free-surface of the water flow. At the inlet of the spiral, velocity components
and volume fractions of water are specified to give the desired flow rates. At exit of the
domain (outlet plane), velocity gradients are set to zero. At the trough wall, no-slip and
no-penetration conditions are imposed. At free-surface, the volume of fluid (VOF)
formulation [27,28,35,36] is used. In the VOF method, the interface between two
phases (water and air) is tracked on a grid that remains fixed so that the interface does
not usually coincide with a grid line. The water and air phases on spiral separators are
assumed to have constant physical properties. Thus, the assumed properties are
Puater=1000 kg/m®, 114aer=0.0009 kg/ms, pair=1.225 kg/m®, and u.i=1.7894x10° kg/ms.
The trough wall-roughness constant was set to 0.5.

3.5. Numerical Treatment

Numerical solution of the above mathematical model is based on finite volume
method. The VOF distributions were solved implicitly. The equations were discretized
using the Quadratic Upwind Interpolation (QUICK) scheme, The Pressure-Implicit
with Splitting of Operators (PISO) algorithm was used for pressure velocity coupling.
Pressure Staggering Option (PRESTO) was used for pressure interpolation scheme.
The equations were solved with the unsteady solver with a time step of 0.001 Sec.
Residuals of all variables were restricted to 1x10°. The geometric reconstruction was
used for VOF scheme. The computations were carried out using a validated
commercial code [37].

4. RESULTS AND DISCUSSIONS

In the present work, the numerical results are compared with the experimental studies
of others [7,22,23]. The study focuses on the water depth on the spiral trough and the
turbulence intensity of water flow.

4.1. Water Depth

The water accumulates toward the outer part of the spiral trough due to the forces
acting on water. The water depth increases smoothly outward. Figure 3 shows
comparisons between the numerical simulations and the experimental measurements
[22,23] of water depth for flow rates of 4, 6 and 8 m3/hr, respectively. It is noticed that
the water depth increases with the flow rate in the outer region of the trough. Whereas,
the flow rate has a minor effect on the water depth in the inner region. There is a
noticeable agreement between the experimental results and the present predictions
(especially, predictions of RSM). Figure 4 shows the present prediction for water depth
profiles using the four turbulence models at the flow rate 4 m*hr. The predictions of
the RNG k-g and RSM models are shown in Fig. 5 for flow rates of 6 and 8 m%hr.
Figures 4 and 5 show the distribution of water depth on the spiral trough qualitatively
and the quantitative measure (numerical values) is shown in Figure 3. The purpose of
Figures 4 and 5 is to show the effect of flow rates on the distribution of water depth. It
is clear from Figures 4 and 5 that the depth of water increases with the increase of flow
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rates for all turbulence models. Table 2 shows the maximum values of water depth in
the outer region of the trough.

T T
[ T T
B Experimental 14— 1
K-e Model r Experimental Experimental n
— — — RNG K-e Model L K-e Model K-e Model
2 - SST Kw Model 12f—| — — — RNG ke Model 12f— = — — RNGK-e Model
e RSM — =" SSThw Model —-—-—- SST Kw Model
— F RSM e RSM
£ 10 L -
£ 10 l 10 A
£ / /i
§° ’ 27 ? L7
e R | e | /7 !
g 6 e - 6 w2 6 ~| w L
§ . % \ F S |! L / i
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f,ﬁ/ﬂ- - | 3 Pl l /r( of !
7. ! [ z/: Vi
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0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 02 0.25 03 0.05 0.1 0.15 0.2 025 03
Radial Distance from Central Column (m) Radial Distance from Central Column (m) Radial Distance from Central Column (m)
3 3 3
(a) Flow rate 4 m*/hr. (b) Flow rate 6 m*/hr. (c) Flow rate 8 m*/hr.

Fig. 3 Present predictions and experimental results [22,23] for water depth profiles.

(@) k- Model (b) RNG k-& Model.

(c) SST k-w Model. (d) RSM Model.

Fig. 4 Present predictions for water depth profiles, flow rate 4 m*hr.
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(8) RNG k-&Model, flow rate 6 m¥hr.  (b) RSM Model, flow rate 6 m*hr.

(b) RNG k-&Model, flow rate 8 m*hr. (d) RSM Model, flow rate 8 m/hr.

Fig. 5 Present predictions for water depth profiles.
Table (2) Maximum values of water depth in the outer region of the trough.

Water flow rate (Quawer) (M*/hr) 4 6 8
Numerical predictions ~ (mm) 6.08 8.32 11.8
Experimental results [22,23] (mm) 6.5 9.4 13

An error-analysis was carried out using the sum of squares of the difference
between predicted and the measured values of water depth. Thus, it was found that the
most accurate turbulence model is RSM. Whereas, SST k- model has the lowest
accuracy. Details of the error analysis are given in Sec. 4.2.

4.2. Comparison between Turbulence Models

To determine the turbulence model that gives best predictions for the investigated
problem, a comparison was carried out. The comparison is based on the error between
the numerical predictions and the experimental values. The experimental results of
Holtham [23] were taken as the reference values. To account for both positive and
negative errors, the square of the error is considered. Table 3 shows comparison
between different turbulence models. The table covers also the numerical results of
others. Each of the values that appear in table 3 represents the summation of the
squared-errors at all points of measurements along the radial distance from the central
column of the spiral trough. It is noticed that RSM predictions are the closest to the
experimental results. Thus, RSM is the best model for computing the flow of spiral
separators. It is also obvious that the present predictions of k-£ and RNG k- are better
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than their corresponding predictions of Mathews et al. [20,21]. Thus, it seems that the
present computational scheme gives comparatively good results.

Table (3) Error comparison for different turbulence models.

No. | Quantity 6 (Mli-t: ?;Vg,;;]all) Rk’\-lf é“ﬁéthﬁﬁs[%f‘!f] Sksl R
1 V‘éj‘f;;}'ﬁf)th 15.947 24598 17.117 32.588 69.008 | 5.876
2 V‘g‘f;;}'ﬁf)th 16518 16.773 11.323 12.670 13.988 | 3.588
3 V\gti:f/jﬁf)th 21.651 22.338 26.901 43.378 18.315 | 9.452

4.3. Stability Depth

Stability depth means the water depth at the steady state condition or the final depth on
the spiral trough. It is very important to investigate and predict the number of turns that
is sufficient (necessary) for the stability of water depth. The number of enough turns is
fulfilled when the agreement between predicted water depth and stability depth (final
depth) is satisfied. In the present work, the stability depth is taken as the water depth at
the end of the sixth turn of the spiral separator. This is because LD9 spiral separator
has only six turns.

The stability depth is predicted using k- model at a flow rate of 6m*/hr. Case
of k- model was chosen to investigate the stability depth because its solution time is
the lowest. For the above purpose, five radial locations on the spiral trough were
chosen at the outlet of each spiral turn. The radial distances, starting from the central
spiral column, of the five radial locations are 5, 10, 15, 20, and 25 centimeters.

Figure 6 shows that the water depth, after the first spiral turn, is greater than
the final depth in the outer region of the spiral trough, whereas, it is smaller in the inner
region. It means that the water flow moves toward the outer part of trough at the end of
the first turn. After the second spiral turn, the deviation between water depth and final
(stability) depth decreases comparing to the first turn. After the third spiral turn, the
agreement between water depth and stability depth is about 97%. After the fourth spiral
turn, a complete agreement between the water depth and stability depth is achieved.
This means that four turns of LD9 spiral separator are enough for the stability of the
water flow. This point guides us to examine if this number of turns is enough for the
stability of solid particles during future simulation or not. This concept is very
important for designers.
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u I I 14 ‘ ‘
12 1| @Depth after 1 tum 1 [ Depth after 2 tumns
€ 4 || WFinal depth T 10 || mFinal depth
E 3
S 8 £ 8
& §
O 6 0 6
] g .
g 4 8
3 2
uell Al |
Nl i o mlll |
1 2 3 4 5 1 2 3 4 5
Location Number Location Number
14 I I 14 I I
19 -—| @Depth after 3 tumns 12 -1 @ Depth after 4 tums
€ 1044 B Final depth £ 104 B Final depth
E £
£ 8 <8
& 8
06 06
g, 5
g 3 4
2 3
.. | i i

1 2 3 4 5 1 2 3 4 5
Location Number Location Number

Fig. 6 Change of the water depth with the number of turns
at five locations on the spiral trough.

4.4. Turbulence Intensity

The turbulence intensity is a scale that characterizes turbulence in percentage. The

turbulence intensity (turbulence level) is defined as: =E Where, U’ is defined as
U
fluctuations of U, U =U+U" and U is the mean velocity.
It is clear from Fig. 7 that the values of the turbulence intensity in the outer

region of the spiral trough are greater than the corresponding values in the inner region.
Maximum turbulence intensity increases with the water flow rate.

(a) 4 m*/hr. (b) 6 m*/hr. (c) 8 m¥hr.
Fig. 7 Predictions of turbulence intensity by RSM model for different flow rates.

4.5. Computational Run-Time

11
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The computations were carried out using a personal computer (PC) with the following
specifications:

1- Processor: Intel Pentium 4 (3.2 GHz, Cache 2 MB).

2- Memory : 4 GB Ram.

3- Hard disk: 160 GB.

Table (4) Comparison of the run time for
different turbulence models.

Dimetr_lsionless RUN-time
IS comparison 18
Turbulence . Ut * RSM
No. t"=2in s t 16
model ( L ) ( Model ) 16
¢ ty e Model 214
o 12 ke — RNGk-e _ SSTk-w
E 10 1.046 1.046
1 k-& 11.839 1.0 =10l
o L
o
c 081
2 RNG k-¢ 12.386 1.046 -%
c 06
£
3 SST k- 12.386 1.046 004
0.2
4 RSM 18.943 1.600 00

Fig. 8 Dimensionless time ratio for
the four turbulence models.

Table 4 and Fig. 8 show a comparison of the run-time for different turbulence
models. Where, U, is the inlet velocity (m/s), t, is the time per a single iteration (Sec.),
and L. is a characteristic length (m). Here, it is taken as the stream wise length of one
turn of the spiral separator. t* is the non-dimensional time. Table 4 indicates that there
is a considerable increase in the run-time when employing the RSM. The increase is
60% over the run-time of the standard k-¢ model. However, the above discussions
showed that the corresponding increase in the accuracy of the computational results is
very much noticeable. Thus, it is highly recommended to use RSM in such type of
problems. Surely, the rapid development in computer specifications will reduce the
run-time of RSM.

5. CONCLUSIONS

The suggested numerical scheme has employed four turbulence models, namely: k-e,
RNG k-, SST k-w, and RSM. Two of them (SST k-w and RSM models) were not
employed before to model the spiral separators. Based on the above discussions, the
following conclusions can be stated:

1- Comparisons between the predicted and the measured values indicate that RSM is
the most accurate model. This is mainly because RSM contains seven additional
transport equations.

2- RSM needs the most computational effort among all turbulence models. It is the
most expensive turbulence model compared to the other turbulence models. It
requires 60% more CPU run-time compared to the standard k- ¢ model. Moreover,
RSM needs more computer memory.
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3- The suggested computational model can be applied to any spiral separator. The
geometrical parameters should be modified to the required spiral.

4- The water depth on spiral trough increases with the distance from the central
support-column of the spiral. By increasing the flow rate, the water depth increases.
The variation of water depth in the outer region is greatly manifested with flow rate.
Whereas, small variations are noticed in the inner region as flow rate changes.
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