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Helical pipes and ducts are used widely in industry. There is a huge literature on flow
in curved pipes and bends, but comparatively little has been published on flow in helical
pipes. To simplify the problem, most theoretical work on flow in helical pipes has
assumed zero pitch: a toroidal pipe following the work of Dean in 1927. Recent theoret-
ical studies on helical pipes have used helical coordinate systems. These systems, how-
ever, are not appropriate when studying helical ducts. The following results are reported:
a coordinate system appropriate for helical ducts; the detailed equations of continuity
and motion in this coordinate system; the numerical method used to find the fully
developed laminar flow of a Newtonian liquid in helical ducts; the simulations vs.
published experimental data; and effects of the pitch ratio, curvature ratio and pressure

gradient on secondary flow in a helical duct.

Introduction

Fluid flow in a helical pipe or duct is encountered in many
industrial situations. The most important characteristic of
such flow is secondary flow, the flow circulating cross-sec-
tionally. The secondary flow is superimposed upon the heli-
cal flow. It not only changes the velocity profile of the flow in
a helical duct, but also the flow resistance and pressure drop
as compared to a straight duct. Fundamental research on the
velocity distribution and flow resistance in a helical duct is
important in the fields of chemical, mechanical, and civil en-
gineering.

The secondary flow occurs in curved pipes or curved ducts.
Dean (1927, 1928) was the first to introduce a toroidal coor-
dinate system to investigate the pressure-driven laminar flow
of an incompressible Newtonian fluid in a curved pipe with a
circular cross section. Since then most researchers have
adopted Dean’s toroidal coordinates in their studies. Com-
prehensive reviews on flow in curved pipes have been written
by Ward-Smith (1980), Berger et al. (1983), and Ito (1987).
Comparatively little, however, is known about flow in helical
pipes. In the review article by Berger et al. (1983), there were
over a hundred references to flow in toroidally curved pipes,
but only four articles on helical pipe flow (Austin and Seader,
1973; Joseph et al., 1975; Joseph and Adler, 1975). The au-
thors of these articles all used toroidal coordinate system
when simulating flow in helical pipes and ducts.

Wang (1981) pointed out that toroidally curved pipes only
involve a curvature c,,, but helical pipes have both curvature
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where R is the internal radius of helical duct and a is a con-
stant in the helical coordinate system, a = Pitch/27.

If the pitch is equal to zero, the torsion ¢, is equal to zero
and the helical pipe reduces to the toroidally curved pipe.
Since the authors of the four articles just cited all calculated
the flow in helical pipes using toroidal coordinate systems,
what they were in fact doing was computing flow in a toroidal
pipe instead of the flow in a helical pipe. The effect of tor-
sion on flow cannot appear in their calculation. Kao (1987)
suggested that the torsion can radically change the pattern of
the secondary flow in a helical pipe, although the influence
of torsion on the volume flux ratio is relatively minor.

Some of the more recent theoretical articles on helical pipes
(Wang, 1981; Germano, 1982, 1989; Huang and Gu, 1989)
have used helical coordinates, although only the coordinate
system described by Huang and Gu (1989) is appropriate for
helical ducts. This article does not give the detailed equa-
tions of continuity and motion in helical coordinates.

The present article provides a comprehensive study of the
effect of the pitch ratio, pressure gradient, and curvature ra-
tio on the velocity distribution and fluid resistance in fully
developed laminar flow of an incompressible fluid in a helical
duct with a rectangular cross section.
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Figure 1. Helical coordinate system.

Helical Coordinate System

A coordinate system that is suitable for describing flow in a
helical duct (with a rectangular cross section) is the helical
coordinate system, as shown in Figure 1, which is a
nonorthogonal system. When the pitch is equal to zero, the
helical coordinate system reduces to the standard cylindrical
coordinates. To develop a nonorthogonal coordinate system,
a tensor analysis is needed.

The Cartesian coordinates can be expressed in the form of

Yi — (xr/’ y//’ ZN)
and the helical coordinates are expressed as
X'=[r,0,z]

The helical coordinates X are defined as having the fol-
lowing relations to the Cartesian coordinates Y*
xX"=rcos® Y'=rsing z'=z+ad. 1)
The metric tensor g;; and g for the helical coordinate sys-
tem can be expressed as

1 0 0
1
1 0 0 0 = - =
&;i=10 r’+a® a ghl= r r .2
0 a 1 0 a r*+a?
2 2

Since g;; and g“ have nonzero off-diagonal elements, the
helical coordinate system in the present study is not orthogo-
nal.

Aris (1962) defined the Christoffel symbol of the first kind:

08 98 _ agjk)

1
ik, i) = | 280, B ,
Lk, 1] 2(6’x" ax’  oxt
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The nonzero Christoffel symbols of the first kind for the
helical coordinate system are
(12,21=[21,2l=r [22,1]=-r,
which are the same expressions as the nonzero Christoffel
symbols of the first kind for the standard cylindrical coordi-
nate system given by Eringen (1967).

Aris (1962) defined the Christoffel symbols of the second
kind as

The nonzero Christoffel symbols of the second kind for the
helical coordinate system are

(= (3)-{a)-S
(32

If a is equal to zero, Eqs. 1 and 2 and the nonzero
Christoffel symbols can be used to transform the Cartesian
coordinates to the cylindrical coordinates given by Eringen
(1967).

Wang (1981) expressed the equation of continuity and the
equations of motion in tensor form as follows:

vt i )
-_T+{ ,}uk=o 3)
ax' ki
v’ | av i g’ ap 4 .
- Jl kl=_°2_ - i kj i
Y +v (3xi+{fc}'}u ) . 3xf+f +vgtul,.
4

Here the covariant derivative is
. 9%y i av iy o ;) vt
Ul«k ={——F+ L) —F + —_— =< . -
- axlaxk \IJ | axk {lk} oaxi \Jk{ ax!

+(%{”jj%{;ﬂc}{éf}‘{z’lk}{f;f})um}'

In the application of the equations in tensor forms to spe-
cific problems, the vector components v' are replaced by the
physical components v of the vector v. Eringen (1967) de-
fined the physical components v related to the vector com-
ponents v’ as

p®

0 = il /gﬁ vi=
i /gﬁ

where /g; = lg,l.

By subst—ituting the physical components v for the vector
components v’, Eq. 3 and Eq. 4 become
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Here the covariant derivative is
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Detailed Equations and Boundary Conditions

By substituting the metric tenors and the nonzero Christof-
fel symbols of the second kind for the corresponding terms in
Egs. 5 and 6, the detailed equation of continuity and the
equations of motion in the nonorthogonal helical coordinate
system are obtained.

Because the viscosity is a very important factor for adjust-
ing the convergence of the numerical method that will be
adapted, the viscosity should be an explicit term in dimen-
sionless equations (Browne, 1978). The equation of continu-
ity and the equations of motion can be made in a dimension-
less form by introducing new variables defined as follows:

t! r/ ZI ¢I
= y = — z=— =
e, T T *Tar
v u v w’
v= u= ! 1 U = ! ! w= ' r
Vel g.L 8L 8L
R A
T A4

where the variables with prime notations are dimensional, I’
is a characteristic length, and g, is a conversion factor.

Since the system is helically symmetrical, all the terms dif-
ferentiated by @ are deleted except the term Vr? + a? 3¢/r%0
in Eq. 9 and the term ad¢/r%6 in Eq. 10 are kept. Equations
of continuity and motion in dimensionless forms for modeling
the flow in a helical duct are thus obtained

Ay %)
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In the preceding equations, the centrifugal acceleration and
Coriolis accelerations are not only a function of the veloci-
ties and radius but also a function of the pitch of the helical
coordinates. There is an extra acceleration term (2auv)/

(rVr? + a?) in the third equation of motion compared with
that in a cylindrical coordinate system. If « is equal to zero,
the preceding equations reduce to the equation of continuity
and the equations of motion in the cylindrical coordinate sys-
tem. If r tends to infinity in the equations of motion 8, 9, and
10, the terms with a factor of 1Ar% +a*) or 1/r" (n=1, 2, 3)
tend to zero and the terms with a factor of (% + a?)/r? tend
to unity. The equations of motion change from the helical
coordinates to the Cartesian coordinate system. This feature
will be used to validate the numerical algorithm and com-
puter program in a later section.
No-slip boundary conditions are used in this work:

Wiiquid = Wsolid* an

Usiquia = Usolid Dliquid = Usolid

Numerical Method

To simulate flow in helical ducts, a finite difference method
is employed to solve the equation of continuity and the equa-
tions of motion in unsteady state with the primitive-variable
formulation. Some assumptions are made: the liquid in the
duct is an incompressible Newtonian fluid. It has constant
density, constant viscosity, and constant temperature. The
flow in the duct is assumed to be helically symmetrical.

The algorithm used is a modification of the MAC method
developed by Welch et al. (1965) and the Project method de-
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Figure 2. Cell setup and positions of variables.

veloped by Viecelli (1971). At the beginning of every comput-
ing cycle, the complete field of velocities is known either from
the initial conditions or as a result of the previous cycle of
calculations.

The corresponding field of pressures is obtained by solving
the Poisson equation for pressure with successive relaxation
techniques. According to the pressure changes, the field of
velocities is updated.

It is assumed that the velocity field is conservative, which
means that the finite difference analogy of velocity diver-
gence vanishes in every cell in the computational region.

The geometry of this helical duct is characterized by the
internal radius R, the duct width 25, the duct height 2¢, and
the duct pitch 27ra. Because the problems in this study are
assumed to be helically symmetrical (in the 6 direction), the
unknowns, u, v, w, p, are functions of ¢, r, z. The computa-
tional region is the cross section of the helical duct. The
boundaries of the computational region are defined by the
surfaces: r = R and R +2b, z =0 and 2c¢, as shown in Figure
2. The computational region is divided into a number of cells,
which are defined as boundary cell (BND), which falls out-
side the system but adjacent to a boundary; full cell (FULL),
which contains liquid and is in the computational region. The
center of each cell is numbered by the index /, counting the
column in the r direction, and the index k, counting the rows
in the 2z direction. The Harlow-Welch staggered-mesh
space-differencing scheme is employed in this study, in which
the reduced pressure ¢ and velocity v are defined at the
center of the cell, the velocities u and w are defined at cell
faces.

The flow chart in Figure 3 gives an outline of the computa-
tional procedure of this program.
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The calculations were performed on a VAX6510 com-
puter. To simulate flow in a straight duct (50 X 20 mesh), 3,200
time steps and 20 minutes CPU time were needed for the

| Reed Parameters ]

Stable Check

| initie1 Conditions |

[ catcutate U, v, wj

| Boundary CondmonsJ
Calculete P
Updata U, V. W

Boundary Conditions_l

Yes

Figure 3. Flow chart of the computer program.
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Figure 4. Axial velocity in a straight duct.

program to converge to the required steady flow conditions.
To calculate flow in a helical duct, about 2,000 time steps
and 10 minutes CPU time were needed.

Validation

If the internal radius R of a helical duct tends to infinity,
the helical duct becomes a straight duct. A check on the va-
lidity of the numerical method and computer program was
made by comparing the numerical simulations of the axial
velocities against the analytical solution for flow in a straight
duct. The program has been employed to simulate flow in a
straight duct by calculating flow in the helical duct in which
the internal radius R = 6r x 100,000. The term
Vri+ a?o¢/r0 in Eq. 9 is replaced by d¢/dy”, which is
perpendicular to the r—z plane; d¢/dy” is 0.484. The com-
putational region for the whole duct is divided into a 5020
mesh with each cell 0.1 0.1 in size. The initial conditions
are that all velocities equal zero. The no-slip boundary condi-
tions were applied on the solid-liquid boundaries. Other pa-
rameters are 8¢t =0.01 and v = 0.05. Five tests of flow in a
straight duct were carried out. One of the results is shown in
Figure 4. Figure 4 shows very good axially symmetrical con-
tour curves from the left half cross section of the duct to its
right half cross section and from the upper half cross section
of the duct to its lower half cross section. A similar result is
observed when the duct cross section is rotated through 90
degrees.

The azxial velocity distribution v in a straight duct with a
rectangular cross section, ~b<r<b, —c <z <c, canbe ex-
pressed by (Ward-Smith, 1980)

1d 4 = (-1" cosh N,z
v=—————¢i b2—r?—— Y ———~———cos N,r
2v dy” b, =, N; cosh Nyc
(12)
where
N Qun+7w
2

Figure 5 shows the comparison of the numerical simulation
of axial velocities with the analytical solution in columns 1, 5,
10, 15, 20, and 25 in the computational region. In Figure 3,
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Figure 5. Analytical solution vs. numerical simulation.

“NV” indicates that results are from a numerical simulation
and “AV”indicates that results are calculated from the ana-
lytical solution. The digits after “NV” or “AV” represent the
number of the column in the computational region. Column
1 is the first column close to the solid wall boundary and
Column 25 is the central column in the computational region.
The highest velocities are located at the center of the duct,
while all velocities are necessarily zero at the wall of the duct.
Figure 5 shows that agreement is excellent as expected.
According to Figure 4 and Figure 5, the numerical simula-
tions of flow in a helical duct with internal radius R tending
to infinity match the analytical solutions of flow in a straight

10 T T T T T
9 -
8 F 'NUM.DAT’ — B
7 'EXP.DAT’ ¢
g 6
& 5
4
3
2
1

500 1000 1500 2000 2500

De

Figure 6. Numerical simulation vs. experimental mea-
surement of flow resistance.
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duct, which indicate that the algorithm, the discretized equa-
tions, boundary conditions, and computer program are ap-
propriate for simulating duct flow.

General Helical Duct

Secondary flow is the main feature of flow through a curved
pipe and duct, which is caused by the centrifugal force due to
the curved boundaries. Dean (1928) defined a dimensionless
number, the Dean number De, to show the ratio between
inertial force and viscous force, and between hydraulic diam-
eter and internal radius.

The hydraulic diameter D, cross-section shape-factor v,
curvature ratio A, pitch ratio P,, Reynolds number Re, Dean

number De, friction-factor for a straight duct with a rectan-
gular cross-section Fs, and friction-factor for a helical duct
with a rectangular cross-section Fc are defined as

4bc ¢ D, Pitch
hT Y=7 = Pr=
b+c b 4R R
D, Cs 2D, AP
=——  De=ReyA Fs=—  Fc=—F%—
¢ v e=Relx *" Re ¢ pv: As

where 2b and 2c are the width and height of the rectangular
cross section of the helical duct, respectively, R is the inter-
nal radius of the helical duct, and v, is the mean helical

CONTOUR FRON -10.000 OODOCE+O0 CONTOUR INTERVAL OF 1.0000
Y InTERVALT  1.8000

™ o
¥ INTERWR:  1.8000

Helical Flow at P, = 0, 2 = 50

CONTOUR FRON -10. 000 ™ 0.
X ITERWL:  ),9000

Helical Flow at P, =1, %% = 50

DUDOOE+O0 CONTOUR THYERWAL. OF 3.0000
Y INTERVRL: 1. 8000

i 3 b1 i i i i — |

CONTOUR FROW  -0. 50000 Y0 0.80000 COMTOUR INTERWL OF  ©.
X INTERWALZ  2.0000 Y INTERVRLz 2, 0000 1o

Secondary Flow at P, = 0, %% =50

1 H ) T ¥ ¥ U 1

L L 1 1 1 - | 1 1

CONTOUR FROW -0, 40000 T 0.80000

WTOwA, oF 0. 10000
X INTERWAL:  2,0000

CONTRR
Y INTERVALZ  2,0000

8
Secondary Flow at P, = 1, 5‘5 = 50

Figure 7. Effect of pitch ratio P, on helical flow and secondary flow.
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velocity, Ward-Smith (1980) suggested that Cs =57 if y =1,
Cs=622ify=20ry=05.

Sixteen cases have been simulated. The computing region
was 20 20 cells. The other parameters were cell dimensions
8r =56z =0.05, time interval &¢= 0.005, radius of curvature
R = 8r X190, pitch = 31, viscosity » = 0.1, overrelaxation pa-
rameter w=1.7.

The initial conditions were that all velocities were zero.
The no-slip boundary conditions were applied on the four
walls of the duct.

Huang and Gu (1989) carried out some experiments to
measure the pressure drop variation as a function of the flow
rate in a helical duct of rectangular cross section. Figure 6

compares the numerical simulations generated by this method
with data based on Huang’s experiments. The figure shows
that relative friction-factor Fc/Fs increases with the Dean
number De for flow through a helical duct with a rectangular
cross section. While the numerical simulation results and the
experimental results of Huang and Gu are not identical, they
are similar, although the experimental results appear to lie
on a curve with a smaller gradient. (There is a paucity of
experimental data for these conditions and additional studies
are badly needed.)

Because the centrifugal force intensifies the motion of the
fluid particles in a curved pipe or duct, the friction of flow in
the curved pipe or duct is higher than that in a straight pipe
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TI042¢-08 CONTOUR
T INTERVAL= -

Helical Flow at P, = 10, %% = 50
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Figure 8. Effect of pitch ratio P, on helical flow and secondary flow.
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or duct. The factors that will affect the secondary flow and
flow resistance in a helical duct are the pitch ratio P,, pres-
sure gradient d¢/96, and curvature ratio A.

Effect of pitch ratio P,

A series of simulations were run to ascertain how the pitch
of a helical duct affects the secondary flow and the helical
flow in a helical duct. In all cases the pressure gradient d¢/96
was set at 50. The pitch ratio P, was varied from 0 to 10.

Secondary flow is displayed by means of the stream func-
tion, which is the combination of the radial velocities and the
vertical velocities. Figures 7 and 8 show four sets of helical
velocity and stream function data on the cross section of the
helical duct. When the pitch ratio P, is equal to zero, the
helical duct becomes a toroidal duct. The highest helical ve-
locity is located at the middle between the upper and lower
boundaries of cross section of the duct. Because of centrifu-
gal force, the highest helical velocity is pushed toward the
outer vertical wall of the duct, as shown in Figures 7 and 8.
The major difference between a flow in a toroidal duct and a
flow in a helical duct is that a pair of symmetrical secondary
vortexes appears on the cross section of a toroidal duct. But
the secondary vortexes on the cross section of a helical duct
are not symmetrical. As shown in Figures 7 and 8, when pitch
ratio P, is greater than zero, the lower vortex becomes bigger
and the upper vortex becomes smaller, which means that the
intensity of secondary flow in the upper part of the cross sec-
tion of the duct is getting weaker and the intensity of the
secondary flow in the lower part of the cross section is get-
ting stronger. Figure 8 also shows that the upper vortex dis-
appears completely and the lower vortex occupies the entire
cross section of the helical duct when P, is equal to 10. These
results lead to a different conclusion from that obtained by
Joseph et al. (1975), who found that the twin rotating cur-
rents occur at all Dean numbers in helical ducts. The reason
for the different conclusion is that Joseph used a toroidal
coordinate system to simulate flow in a helical duct. No pitch
effects were shown in his simulations. As mentioned earlier,
there is an extra acceleration term 2auv/(rVr? + a®) in the
third equation of motion in a helical coordinate system, which
does not appear in the equations of motion in a cylindrical or
toroidal coordinate system. This acceleration term may cause

24 | -

Fc/Fs

Figure 9. Effect of pitch ratio P, on resistance of flow.
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FcfFs

Figure 10. Effect of curvature ratio A on resistance of
flow.

the lower vortex to become greater and to occupy the whole
cross section of the duct.

The pitch ratio P, not only affects the secondary flow, but
also the resistance of flow in a helical duct. Figure 9 shows
that the relative friction-factor of flow Fc/Fs increases with
the pitch ratio P,.

Effect of curvature ratio A

The relative friction-factor of flow Fc/Fs in a helical duct
mainly depends on the curvature ratio A because of centrifu-
gal force. For a helical duct with a constant hydraulic diame-
ter D, if the radius of the helix is small, the centrifugal force
and the curvature ratio A become great; if the helical radius
is large, the centrifugal force and curvature ratio become
small. The relative friction-factor Fc/Fs increases or de-
creases with the centrifugal force and curvature ratio A. The
limiting case is that if the radius of the helix tends to infinity,
the helical duct becomes a straight duct. The curvature ratio
A and centrifugal force become zero and the relative
friction-factor F¢/Fs reduces to unity for flow in a straight
duct. A series of numerical calculations was carried out with
the same conditions and same hydraulic diameters as were

3.5 T T T T T T T

Fc/Fs

1 i 1 1 1 1 1

200 400 600 800 1000 1200 1400

dp/dO

Figure 11. Effect of pressure gradient d¢/30 on resis-
tance of flow.
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used previously. The curvature ratio A, however, was varied
from 0.01 to 0.4. Figure 10 shows that when A equals 0.4,
Fc/Fs equals 2.201. When A equals 0.01, Fc/Fs equals 1.002.
Also, Fc/Fs in a helical duct decreases with the curvature
ratio A. The effect of the curvature ratio is accounted for
mainly in relative friction-factor of flow Fc/Fs, but with slight
effect on the secondary flow.

Effect of pressure gradient d¢/30

Because the helical velocity and secondary flow increase as
the pressure gradient d¢/96 increases, the pressure gradient
has a large influence on the relative friction-factor of flow
and the secondary flow in a helical duct. Ten simulations were

conducted. Again, the same conditions as were used before
were used except the pressure gradient J¢/90 was varied
from 50 to 2,300. As the pressure gradient increased, the flow
increased and the secondary flow patterns become more in-
tense. The relative friction-factor Fc/Fs increased with the
pressure gradient d¢/96 in the helical duct (Figure 11).

Figure 12 shows helical velocities and secondary flow
change with the pressure gradient. The Dean number in-
creases with the pressure gradient. When the Dean number
is increased to a certain level (the transitional Dean number),
a pair of weaker secondary flow vortexes appear close to the
outer wall. Four vortexes are in the cross section of the heli-
cal duct when P, is equal to 1 and J¢/90 equals 2,300 (Fig-
ure 12).

1
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Figure 12. Effect of pressure gradient on helical flow and secondary flow.
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Conclusions

Secondary flow and a higher flow friction are the main fea-
tures of fluid flow in a helical duct. These have been studied
using the motion equations and the continuity equation solved
numerically for fully developed, incompressible, viscous New-
tonian flow in a helical duct with square or rectangular cross
section. Twenty-nine cases were simulated to cover pitch ra-
tios from 0 to 10, curvature ratios from 0.01 to 0.4, pressure
gradients from 50 to 2,300, cross-section shape factors from
0.5 to 2, and Dean numbers from 0.69 to 244. The following
conclusions can be drawn concerning flow in a helical duct:

(a) The pitch ratio of a helical duct affects the pattern of
the secondary flow and the relative friction-factor. Two vor-
texes will becomé a single vortex if the pitch ratio is greater
than 10. The relative friction-factor increases as pitch ratio
increases.

(b) The relative friction-factor is affected mainly by the
curvature ratio.

(¢c) The pressure gradient has a large influence on the sec-
ondary flow and flow resistance. When the pressure gradient
reaches a certain level, there are four vortexes that appear on
the plane of the cross section. The relative friction-factor is
increased with pressure gradient.
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Notation

a =constant in helical coordinates, Pitch/2#, dimensionless
b =half-width of the rectangular cross section of the helical
duct, dimensionless
¢ =half-height of the rectangular cross section of the helical
duct, dimensionless
¢, =curvature, ¢, = RAR? + a?), dimensionless
D, =hydraulic diameter of the duct, D, = 4bc/Ab + ¢), dimen-
sionless
D, , =divergence of the liquid velocity
Fc =friction-factor for a helical duct with a rectangular cross
section
Fs =friction-factor for a straight duct with a rectangular cross
section
fi =gravity acceleration in i direction, cm/s?
g = gravity acceleration, cm/s*
g. =acceleration, constant, cm/s?
g, = gravity acceleration in r direction, dimensionless
go =gravity acceleration in 6 direction, dimensionless
g, = gravity acceleration in z direction, dimensionless
g; = covariant base vectors
g’ =contravariant base vectors
g:; or g =metric tensory, Eq. 2
L' = characteristic length, cm
p = pressure, dyne/cm?
Pitch = pitch for a helical duct, dimensionless
P, =pitch ratio, P, = Pitch/R, dimensionless
r =r coordinate in helical coordinate system
&r =r increment, dimensionless
R =distance from z coordinate to nearest vertical boundary
of duct, dimensionless
t =time, dimensionless

&t =time increment, dimensionless
t, =torsion, ¢, = afa® + R?), dimensionless
u =velocity in r direction, dimensionless
v =vector of velocity, dimensionless
v =velocity in 6 direction, dimensionless
v’ =vector component
v = physical component of the vector v
v,, =mean helical velocity, dimensionless
w =velocity in z direction, dimensionless
x" =x coordinate in Cartesian coordinate system
x’ =i coordinate in a coordinate system
X' =helical coordinate system
y" =y coordinate in Cartesian coordinate system
Y! =Cartesian coordinate system
z =z coordinate in helical coordinate system
z" =z coordinate in Cartesian coordinate system
8z =z increment, dimensionless

Greek letters

y =cross-section shape factor ¢/b

A =curvature ratio A= D, /R

6 = 6 coordinate in helical coordinate system

v =kinematic viscosity, cm?/s or dimensionless

p =density, g/em?

¢ =ratio of pressure to density, ¢ = p/p, dimensionless
w = overrelaxation parameter
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