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Abstract

The results of a numerical analysis of laminar flow in a bayonet tube
under steady conditions are provided. Using the SIMPLE-C algorithm, data has
been obtained on the influence of the principal variables ; namely, flow rate,
outer tube length, outer tube diameter, inner tube diameter and inner tube
length on the pressure drop. The results are presented in nondimensionalized
form using the Reynolds number, Re, length to diameter ratio, L/D, area ratio,
F/F, and end clearance ratio, H/D. The study includes the effect of these

parameters on pressure drop for both central and annular admission of the fluid.

For central admission, the effect of Reynolds number and length-diameter
ratio was as expected. The pressure drop decreased with Re and increased with
L/D. A characteristic minimum was noted in the effect of area ratio at values
lower than expected. The flow pattern revealed a stable ring vortex, in
axisymmetric form, accounting for the minimum. For F/F, less than the
minimum a secondary vortex accounted for higher frictional losses. For F/F,
more than the minimum, three dimensional effects produced higher pressure
drops. A diminishing secondary vortex accounted for a local minimum in the
effect of clearance ratio, while a local maximum at a higher value of H/D

corresponded to a ring of separation. The formation of a stable ring vortex in



axisymmetric form marked an asymptotic value.

The pressure drops for annular admission were, as expected, higher than
the central admission due to increased entrance area. The effects of Reynolds
number and clearance ratios were qualitatively similar to those found in central
admission. A different flow pattern in the clearance space accounted for a
minimum value of area ratio greater than expected. More organised flow at

higher clearance ratios resulted in a decreased pressure drop.
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Nomenclature

o O ©

Eu

coefficient in the discretization equation

constant term in the discretization equation

coefficient

outer tube diameter; also used to denote diffusion
conductances

coefficient in the pressure-difference equation; also inner
tube diameter

unit vector

Euler number

flow rate through a control volume; also cross sectional
area

clearance length

total (convective + diffusion flux)

length-diameter ratio

number of circumferential nodal points

length of outer tube

length of inner tube

number of axial nodal points

mass



P.p

Pe

R,r

Re

Ar

AXx,0x

Greek

number of radial nodal points

pressure; P is also used to denote cell Peclet number
pressure correction

Peclet number

radial coordinate

Reynolds number

r-direction width of a control volume
r-distance between two adjacent grid points
axial velocity

characteristic velocity

axial velocity correction

axial velocity based on guessed pressure p'
radial velocity

circumferential velocity

axial distance

similar to Ar, dr

relaxation
mass density
fluid dynamic viscosity

momentum diffusivity



0,6 circumferential distance
Subscripts
a annulus
A annulus; also area
B, T neighbour grid points on the bottom and top respectively
b,t contro! volume face on the bottom and top respectively
E.w neighbour grid point on the east and west respectively
e,w contro! volume face on the east and west respectively
i inlet; also inner tube
N,S neighbour grid points on the north and south respectively
n,s control volume face on the north and south respectively
nb general neighbour grid point
P central grid point under consideration
Superscripts

*

c

per unit time
previous iteration value of a variable

characteristic



Chapter 1

Introduction

1.1 The concept and use of the bayonet tube

The design of industrial heat exchangers is often constrained by such
factors as tube stress, access, system dimension and ease of maintenance.
High tube stresses may cause early wear and tear and hence high financial
penalty. Also, there are situations when the system to be heated (or cooled) is
accessible from one side only thus making the use of conventional heat
exchangers impractical. In the process industries, a heat exchanger breakdown
may lead to complete system shutdown until repairs are made. The need for a

heat transfer device free from the above shortcomings is self evident.
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The bayonet tube is a simple refluent heat exchanger. It is constructed
from two concentric tubes as shown in Figure 1.1. The outer tube is sealed at
one end. One end of the inner tube reaches close to the sealed end of the outer
tube. The fluid flowing inside the inner tube is constrained to return along the
annular gap between the two tubes, or vice versa. The pressure difference
between the inlet and the outlet drives the flow. Forced convection may thus
be superimposed on natural convection or boiling (and condensation). The

device is therefore suitable for both single and two phase operations.

Bayonet tubes are particularly suitable for situations where the medium
to be heated or cooled is either too large to be treated in its entirety or is
readily accessible from one side only. The tubes can also be fitted into any
process equipment, since they only require penetration through one wall. Also
since one end of the tube is free, the system is free from any bending and axial
compressive stresses. The use of bayonet tubes may thus be advantageous in

highly corrosive environments where stress related tubing failures are a concern

(11

The use of bayonet tubes in the process industry was cited as early as
1946 [2i. The tubes, then called "Field tubes”, were used in vacuum
condensers, suction tank heaters and alkylation contactors. Recent industrial

uses include : a potassium condenser boiler in a binary cycle power plant [3],



= Ti—

M——————Inner tube

‘__/TN——————— Outer tube

~ i
e s

d = inner tube diameter
D = outer tube diameter
| = inner tube length
L = outer tube length
H = clearance length

" FIGURE 1.1 SKETCH OF THE BAYONET TUBE
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a counterflow heat exchanger in a chemical processing plant [4], a water tube

reformed gas boiler in an ammonia plant [5] and a high temperature burner duct

recuperator in a steel mill soaking pit [6].

In a geophysical context, bayonet tubes may be used for geothermal heat
extraction in steam generation above the ground surface [7]. Another
application is found in the penetration of the earth’s surface by bayonet tubes
in northern regions [8]. The internal circulation of cold winter air maintains the
ground in a frozen state thus enabling it to support towers, buildings and roads.
Bayonet tubes inserted through the cold winter ice on a river may be used to

create a submerged wall of ice, hence facilitating the control of spring runoff

[9].

Biomedical applications include cryosurgery. The technique utilises
bayonet tubes as a cryoprobe for producing very low localised temperatures
[10]. This phenomenon is used for selective destruction of damaged tissues.

The method has been found to be safe and effective.

1.2 Previous work

The mean effective temperature difference in a bayonet tube with

unheated walls for four different arrangements of flow direction on the shell
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and tube side was studied by Hurd in 1946 [2). it was found that large
temperature differences occur when the flow direction in the annulus was

counter to the flow direction of the circulating medium on the shell side.

Tests on a bayonet tube were conducted by Jahns, Miller, Power,
Rickey, Taylor and Wheeler in 1973 [8]. Results were compared with an open
pile without tube insert. Bayonet tube heat removal rates were higher.
Laboratory tests conducted by Haynes and Zarling in 1982 to asses the heat
performance characteristics of bayonet tube suggested that the heat removal

rates depended directly on the volume of air forced through the annulus [11].

An analytical solution of the governing equations was performed by
Baum in 1978 [1]. It was shown that the inner tube should have three quarters
of the diameter of the outer tube and should be somewhat thicker. The effect
of wind and the insert tube length on the thermal performance of the tube was
studied by Lock and Kirchner in 1988 [12]. It was suggested that at high
speeds an increased length leads to an increase in the heat transfer rate, while
at low speeds the opposite was true. The effect of the length to diameter ratio
of the outer tube on heat transfer rate of the tube was found to be monotonic

by Lock and Kirchner in 1990 [13].
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A numerical study of flow in a bayonet tube with spherical end geometry
was conducted by Yang and Hsieh in 1988 [14]. An axisymmetric flow
condition was assumed. A vortex at the end clearance zone was detected.
Experiments were conducted to study the effect of main tube parameters on
the pressure drop in the tube by Lock and Wu in 1991 [15]). Visual studies
were also conducted. The presence of an end vortex in the vicinity of the end
clearance zone was confirmed. Later in 1992, Lock and Wu [16] studied the

effects of mass flow rate and tube geometry on the heat performance of the

tube.

1.3 Scope and outline of the thesis

As seen in the previous section, work on the study of the bayonet tube
is limited. Though the work lays a foundation for an advanced study on the
topic, it is by itself insufficient to give much useful information to a designer.
The analytical work does not consider the formation of an end vortex in the end
clearance zone. The numerical work assumes an axisymmetric flow. The
experimental work indicates the effect of the tube parameters on the frictional
performance, but the results are limited in accuracy. Also no information on the
local velocity profiles is provided. None of the above studies provides

information on the frictional behaviour for annular entry of the fluid.
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In this study a numerical analysis has been performed for steady, laminar
flow of constant property fluids to examine hydraulic behaviour and compare
it with experimental data. The study discusses the importance of various tube
parameters on the overall pressure drop thus providing the designer with
information on the conditions for a minimum pressure drop. As well, it studies
the effects of these parameters on the local velocity profiles. It explains the
importance of the flow behaviour on the overall pressure drop for laminar flow.
In particular, three dimensional effects are studied. Lastly, the effect of annular

admission of the fluid is also studied.

In chapter 2, the governing differential equations and the boundary
conditions are described. The principal parameters are then defined. Chapter 3
deals with the numerical formulation of the problem. The finite difference
equations and main steps in the algorithm are outlined. The accuracy of the
developed computer program is then established using a grid size test and by
comparison with the solution of a standard problem : axisymmetric flow ina

straight pipe.

In chapter 4, the frictional characteristics of a bayonet tube with central
admission of the fluid are studied : this includes the effect of mass flow rate

and tube geometry. In chapter 5, the frictional performance is investigated
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again considering the effect of the principal parameters listed above, but this

time annular admission of the fluid is considered.

Finally, conclusions and recommendations for further study are developed

in chapter 6.



Chapter 2

Mathematical Formulation

2.1 Governing equations and boundary conditions

In cylindrical coordinates (see Figure 2.1), the continuity and momentum

equations for steady, laminar, constant property flow are :

Continuity :

oW
——=0 (2.1)
00



FIGURE 2.1 THE CYLINDRICAL COORDINATES

10
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Axial momentum :

oU aU W oU aP
(U8X+V6R Rae) "X

(2.2)
+pl(azu 1 B(RBU)+ 1 azu)

ax2 R OR\ OR| R2? 0©?

Radial momentum :

(Uav OV, WV _u_Jj)= oP
ox 'orR R® R) OR 2.3)

. (av 1 a(RaV)+ 1 FV_V_2 aw)

3x2 R OR\ OR| R? 982 R? R? 90
Circumferential momentum :

% VorR R® R

(an 3W , W W, VW)
P 1 8/. W\, 1 FPW_W, 2 dV (2-4)
+u( (R )+ - + )

axz+7!5_31—? oR| R2 98¢ R? R2 0@

where

X = axial distance
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= radial distance

R
® = circumferential distance

U = axial velocity
V = radial velocity

W = circumferential velocity

The above equations are subject to the following initial and boundary

conditions:

Inlet (X=0, R=0 to d/2, © =0 to 2n)

2
U=2%P%§£”,V=O,W=O (2.5)

where U; and d are the average inlet velocity and the inner tube diameter,

respectively.

Outlet (X=0, R=d/2 to D/2, © =0 to 2n)

U _o, Voo, H_g (2.6)
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Assuming the inner tube to have no thickness, the boundary conditions at the

walls are :
Wall boundaries

Inner tube, inside and outside (X=0to |, R=d/2, ©=0 to 2m

u=0, V=0, W=0 (2.7)

Outer tube, inside (X=0 to L, R=D/2, ©=01to 27 and; X=L, R=0to

D/2, ©=0 to 2n)

U=0, V=0, W=20 (2.8)
Axis of symmetry (X=0to L, R=0, ©@=0to 2n)
9V _o,v=0,W=0 (2.9)

OR
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Plane of symmetry (X=0 to L, R=0 to D/2, © =0 and 2n)

Ug-zx = Up=o+ Ve-2x = Ve=or We-2n = We-o (2.10)

The conditions at the inlet, stated by equation (2.5), represent

hydrodynamically developed flow entry. Alternatively, U = U, may be used.

2 2 Non-dimensionalization

The following dimensionless parameters are introduced to non-

dimensionalize the governing equations and boundary conditions.

Displacement

X R ©
x=_,r=_,e=__ .
L R, er° (2.11)
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Velocity
u:__[_]_’V=_____V 'W'=.; W
Un R, U, B8°R, U, (2.12)
L L
Pressure
P-P,
D= > (2.13)
pUy
where

L = outer tube length

R, = outer tube radius = D/2
©° = maximum circumferential distance = 2

U,, = characteristic velocity = 4Kv/D

P_ = reference pressure at entry and exit

Substitution of the above parameters into equations (2.1) to (2.4) yields the

following non-dimensional equations



ou.1 0 1 dw _
oA A R
du, du wou _ _Op, 1 Ju
UVt T8 T ox ReK ox?
LAK1 a(rau)+ 4K 1 Ju
Re r or\ 0r| Re(©°)2 r2 06

ov, ov WOV _ _, 2 op, 1 v
”ax"Var* r 00 4K ar+ ReK 9x?2
LA4K 1 a(rav)+ 4K 1 &v
Re r or\" 0r] Re(©°)2 r? 962

AK v 8K 1 ow w?
- - +(@°) 22—
r2 Re rz 86 ( ) Ir

Re

L oW, ow wdw _ _ 4K (1_@9
ox or r 00 (@°) 2 1’59)
1 Jw, 4K 1 %) ow
ReK 9x2 "ReT ar(r ar)

4K 1

Pw_4K w

+
Re(®°)2 r2 02> Re r?

+

8K 1 dv_[{vw
Re(@°)2 r2 00 ( )

r

16

(2.14)

(2.15)

(2.16)

(2.17)
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where

Re = P UxD (2.18)
B
L

K= — 2.19

D ( )

The above represent the Reynolds number and the length-diameter ratio,
respectively. Note that the tube diameter ratio d/D does not appear. This is
because the above equations are written considering a single tube. However,
the ratio d/D appears later when the tube characteristic velocity is defined

considering both tubes (see equation (2.32)).

The initial and boundary conditions expressed in non-dimensionalized

form are:

inlet (x=0, r=0 to d/D, =0 to 1)

u=2u;(1-r?), v=0, w=0 (2.20)

where y; is the non-dimensionalized average inlet velocity.
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Outlet (x=0, r=d/Dto 1, §=0to 1)

a0 ax 0 B o (2-24)

Wall boundaries
Inner tube, inside and outside (x=0 to I/L, r=d/D, 6=0 to 1)
u:O' V=0, W:O (2.22)

Outer tube, inside (x=0to 1,r=1, 0=0to 1:and x=1,r=0to 1, 0=0

to 1)

Axis of symmetry (x=01to 1,r=0, 8=010 1)

.Q.l_'.l.zol V=0, w=20 (2.24)
or
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Plane of symmetry (x=0 to 1,r=0to 1, 8=0and 1)
ue=1 = u5=0' V6=1 = Ve:OI We=1 = We=o (2025)

2.3 Parameters

The results are expressed in terms of the following parameters, divided
into two categories.

A. Geometry

1. Length-diameter ratio: L/D, where L and D are the length and diameter,
respectively, of the outer tube

2. Arearatio: F;/F,, where

F=2& , F,=2(D?*-d? (2.26)
4 2

1

3. Clearance ratio: H/D, where H is the end clearance of the inner tube

B. Flow rate :

1. Reynolds number: In general the Reynolds number may be defined in terms

of the mass flow rate m by taking
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Re = .in_(i() (2.27)

where X and A are the appropriate length and cross sectional area,

respectively.

For an annulus,

X\ ___ 4
(Z)a ~TDrd) (2.28)

whereas for the inner tube

X 4
=] = — .29
(A)i nd (2.29)
Hence by defining
4mD D
Re = = Re,— (2.30)
prv (D+d) d ad

the appropriate limiting forms when d-D and d < <D may be recovered.

Equation (2.30) thus provides a simple and convenient definition that covers

the full range of F,/F,.
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The above will be considered as independent variables which influence

the overall system performance, as measured by the Euler number in which the
pressure drop incorporates two main effects, viscous and inertial. The structure

given in equation (2.30) is equivalent to taking the characteristic "diameter” as:

D¢ = d(DD-d) (2.31)
and the characteristic velocity as
c = 41mD? - D\?
U Py (D2-d7) a2 Ua(_d) (2.32)

This permits an Euler number to be defined by

24P (2.33)

Eu =
p (UC) 2

where, using the energy equation between the inlet and outlet,
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(2.34)
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Chapter 3

Numerical Technique

3.1 Introduction

The non-dimensional governing equations formulated in the previous
chapter, equations (2.14) to (2.17), are non-linear partial differential equations,
which cannot be solved analytically. Therefore a numerical technique is used

for their solution.

The problem may be stated as that of solving the Navier-Stokes
equations governing the fluid velocity field. Since the Navier-Stokes equations

contain a pressure gradient term, a knowledge of the pressure field is
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necessary. However, there is no explicit equation for obtaining pressure.
Therefore, the pressure field is specified indirectly ‘hrough the continuity
equation. When correct pressure field is substituted into the momentum

equation, the resulting velocity field satisfies the continuity equation.

Patankar and Spalding [17] have suggested a method for the numerical
solution of the Navier-Stokes equations. The method called SIMPLE (Semi-
Implicit Method for the Pressure Linked Equations) utilizes the approach of
transforming the continuity equation into an equation for obtaining the
pressure, understanding that pressure is only an agent to enforce continuity.
The method was developed in 1972 and has since been used to solve
incompressible flow problems. To date, some modifications in the SIMPLE
algorithm have been proposed for better convergence. Examples are the
SIMPLE-R (SIMPLE Revised) algorithm of Patankar[18] and SIMPLE-C (SIMPLE
Consistent) algorithm of Van Doormaal and Raithby [19]. The SIMPLE-C
algorithm has been shown to posses better convergence and improved

economy, and is thus used in this study.
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3.2 Finite Difference equations

3.2.1 Grid and Control Volume Definitions

A finite difference grid with orthogonally intersecting grid lines for the x-,
r- and 6-coordinates is used. The grid is staggered (see Figure 3.1) so thet the
velocities are located at the cell faces and the pressure at the nodal points. The
advantages of using a staggered grid are described in the original reference
(18]. In this study, a M x N x KM ( see Figure 3.2 ) unequally spaced grid is

used.

3.2.2 Discretization

The non-dimensional governing equations (2.1 4) to (2.17) are integrated
over the cell control volume to get the finite difference equations. The complete
detail of the method is given in references [18,19]. A brief description is given

below.



U control volume - marked by &
V control volume - marked by "
P control volume - marked by "1
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\ 1

X (m-1, n, km)

+ﬁ(m. n-1,km) |(m, n km) (m, n+1,km)
(m+1, n, km)
1{i<m<M

&
1t<n<N
1 <km < KM

M = no. of grid lines in X-direction
N = no. of grid lines in R-direction
KM = no. of grid lines in ©-direction

FIGURE 3.2 GRID NOMENCLATURE (X-R plane)



The axial momentum equation (2.15) can be written as

—];aJx+nl aJr+ 1 aJe _ _‘@
r OXx r Oor r2 00 ox

28

(3.1)

where J,, J, and J, are the total (convective plus diffusion) fluxes given by

7 = rgu{—1_\r 94
J, = ruu (ReK)r %
J, = rvu-(g)r-a—u

z Re| or
_ _ 4K Ju
Jg = IWU (Re(@c)z) 30

The integration of equation (3.1) over the cell control volume gives

J rAOAr-J,rAOAr+J,rABAx-J rAOAX+
JAXAr-JAXAr = (p,-p,) T2ArAB

(3.2)

(3.3)

(3.4)

(3-5)
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To evaluate the flux terms at the control volume face, an interpolation
scheme is required. A second order accurate central difference approximation,
using a piecewise-linear profile, may lead to non-convergent solutions for cell
Peclet numbers (P) > 2. An alternative is an upwind scheme [20,21]). However,
this scheme may lead to inaccurate converged solutions at small Peclet
numbers. Thus, for a successful scheme, a com,Jromise must be made between
the accuracy and the numerical stability. In this study the power difference
scheme recommended by Patankar is used. For cell Peclet numbers greater than
10 in magnitude, the power scheme reverts to the upwind scheme: otherwise
an approximation of the locally exact profile is obtained using a fifth power

curve.

The application of the power difference scheme to equation (3.5) leads

to a discretized equation of the following form :

or simply

apup = Zapu,,+b (3.7)



where the coefficients are given as

ap=DA(|P,|) +MAX(-F,,0)

a, =DA(|P,|) +MAX(F,, O)

ay = D,A(|P,|) +MAX (-F,,0)

ag=DA(|P,|) +MAX (Fg,0)

ar=DA(|P,|) +MAX(-F,,0)

a, = D,A(|P,|) +MAX (F}, 0)

ap = agtay*ay*tastar*ag

b = (p,~p.,) T*ArAD

30

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)



The cell flow rates in the above equations are :

F_ = (r,)2u,ArA0

k|
|

L= (r,)%u,ArA0

F =(r,)*v,AxAB

F,= (rg)?v,AxAQ

F,.=rwAxAr

F, =1, wAXAr

and cell conductances are :

AL
¢ ReK (6x),

D ArA©
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(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
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p =1 (zJ)?

.23)
v = ek (8% wArAe (3.23

_ 4k (rg)? .24)
D, =+ (br)nAXAe (3

. 4K (£)7 (3.25)
Ds = — (Gr)sAXAe
D, = AK AxAr (3.26)

Re(B8°)2 (60),

D, = 4K AxAr (3.27)
b Re(@c)z (66)1,

The cell Peclet number is the ratio of F and D ; thus P, = F,/D, and so on. The

function A(IPI) is given as

A(|P|) =Mmax[o0, (1-0.1|P|)°] (3.28)
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The function MAX chooses the larger of the two arguments in the bracket.

The radial and the circumferential momentum equations are similarly
discretized, resulting in the same form as equation (3.6) except with minor

differences in the coefficients. For the radial momentum equation,

= Eanb+ AxArAB (3.29)

b = 4 K2 (ps_pn)rzAXA9+ (wb w.) AxAr (3.30)
+ (©°) werxArAO

and for the circumferential momentum equation,

-Eanb+ AxArAe+vrAxA6Ar (3.31)

b= 2K (pp-De) TAXAT

((-Dc)2 (3.32)
+—E;-(—®—c';—2' (Vt_Vb) AXAI
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The solution of the discretized equation (e.g. equation (3.6) ) depends on the
solution of other dependent variables (e.g. v and w). An iterative solution
procedure is used to handle the resulting inter-equation linkages and
nonlinearities. At the beginning of each cycle, the coefficients are evaluated
using u, v and w values evaluated in the previous cycle. However, the cycle
to cycle change in coefficients may lead to large changes in the u, v and w
values. This can cause slow convergence or even divergence. To moderate the

changes in consecutive solutions, under-relaxation is introduce through a as:

a
—(—J‘i’uP = Da u,,+r2ArA0 o,-p,) 351
1"'“ » )
+ apu
o P P

= Ya U +Ap (D, ~Pe) +bp (3.34)

where U’p is the Up value from the previous cycle.

3.3 The Algorithm

The continuity equation is converted into a pressure correction equation.

The finite difference equations for the velocities u,v and w have the form of
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equation (3.34). The u- momentum equation for the control volume centred at

e, can be written as

a,U, = DanyUny+Ag (Dp=DPg) +he (3.35)

where @, is now ¥ a,,/0. For a guessed pressure field p°, the velocity field u’

satisfies

au’, = Eanbu,'nb-'-Ae (p‘P—p‘E) +b, (3.36)

e

Subtraction of equation (3.36) from (3.35), gives

al, = Baplyy+A, (Bp=Dg) (3.37)

where

u=a+u® (3.38)

p=p+p* (3.39)
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in the SIMPLE algorithm, the first right hand term in equation {3.37) is

neglected for economic calculation. In SIMPLE-C algorithm, however, the

velocity correction equations are obtained by subtracting za,u', from bhoth
sides of the equation. This gives

(a,~Zap,) U, = Bayl,,~l,+A, (bp=Dg)  (3-40)

The term Za,, U’ ,-U', is now neglected, resulting in

u, = u,*+d, (Hp=Pg) (3.41)
where
A
d, = = (3.42)
ae—zanb

Pressure correction equation is now obtained by substituting equations
like (3.41) for u, v and w into the discretized continuity equation for the

control volume around the main grid point, that is,
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ur ArA6-u,r ArA6+v,r AxA0 -
~v.r AxAO+w AXAT-w,AXAT =0 (3.43)

The resulting pressure correction equation is

agbp = aghptadytadytasbstabrragbpth (3.44)

where

ap = A.d, (3.45)
a,=Ad, (3.46)
ay = 4K*A,d, (3.47)

ag = 4K*Ad; (3.48)



_ 4K?
aT - (ec) 2Atdt

4K?
(8°) s Apd,

ag

- * * *
b=Au* ~Au* A,V ~ALV
+AbW*b—AtW‘ t

A_= (r,)2ArA©

p
1

(r,)2ArA©

o
n

(r,)2AxA0

A, = (r,)2AxAB

*

n

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)
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A, =rAxAr (3.56)

A, = AxAr (3.57)

The TDMA (Tri-Diagonal Matrix Algorithm ) procedure is used to solve
for the dependent variables. Each algebraic equation along a constant line is

written as

ayb, = aybyrasdstS (3.58)

The other neighbouring coefficients are incorporated in S and assumed to be
temporarily known. This formulation, equation (3.58), allows a line by line

iteration method.

Boundary conditions for velocity are imposed by specifying the function
or the function gradient. The boundary treatment of p’ is implicit and depends
on the velocity boundary condition. For velocity normal to the boundary ap’1ax
is S8, \when pressure is specified, p=p and p’ =0 at the boundary. For the

outlet boundary condition of du/ax, dv/ax and dw/dx, p=0 is set at the exit

(x=0,r=d/2to0 D/2, §=0to 2n).



40

The details of the numerical method are given in the original references

[18,19].
The main steps in the algorithm are :

1. Guess the pressure field, p°.

2. Solve the momentum equations for u, v and w using line by line
iterations based on TDMA procedure. The obtained velocities, u, v
and w’, do not in general satisfy continuity.

3. Solve pressure correction equation for p’.

4. Apply the pressure corrections to correct pressure, thus eliminating
continuity errors in the current iteration.

5. Using the p found in step 4 as the new p’, return to step 2. Repeat
this iteration cycle until convergence is reached to a specified

tolerance on changes in velocities and pressure over two successive

iterations.

3.4 Program validation

A computer program, for steady, laminar, constant property and
axisymmetric flow in a straight pipe, was written in FORTRAN 77 using the
Algorithm described in section (3.3). A fully developed velocity profile was
assumed at the inlet boundary.

Convergence criteria are listed in Table 1.



TABLE 1
Nodal average change
Function over two successive
iterations (%)
u 104
v 10° “
Source 107 “

Effect of grid size on mass flow rate error is illustrated below.

Grid

TABLE 2

Mass error (%)

8X8

12 X 12

6.83
248
1.27
0.76
0.52

* selected grid

41
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The calculations are made for a Reynolds number of 100 and a length to
diameter ratio of 20. An optimal relaxation factor of 0.72 was used. From Table
2 it is clear that the percentage mass error between the inlet and the outlet
decreases with grid size. A 24 X 24 grid was chosen for the comparative test
below. With a 30 X 30 grid, the time taken was found to be 10 percent more

than with a 24 X 24 grid.

To check the pressure and flow rate accuracy, friction factor
(f = 2dAP/pLu?) data was obtained for different Reynolds numbers (Re =Ud/v).
The results are compared with the classical relation f =64/Re in Figure 3.3. The
results indicate excellent agreement. Maximum deviation is less than one

percent, as expected.
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[
L1

FRICTION FACTOR f

epddd f = 64/Re
AAAAA Numerical data

Grid = 24 x 24
L/D = 20

1000
REYNOLDS NUMBER Re

FIGURE 3.3 COMPARISON OF FRICTION FACTOR DATA
FOR A CIRCULAR TUBE
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The following convergence criteria were used for the bayonet tube :

Table 3

Nodal average change

Function over two successive

iterations (%)

u 104 ||
v 102
| w 102
p 6x 103
source 5 x 10°

A grid of 41 x 41 x 20, with the respective grid lines in the x-, r- and 6-
directions, was used. This grid has approximately double grid lines in the x- and
r-directions as compared to the grid for a straight pipe. This was chosen, since
now we are dealing with two pipes instead of single pipe dealt before. Also the
complexity of the flow pattern demands a finer grid to include the effects of
vortex and recirculation. An optimum relaxation factor of 0.72 was used. Test
with a grid of 61 x 61 x 40 indicated a percentage Euler number change of less
than 2%, while the time taken to run the program was increased by 10%. The

percentage mass error between inlet énd outlet is less than 0.6 percent.
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The two dimensional resuits were checked for uniqueness by using
different initial velocity and pressure fields. The solution remained unchanged.

The three dimensional results were not checked for uniqueness.
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Chapter 4

Frictional Characteristics

with Central Admission

4.1 Introduction

In this chapter, the effect of the principal bayonet tube parameters on
the overall pressuré drop in the tube is discussed in the absence of heat
transfer. The pressure drop is expressed nondimensionally as the Euler number.
The definition of Euler number described in equation (2.35), section 2.3, is
used. The nondimensional parameters studied were : Reynolds number (Re),

length to diameter ratio (L/D), area ratio (F/F,) and the clearance ratio (H/D).
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These parameters represent the fluid flow rate and the system geometry.
Parameter definitions are given in section 2.3. During the study of each
parametric effect, the other parameters are held constant at a set of reference
values. These were Re = 1000, L/D =~ 20 , H/D ~ 1 and F, /F, ~ 0.47,
chosen to represent a practical situation [15]. Flow behaviour is restricted to
a cylindrical end geometry with the thickness of the inner tube being neglected.
in addition, flow in the tube is taken to be steady and laminar with the fluid
properties held constant. This chapter deals only with admission of the fluid
into the inner tube; a fully developed (parabolic) velocity profile is assumed.
Chapter 5 deals with fluid admission into the annulus between the inner and

the outer tube, again with a parabolic entry profile.

The results have been plotted as graphs and velocity field diagrams.
Where available, the experimental data is also displayed. This enables direct
comparisons to be made. The experimental data plotted is the nearest available

data representing the given conditions. More on this will be discussed later.

The velocity field diagrams have been plotted using a Plot 3D package.
The vectors in the diagrams represent the resultant velocity with the
arrowheads pointing in the direction of the fluid flow. The length of the vector
provides the magnitude of the velocity non-dimensionalized by a characteristic

velocity. Since the main flow is in the axial direction, the characteristic velocity
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was obtained by balancing the pressure drop term in the axial momentum
equation, equation (2.15), with the radial viscous term. The characteristic

velocity thus obtained was equal to 4Kv/D, K being L/D, L the length and D the

outer tube diameter.

4.2 Effect of Reynolds number

The effect of the Reynolds number on the Euler number is shown in

Figure '+ =~ - uzpected, the Euler number decreases monotonically with an
increase e 'nolds number, here plotted on a logarithmic scale. An
INCF236 i7 ;:aminar) Reynolds number from 200 to 1000 results ina73.5%

decrease in th? Euler number. This trend is not unexpected given the shape of
the curve in Figure 3.3, where the friction factor data for a fully developed

laminar flow in a circular duct is plotted.

The numerical prediction is. seen to lie consistently below the
experimental data, the deviations being larger at Reynolds numbers near the
two extremes of the curve. The experimental points (1) and (4) are above the
numerical curve by 23.5% and 12.3%, respectively. This is because the
experimental points do not represent exactly the same conditions used for
numerical prediction. Experimental point (1) is plotted for F/F, = 0.229. As will
be seen later, the pressure drop for an area ratio of 0.229 is 20% more than

that at 0.474 (see section 4.4). Also point (4) is for a clearance ratio of 0.748.
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5
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REYNOLDS NUMBER

FIGURE 4.1 EFFECT OF REYNOLDS NUMBER
ON EULER NUMBER
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The Euler number for H/D between 0.5 to 1.0 is greater than for H/D = 1.0
(see section 4.5); for H/D = 0.748, in particular, it is 12.5% more. Agreement
at these points is thus within the experimental error shown. The discrepancy

at points (1) and (2) is difficult to explain.

The flow pattern for Reynolds numbers of 200 and 1000 were studied,
the respective velocity fields being plotted in Figure 4.2, the left hand side of
which provides the "standard” flow field for future comparison. A ring vortex
is observed in the end clearance zone. This vortex was found to be stable in an
axisymmetric form. As the fluid moves away from the sealed end, the vortex
gets narrower. At Re = 200, it has split into a few small secondary vortices
before reattaching at the outside of the inner tube. At Re = 1000, the velocity
is higher and the circulation within the vortex is also faster than at lower
Reynolds numbers. At higher mass flow rates, the formation of a stroryer
vortex with more vigorous circulation may lead to slope variation with increased
Reynolds numbers. A stronger vortex implies a greater dissipation rate which

in turn implies a greater pressure drop.

4.3 Effect of Length-diameter ratio

The effect of length-diameter ratio L/D on the Euler number is shown in

Figure (4.3). As expected, the Euler number increases with an increase in the
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length-diameter ratio. This linear trend is expected to continue for L/D values
greater than 40 because the skin friction loss increases in proportion to the

tube surface area.

At /D = 30. correspondiny, to experimental point (3), the numerical
“asults are within 10% experimental data. For other values, the deviation is due
+0 variations in the experimental parameters. Point (1) for example, is for a
Reynolds number of 689. As seen in the previous section, a decrease in the
mass flow rate results in an increase in the pressure drop. Hence, point (1)
should lie 27% above the numerical data. Point (2) is for H/D = 0.748 implying
that it should lie 12.6% above the numerical curve. Also point (4) should be a
higher value, since it is for a clearance ratio of 0.982, which creates a 2%
greater Euler number than for a clearance ratio of 1.0 (see section 4.5).
Agreement for points (2) and (4} is therefore within experimental error of 10%.
However, the "corrected” experimental point (1) still lies slightly above the
numerical curve. The neglect of the inner tube thickness in the numerical study
suggests that for L/D = 10, the pressure drop may be less than in the
experiment. It will be seen later that a ring vortex extends between the mouth
of the inner tube and the sealed end of the outer tube. A change in the inner
tube thickness will thus effect the vortex flow pattern. At low L/D values, the
inertial and the viscous forces, being small, may be unable to overcome the

changes in the flow pattern introduced by the inner tube thickness. Thus the
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numerical pressure drop values, which are obtained assuming no inner tube

thickness, are below the experimental results obtained with certain inner tube

thickness.

The velocity flow fields for L/D ratios of 10 and 40 are plotted in Figures
4.4 and 4.5, respectively. For both, L/D = 10 and L/D = 40, the vortex
extends from the bottom of the clearance space to the inner end of the iiside
tube. The curve being a straight line, suggests that its slope remains unaffected
as long as the vortex pattern is the same in the clearance zone. Conversely, a

chanye in pattern would imply a changing slope.

4.4 Effect of Area ratio

The effect of the area ratio, F/F,, on the Euler number, is illustrated in
Figure 4.6. The change uf the Eulev number with the area ratio is not
monotonic. A characteristic minimum is noted. This occurs at F/F, = 0.47.
Appearance of this minimum is not unexpected. In fact, it might be expected
that this minimum would occur at F/F, = 1.0, when the inertial contribution
to the pressure drop is theoretically zero i.e. when sudden contraction or
expansion does not occur. However, this prescription of the inertial behaviour

does not account for the space created by the end clearance or the refluent
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flow behaviour in the end zone. It is evident from the figure that the pressure

drop is controlled by the smaller of F,and F,.

Experimental points (1) and (2) are above the numerical data, but point
(1) is for a Reynolds number of 689, and point (2) is for a clearance ratio of
0.789 ; these parametric deviations result in higher pressure drops of 24% and
10%, respectively. Thus the corrected Euler numbers for points (1) and (2) are
within the experimental error of 10%. The deviations are large at higher area
ratios. As will be discussed later, the flow at higher area ratios is three
dimensional. The numerical solution for three dimensional flow not being tested
for uniqueness, allows that more than one velocity field may occur for the same

conditions at higher area ratios.

The velocity field for F/F, = 0.2 is plotted in Figure 4.7 and for F/F, =
1.5 in Figures 4.8 and 4.9. For F/F, = 0.2, the ring vortex again exists in the
clearance space. In addition, a weak secondary vortex exists on the outer tube.
These vortices account for greater pressure drop at this area ratio. At even
lower area ratios, the flow within the secondary vortex becomes more
vigorous. This offers more resistance, resultirg in higher pressure drops. For
area ratios increased above 0.2, the secondary vortex diminishes and at Fi/F,
~ 0.47, it vanishes completely resulting in a minimum, with a single ring vortex

in the clearance space. For area ratios greater than the minimum, fluid starts
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moving in the circumferer.val direction; this begins near the sealed end of the
outer tube. With increased area ratios , it becomes more predominant near the
sealed end and starts appearing in other regions of the tube. This results in a

more complex circulation.

For an area ratio of 1.5 (see Figures 4.8 and 4.9), the three dimensional
effects are considerable at the bottom. At mid height (X' = 0.5 H) in the
clearance zone (see Figure 4.9), these effects vanish and the flow is
axisymmetric. However, they evolve again at the end of the inner tube (X' =
H), being more dominant in the annular space and near the inside wall of the
inner tube. This suggests that the decreased exit area is responsible for their
origin. They gradually die out as the fluid advances Jpws-ds. At even higher
area ratios, it is expected that the three dimensional effects may extend

towards the mouth of the annulus.

A photograph frem the visual study conducted by Lock and Wu [15], is
shown in Figure 4.10. A comparative velocity field from this study for the same
conditions, confirms the three dimensior:al effects, but only qualitatively; at

least, they are clearly not axisymmetric.
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4.5 Effect of Clearance Ratio

The effect of clearance ratio on the Euler number is shown in Figure
4.11. A comparison with experimental data indicates deviations at experimental
points (2) and (4). At point (2), the deviation is 7%, which is wi:hin the range
of the experimental error of 10%. For point (4), the deviation is 16%, which is
slightly more than the experimental error. As will be seen later, at H/ID = 2,a
ring vortex extends from the mouth of the inner tube to the sealed end of the
outer tube. The vortex being attached to the inner tube mouth at one end, a
change in vortex pattern with wall thickness is possible. This study neglecting

the inner tube length, a slightly lower Euler number at H/D = 2 is possible.

For very small clearances, that is H/D < 0.1, the effect of reducing H/D
is to produce a high pressure gradient. This is due to two factors : the reduced
clearance space and a flow separation phenomenon, as explained later. For H/D
> 1, the pressure drop is nearly constant, as expected. For 0.1 < H/D < 1,
two extrema are observed, representing a minimum and a maximum which

occur at H/D =~ 0.2 and 0.4, respectively.

Velocity fields for H/D = 0.2, 0.4, 0.8 and 2.0 are plotted in Figures
4.12 to 4.15, respectively. At H/D = 0.2, a ring of separation is observed on

the outside of inner tube. Also a small secondary vortex is observed in the
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bottom right hand corner. The fluid motion within this vortex is clockwise. For
clearance ratios less than the minimum, corresponcding to H/D =~ 0.2 in the
figure, the secondary corner vortex becomes even bigger witiy a further
decrease in the clearance ratio. This, along with the ring of separation accounts
for a higher pressure drop at lower H/D. At H/D = 0.2, the secondary corner
vortex has nearly collapsed thus accounting for the minimum. For clearance
ratios between 0.2 and 0.4, the ring of separation grows further accounting for
greater pressure drops. At H/D = 0.4, corresponding to the maximum in Figure
4.13, the ring of separation is noted again. The small corner vortex no longer
exists. At H/D = 0.9, near the inflexion point in Figure 4.11, the ring of
separation i seen evolving into a torodial vortex. This suggests that for H/D
values between 0.4 and 1.0, the ring growth into a full fled: = - "texea.  unts
for decreasing pressure drops with increased H/D. For H/D = .0 (the reference
condition), a full fledged vortex is observed at the mouth of the inner tube. For
H/D = 2.0. the same pattern exists, except that the vortex is more elongated,

resulting in an Euler number value nearly the same as for H/D = 1.

Velocity profiles from this study are compared with the photographs of
Lock and Wu [15] (see Figures 4.16 and 4.17). The flow patterns are very

similar.
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Chapter 5

Frictional Characteristics

Witk Annular Admission

5.1 Introduction

In annular admission the fluid enters at the top of the annulus between
the inner and the outer tube. Since, the flow direction is now reversed, a
charnge in the flow pattern, especially in the vicinity of the clearance zone, is
expected. This will bring changes in the frictional characteristics. In this chapter
the parametric influence on the pressure drop for a ‘Reverse Flow' is studied.

Data is plotted separately with Reynolds number, length-diameter ratio, flow
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area ratio and the clearance ratio as the independent variables ; the Euler
number remains the dependent variable (see Figures 5.1, 5.2, 5.3 and 5.5). The
definitions for the dependent and the independent variables are the same as in
the previous chapter. The inlet velocity profile is fully developed (parabolic).

Data for central fluid admission is also plotted for comparative purpose.

5.2 Effect of Reynolds number

The Euler number again decreases with an increase in the Reynolds
number, as shown in Figure 5.1. The Euler number values are evidently greater
than those observed for central admission. The curve is also less steep.
However, this change in pressure drop is not unexpected. For example, F/F, of
0.474 implies an entrance area 2.1 times the exit area. As seen in the previous
section, the fluid entrance area plays an important role in determining the
pressure loss. Therefore, for annular admission, F/F, of 0.474 corresponds to
an area ratio of about 2.1 in central admission. The curve for central admission

reflects a three dimensional flow with a higher pressure drop for this condition.
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5.3 Effect of length-diameter ratio

The effect of length-diameter ratio, L/D, on Euler number is shown in
Figure 5.2. As expected, the Euler number increases with L/D. The Euler
number for annular admission is greater than for the central admission for
reasons explained in the previous section. However a higher slope for annular
admission was not expected. In fact, the same slope as for central admission
might be expected. But this explanation does not take into consideration the
changes in the end clearance zone flow pattern introduced by reversed flow
direction. More on the end clearance flow pattern will be discussed in the
following sections, when velocity oiofiles are plotted. Evidently, the higher

slope for annular admission sugu2s's that the already three dimensional flow

pattern become. more disorderly ai aigriar L/D.

5.4 Effect of area ratio

The results for the effect ¢@ the area ratio on the Euler number are
plotted i Figure 5.3. The general trend is same as for central admission.
However, now the minimum occurs at F/F, = 0.8, in contrast to the central

admission, where it occurs at F/F, ~ 0.47; 0.8 &= 1/0.47.
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The trend of the curve is not unexpected. Starting from the highest Fi/F,
value on the curve, a decrease in the area ratio, implying an increase in the
entrance area, results in a decreased pressure drop. This is expected,
considering the slope of the curve for the central admission which shows that
an increase in the entrance area would resuit in an increasing Euler number in
the same region. After reaching a minimum, a slope upwards is also expected.
However, it was expected that the minimum would occur at the same point as
for central admission. To investigate this difference, the flow field for F/F, =
0.8 is piotted in Figure 5.4. The figure reveals a complex three dimensional
pattern in the clearancn space. Its implication is not very clear to the author.
.: appears that the fluid bifurcates after entering'the clearance space. While one
stieam of the fluid leaves through the inner tube, the oivher forms into a vertex
which resolves into a complex three dimensional pattern accounting for higher

frictional losses.

5.5 Effect of clearance ratio

The effect of clearance ratio is shown in Figure 5.5. For H/D values less
than those plotted, converged solutions could not be obtained; these aie of
little practical value. The flow may be turbulent at these clearance ratios. In
contrast to the central admission, the flow field is already three dimensional

and a decrease in the clearance area further complicates the process.
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The velocity fields for H/D ratios of 0.2, 0.8 and 3.0 are plotted in

Figures 5.6 to 5.8, respectively. A complicated three dimensional pattern
accounting for higher dissipation is evident for H/D values of 0.2 and 0.8. As
observed in the previous section, the fiuid bifurcates after entering the
clearance space. The vortical action is greater for H/D =0.8, and this may
account for greater frictional losses at H/D = 0.8. At H/D = 3.0, Figure 5.8
indicates that three dimensional effects are less pronounced. Hence the drop

in the curve with further increase in H/D is not unexpected.
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Chapter 6

Conclusions and Recommendations

The results of a numerical study of the frictional characteristics of a
bayonet tube under steady laminar conditions have been presented. Data have
been obtained with a cylindrical end geometry and a constant property fluid.
The results are plotted with Reynolds number, Re, length-diameter ratio, L/D,
area ratio, F,/F,, and clearance ratio H/D as the independent variables and Euler
number, Eu, as the dependent variable. Two fluid entrance conditions are
considered : fluid entry at the centre of the inner tube and at the annulus

between the inner and the outer tube.

For central admission, the effects of Reynolds number and length-

diameter ratio were as expected. The Euler number decreased with Re and
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increased with L/D. A characteristic minimum was noted in the effcct of area
ratio at values lower than expected. An examination of the flow pattern
revealed a ring vortex in the clearance zone accounting for a low pressure drop.
For area ratios less than the minimum the existence of a secondary vortex
along with the primary vortex accounted for higher pressure drops. For F/F,
values greater than the minimum, three dimensional effecis resulted in higher
frictional losses. Varying H/D created a secondary corner vortex accounting for
higher pressure drops at low values. A diminishing secondary vortex along with
a ring of separation corresponded to the minimum in the curve; a ring of

separation alone corresponds to the maximum. An asymptotic value of Eu,

yielded a stable ring vortex.

For annular admission, comparatively higher values for Euler number
were attributed to higher entrance areas. The effect of Reynolds number and
L/D ratio were qualitatively similar to those observed for central admission. A
different flow pattern in the end clearance zone accounted for a minimum value
of F,/F, greater than expected. A more organised flow accounted for lower

pressure losses at higher H/D.

As a result of this study, the following recommendations for future work

are made :
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At high velocities the flow may not be laminar. The turbulent behaviour
of the fluid is worth exploring.

During start-up, shutdown and upset conditions, the flow in the

tube becomes transient. In the process industries this affects the flow
downstream. A study of flow behaviour under unsteady conditions is
recommended.

This study is for a cylindrical end geometry of the tube. Since the flow
pattern in the end zone plays an important role in determining the overall
pressure drop, a study of other end geometries is desirable.

Deviation of the numerical solutions from experimental results at higher
area ratios suggests that more than one flow pattern may exist. A study
of other solutions is desirable.

Variable fiuid properties may affect the flow pattern, resulting in different
frictional characteristics. A study of flow with variable fluid properties is
required.

Since the bayonet tube is a heat exchanger, a study of the heat transfer
characteristics of the tube is required. This, coupled with the pressure
drop results of this study, can be used to construct an optimal tube

design.
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-

-

-

-This program determines the velocity and pressure
distribution in a bayonet tube.

-SYMBOL DEFINITION

X{l) =i th axial distance

R(J) = j th radial distance

TH(K) =k th circumferential distance

uU(l,J,K) ={i,j,k) th node axial velocity

Vv(l,J,K) =(i.j,k) th node radial velocity

Wi(i,J,K) =(i,j,k) th node circumferential velocity
P(1,J,K)) =(i,j,k) th node pressure

IMPLICIT REAL (A-H,0-2)

PARAMETER(ID =50,JD =50,LD=30)
COMMON/VEL/U(ID,JD,LD),V(ID,JD,LD),W(ID,JD,LD),
P(ID,JD,LD)

COMMON/XINDEX/X(ID),XU(ID),XDIF(ID),XCV(ID)
COMMON/RINDEX/R(JD),RV(JD),RDIF(JD),RCV(JD)
COMMON/TINDEX/TH(JD), TV(JD), TDIF(JD), TCV(JD)
DIMENSION ULB(JD),DXA(JD)}, TA(JD),RI{JD),RA(JD)
DIMENSION AP(ID,JD,LD),AE(ID,JD,LD),AW(ID,JD,LD),
AN(ID,JD,LD),AS(ID,JD,LD),AT(ID,JD,LD),AB(ID,JD,LD)
DIMENSION S(ID,JD,LD),DU(ID,JD,LD),DV(ID,JD,LD),
DWA(ID,JD,LD),Z(ID,JD,LD),PW(ID,JD,LD)

DIMENSION S8(ID,JD),T(ID,JD,LD),S7(ID,JD),Y(ID,JD,LD)
DIMENSION PC(ID,JD,LD),USTR(ID,JD,LD),VSTRIID,JD,LD),
WSTRI(ID,JD,LD), TE2(ID,JD,LD)

DIMENSION WLB(JD),ALB(JD),PULB(JD),ULB1(JD)
DIMENSION SP{(JD),DRA(JD),PR(JD),BT(JD),BTA(JD)
DIMENSION Q(ID,JD,LD,5),PU(ID,JD,LD)},PV(ID,JD,LD)
DIMENSION PUA1(JD),PUT1(JD), TE1(JD),PUT(JD)
DIMENSION QF1(ID,JD),QF2(ID,JD),QFA1(ID,JD),QFA2(ID,JD)
DIMENSION QO(JD),SUMR(JD), THETA(JD),SUMX1(JD),SUMRA1(JD)
DIMENSION QQ(ID,JD,LD),PRE(ID,JD,LD)

DIMENSION TT(iD,JD),YY(ID,JD)

DIMENSION SUMX(JD),SUMRA(JD),SUMU(JD),SUMT(JD),PUP1(JD)
DIMENSION PUK(ID,JD,LD),PVK(ID,JD,LD),PWK(ID,JD,LD)
DIMENSION USS(ID,JD),VSS(ID,JD),PSS(ID,JD),EP(JD)
REAL*8 ERRU,ERRV,ERRW,SERR,ERRP

-Read in and write out the input data
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PRINT*,"INLET =?"
READ*,INLET
PRINT*,"M=2","IM=?","N=?","IN=?","KM=1?"
READ*,M,IM,N,IN,KM
PRINT*,"RF =?"
READ*,RF
PRINT*,"H=1?"
READ*,H
PRINT*,"Fi/Fa=1?", "H/D=?"
READ*,AR,CL

UT =0.000001

VT =0.000001

WT =0.000001
PT=0.00001

THC =44.0/7.0
TOL=0.0001
PRINT*,"REN=?"
READ*,REN
PRINT*,"RELAU =?"
READ*,RELAU

RELAV =RELAU
RELAW =RELAU
NITER = 1000

NP =2

NPP =2

OPEN(20,FILE =’'U.DAT',FORM ="UNFORMATTED’)
OPEN(21,FILE="'V.DAT’,FORM ="UNFORMATTED’)
OPEN(22,FiLE ="RP.DAT’,FORM ="UNFORMATTED’)
READ(20)((USS(I,J),1==1,M),J=1,N)
READ(21)((VS5(l,J),1==1,M),J=1,N}
READ(22}((PSS(l,J),1:=1,M),J=1,N)

CLOSE(20)

CLOSE(21)

CLOSE(22)

DOI=1M
DO J=1,N
DO K=1,KM
U(l,J.K) =USS(1,J)
V(I,J,K) =VSS§(l,J)
W(l,J,K)=0.0
USTR(l,J,K)=0.0
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VSTRII,J,K)=0.0
WSTR(1,J,K)=0.0
P(1,J,K) =PSS(l1,J)
PC(1,J.K)=0.0
END DO
END DO
END DO
IF(INLET.EQ.1)THEN
DO K=1,KM
U(2,1,K)=U(2,2,K)
END DO
ENDIF

WRITE(6,*)" DATA USED IN THIS RUN ARE:"
WRITE(6,*)"M =",M,"N=",N,"KM =",KM,"REYNOLDS NUM=",RENOL
WRITE(6,*)"H =",H

------ Calculate annular and inside radius

RRY =(1.0+(1.0/AR)**0.5

Rl = 1.0/RRY

RAA =1.0-Rll

WRITE(6, *)"RIl =",RIl,"RAA =",RAA
XA=CL/MH

XI=1.0-XA

RENOL =REN*(1.0+RRY)

------ Calculate block velocity profile

SP(1)=0.0
SR =1/FLOAT(IN-2)
SP(2) =SP(1) +SR/2
DO J=3,IN-1
SP(J)=SP(J-1) +SR
END DO
SP(IN) =SP(IN-1) + SR/2.0
DO J=1,IN
ULB(J) =2.0*RENOL*(1.0-SP(J)**2.0)/(4.0*H)
END DO
WRITE(6, *)"ULB(J),J=1,IN"
WRITE(6,5)(ULB(J),J=1,IN)
IF(INLET.EQ.1)THEN
INM =IN+((N-IN-1)/2.0)
SUM1=0.0
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DO J=INM,N-1

IF(J.GT.INM)SUM1 =SUM1 + 1/(FLOAT(N-1-INM))

EP(J) =SUM1
END DO
DO J=INM,N-1

ALB(J) =2.0*RENOL*(1.0-(EP(J)}**2.0)/(4.0*H)

END DO

IS=0

DO J=INM,IN,-1
ISS=INM+1S
ALB(J) = ALB(ISS)
IS=IS+1

END DO

ENDIF

RENOL1 =RENOL/(4.0*H)
RENOL =4.0*H

---Generate mesh

Calculate radial grid locations

RV(2)=0.0
DR1 =RII/FLOAT(IN-2)
DO J=3,IN
RV({J)=RV(J-1) + DR1
END DO
R(1)=0.0
DO J=2,IN-1
R(J)=0.5*(RV(J)+RV({J + 1))
END DO
R(IN) =RV(IN}
DO J=2,IN
RDIF(J) =R(J)-R(J-1)
END DO
DO J=2,IN-1
RCV(J) =RV(J+1)-RV{J)
END DO

DR2 =RAA/FLOAT(N-IN-1)

DO J=IN+1,N-1
RV(J)=RV(J-1)+DR2

END DO

DO J=IN+1,N-1
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R(J) =0.5*(RV(J-1) +RV{J))
END DO
R(N) =RV(N-1)
DO J=IN,N

RDIF(J) =R(J)-R(J-1)
END DO
DO J=IN,N-1

RCVWJ) =RV({J+1)-RV{J)
END DO

Calculate circumferential grid locations

TV(2)=0.0

DT1=1.0/FLOAT(KM-2)

DO K=3,KM
TV(K)=TV(K-1)+DT1
WRITE(6,*)"K=",K,"TV(K) =", TV(K)

END DO

TH(1)=0.0

DO K=2,KM-1
TH(K)=0.5*(TV(K) +TV(K+ 1))

END DO

TH(KM) =TV(KM)

DO K=2,KM
TDIF(K) = TH(K)-TH(K-1)

END DO

DO K=2,KM-1
TCV(K) =TVI(K+ 1)-TVI(K)

END DO

Calculate axial grid locations

XU(2)=0.0

DIST =(RF)* *(1.0/FLOAT(IM-3))

COUNT=0.0

DIST2=0.0

DO 1=1,IM-2
ISUM=ISUM + 1
DIST1 =DIST**COUNT
WRITE(6,*)"1=",1,"DIST1 =",DIST1
DIST2=DIST1 +DIST2
COUNT=COUNT+1.0

END DO

DX1 =XI/DIST2



DO J=3,IM
XU(J) =XU(J-1) +DX1
DX1=DX1*DIST
END DO
X(1)=0.0
DO J=2,IM-1
X{J) =0.5*(XU{J) +XU(J + 1))
END DO
X(IM) = XU(IM)
DOJ=2M
XDIF(J) = X(J)-X(J-1)
END DO
DO J=2,IM-1
XCV(J) =XU(J + 1)-XU(J)
END DO

DX2=XA/FLOAT(M-IM-1)
DO J=IM+1,M-1

XU(J) =XU(J-1) + DX2
END DO
DO J=IM+1,M-1

X(J) =0.5*(XU(J-1) + XU({J})
END DO
X(M) =XU(M-1})
DO J=IM,M

XDIF(J) = X(J)-X(J-1)
END DO
DO J=IM,M-1

XCV(J) =XU{J + 1)-XU(J)
END DO

------ Calculate the mass at the inlet

ULB1(2) =ULB(1)
ULB1(IN) =ULB(IN)
SUMA=0.0
ISWICH=0
DO J=3,IN-1
PULB(J) = (ULB(J-1) + ULB(J)) *RV(J)/2.0
IF(ISWICH.EQ.O)THEN
PULB(J)=4.0*PULB(J)
ISWICH=1
ELSE
PULB(J)=2.0*PULB(J)
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ISWICH=0
ENDIF
SUMA =SUMA + PULB(J)
END DO
UIN=DR1*(SUMA)*2.0/(3.0*R(IN)* *2.0)
SINN=DR1*(SUMA)/3.0
SINN2=SINN*2.0*3.14

DO I1=1,M-1
DO J=1,N-1
DO K=1,KM-1
IF(1.LEQ.IM)GO TO 115
IF(J.EQ.IN)GO TO 115
P(l,J,K) =PSS(l,J)
1186 END DO
END DO
END DO

IF(INLET.EQ.O)THEN
DO J=IN+1,N-1
DO K=2,KM-1
P(2,J,K)=0.0
END DO
END DO
ENDIF
IF(INLET.EQ.1)THEN
DO J=2,IN-1
DO K=2,KM-1
P(2,J,K)=0.0
END DO
END DO
ENDIF

------ Iteration begins here
HH4=4.0*H*H
ITER=0

555 CONTINUE

ITER=ITER+1
WRITE(6, *)"ITERATION NUMBER =",ITER

------ Specify B.C. for U-equation

Boundary indices are (2,M-1,1,N,1,KM)
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C
C Entrance B.C. (u=ULB(J))
C
DO K=2,KM-1
DO J=2,IN-1
AP(2,J,K)=1.0
IF(INLET.EQ.O)THEN
AE(2,J,K)=0.0
S(2,J,K) =ULB(J)
ELSE
AE(2,J,K)=1.0
S$(2,J,J)=0.0
ENDIF
END DO
C
C Closed end B.C.(u =0.0)
C
DO J=2,N-1
AP(M-1,J,K)=1.0
AW(M-1,J,K)=0.0
S(M-1,J,K)=0.0
END DO
C
C Centre B.C.(du/dr=1.0)
C
DO 1=3,M-2
AP(,1,K)=1.0
AN(l,1,K)=1.0
Si,1,K)=0.0
END DO
C
C Inner tube (inside) b.c.{u=0.0)
C
DO I1=3,IM
AP(LLIN,K)=1.0
AS(l,IN,K)=0.0
S(i,IN,K)=0.0
END DO
C
C Outer tubelinside) B.C.{(u=0.0)
C
DO I1=3,M-2
AP(I,N,K})=1.0

AS(I,N,K)=0.0
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S(I,N,K)=0.0
END DO

C Exit B.C.

DO J=IN+1,N-1
AP(2,J,K)=1.0
IF(IINLET.EQ.O)THEN

AE(2,J,K)=1.0
$(2,J,K)=0.0
ELSE
AE(2,J,K)=0.0
S(2,J,K) =ALB{J)
ENDIF
END DO

Inner Tube (outside) B.C.{(u=0.0)

OO0

DO I=3,IM
AP(l,IN,K)=1.0
AN(L,IN,K)=0.0
S(I,IN,K)=0.0

END DO

END DO

Circumferential B.C.

OO0

DO I=3,M-2
DO J=2,N-1
AP(1,J,1)=1.0
AT(,J,1)=1.0
S(1,J,1)=0.0
AP(l,J,KM)=1.0
AB(l,J,KM)=0.0
S(l,J,KM) =U(1,J,1)
END DO
END DO

C----- Calculate coefficients of velocity, U

CALL COEFFU(M,N,KM,RENOL,H,P.ELAU,DU,AP,AE,AW,AN,AS,AT,AB,S,
* IM,IN,THC)

C----—-- Calculate U,using solver TDMA
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CALL TDMA(AP,AE,AW,AN,AS,AT,AB,S,2,M-1,1,N,1,KM,.FALSE.,NP,UT,

* USTR,RD,M,N,IM,IN,KM, 1)
Specify B.C.for V-equation
Boundary indices are (1,M,2,N-1,1,KM)

Entrance B.C.(v=0.0)

DO X=2,KM-1
DO J=3,IN-1
AP(1,J,K)=1.0
IF(INLET.EQ.O)THEN
AE(1,J,K)=0.0
S(1,J.K}=0.0
ELSE
AE(1,J,K)=1.0
$(1,J,K)=0.0
ENDIF
END DO

Closed end b.c.{v=0.0)

DO J=3,N-2
AP(M,J,K)=1.0
AW(M,J,K}=0.0
S(M,J,K)=0.0

END DO

Centre B.C.(dv/dr=0.0)

DO I=2,M-1
AP(,2,K)=1.0
AN(I,2,K)=0.0
S(1,2,K)=0.0

END DO

Inner tube (inside) B.C.{v=0.0)

DO 1=2,IM
AP(L,INK})=1.0
AS(l,IN,K)=0.0
S(L,IN,K)=0.0
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END DO
C
C Outer tube (inside) B.C.(v=0.0)
C
DO I=2,M-1
AP(I,N-1,K)=1.0
AS(I,N-1,K)=0.0
S(I,N-1,K)=0.0
END DO
C
C Exit B.C.(dv/dx =0)
C
DO J=IN+1,N-2
AP{1,J,K})=1.0
IF(INLET.EQ.O)THEN
AE(1,JK)=1.0
S$(1,J,K)=0.0
ELSE
AE(1,J,K)=0.0
$(1,J.K)=0.0
ENDIF
END DO
C
C Inner tube (outside) B.C.(v=0.0)
C
DO I1=2,IM
AP(l,IN.K)=1.0
AN(l,IN,K)=0.0
S(I,IN,K)=0.0
END DO
END DO
DO |1=2,M-1
DO J=3,N-2
AP(1,J,1)=1.0
AT(,J,1)=1.0
$(,J,1)=0.0
AP(l,J,KM)=1.0
AB(l,J,KM)=0.0
S(,J,KM)=V(l,J,1)
END DO
END DO
C

C--—--- Calculate coefficients of velocity,V
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CALL COEFFV(M,N,KM,RENOL,H,RELAV,DV,AP,AE,AW,AN,AS, AT, AB,S,
! IM,IN,THC)

------ Calculate V,using solver TDMA

CALL TDMA(AP,AE,AW,AN,AS,AT,AB,S,1,M,2,N-1,1,KM, .FALSE.,NP, VT,
’ VSTR,RD,M,N,IM,IN,KM, 2)

Specify B.C.for w-equation
Boundary indices are (1,M,1,N,2,KM)
Entrance B.C.(w=0.0)

DO K=3,KM-1
DO J=2,IN-1
AP(1,JK)=1.0
IF(INLET.EQ.O)THEN
AE(1,J,K)=0.0
S(1,J4,K)=0.0
ELSE
AE(1,J,K)=1.0
$(1,J.K)=0.0
ENDIF
END DO

Closed end b.c.(w=0.0)

DO J=2,N-1
AP(M,J,K)=1.0
AW(M,J,K)=0.0
S(M,J,K}=0.0

END DO

Centre B.C.(dw/dr=0.0)

DO I=2,M-1
AP({,1,K)=1.0
AN(,1,K)=1.0
$(1,1,K)=0.0

END DO

Inner tube (inside) B.C.(w=0.0)
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DO I1=2,IM
AP(l,INK)=1.0
AS(l,IN,K)=0.0
S{I,IN,K)=0.0

END DO

Outer tube (inside) B.C.(w=0.0)
DO I1=2,M-1
AP(I,N.K)=1.0
AS(I,N,K)=0.0
S(I,N,K)=0.0
END DO
Exit B.C.(dw/dx =0)

DO J=IN+1,N-1

AP(1,J,K})=1.0

IF(INLET.EQ.O)THEN
AE(1,J,K)=1.0
S(1,J.K)=0.0

ELSE
AE(1,J,K)=0.0
S$(1,J.K}=0.0

ENDIF

END DO

Inner tube (outside) B.C.(w=0.0)

DO 1=2,IM
AP(L,INK)=1.0
AN(l,IN,K)}=0.0
S({I,IN,K)=0.0

END DO

END DO

Circumferential B.C.

DO I1=2,M-1
DO J=2,N-1
AP(l,J,2)=1.0
AT(,J,2)=1.0
$(1,J,2)=0.0
AP{l,J,LKM)=1.0
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AB(1,J,LKM)=0.0
S{1,J,KM) =W(1,J,2)
334 ENDDO
END DO

C---ne- Calculate coefficients of velocity, W

CALL COEFFW(M,N,KM,RENOL,H,RELAW,DWA,AP,AE,AW,AN,AS, AT, AB,S,
* IM,IN, THC)

C------ Calculate W, using solver TDMA

CALL TDMA(AP,AE,AW,AN,AS,AT,AB,S,1,M,1,N,2,KM,.FALSE.,NP,WT,
* WSTR,RD,M,N,IM,IN,KM, 3)

C------ Solve pressure correction equation with new velocity
C field

DO I1=2,M-1
DO J=2,N-1
DO K=2,KM-1
IF(1.LEQ.IM)GO TO 114
IF(J.EQ.IN)GO TO 114
PC(l,J,K)=0.0
114 END DO
END DO
END DO

SOURCE=0.0
NPT=0.0
JCAT=0
KA=2
KB=IM
KC=2
KD =IN-1
540 IF(JCAT.EQ.1)THEN
KA=IM+1
KB=M-1
KC=2
KD=N-1
ENDIF
IF(JCAT.EQ.2)THEN
KA=2
KB=IM
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KC=IN+1
KD=N-1
ENDIF

DO 1=KA,KB
DO J=KC,KD
DO K=2,KM-1
IF(J.EQ.IN)GO TO 142
IF(1.LEQ.IM)GO TO 142
DELT=TCVIK)
IF(I.LT.IM)DELX =XCVIl)
IF(I.GT.IM)DELX = XCV(I-1)
IF(J.LT.IN)DELR=RCV(J)
IF(J.GT.IN)DELR =RCV(J-1)
RE=R(J)
RW =R(J)
RN=RV({J+1)
RS =RV{J)
RT=R(J)
RB=R(J)
IF(J.GT.IN)THEN
RN =RV(J)
RS =RV(J-1)

ENDIF

------ Calculate pressure coefficients

IF(I.LT.IM)THEN
AE(l,J,K) =DU(l + 1.J,K) *RE*RE*DELR*DELT
IF(I.NE.2)AW(l,J,K} =DU(l,J,K) *RW*RW*DELR*DELT
IF(1.EQ.2)AW(],J,K) =0.0
IF(J.LT.IN)THEN
IF(J.NE.IN-1)AN(l,J,K) =HH4*DV(l,J + 1,K)*
! RN*RN*DELX*DELT
IF(J.NE.2)AS(l,J,K) =HH4*DV(l,J,K) *RS *RS*
! DELX*DELT
IF(J.EQ.IN-1)AN(,J,K) =0.0
IF(J.EQ.2)AS(1,J,K)=0.0
ENDIF
IF(J.GT.IN)THEN
IF(J.EQ.IN + 1)AS(1,J,K)=0.0
IF(J.EQ.N-1)AN(i,J,K)=0.0
IF(J.NE.IN + 1)AS(1,J,K}) =HH4*DV(I,J-1.K) *
' RS*RS*DELX*DELT
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IF(J.NE.N-1)AN(I,J,K) =HH4*DV(1,J,K)*
! RN*RN*DELX*DELT
ENDIF
ENDIF
IF(I.GT.IM)THEN
AW(I,J,K) =DU(I-1,J,K) *RW*RW *DELR*DELT
IF(1.NE.M-1)AE(l,J,K) =DU(I,J K) *RE*RE*DELR*DELT
IF(I.EQ.M-1)AE(l,J,K)=0.0
IF(J.LT.IN)JTHEN
IF(J.EQ.2)AS(1,J,K)=0.0
IF(J.NE.2)AS(l,J,K) =HH4*DVIl,J K)
! *RS*RS*DELX*DELT
AN(I,J,K) =HH4*DV(l,J + 1,K) *RN*RN*DELX*DELT
ENDIF
IF(J.GT.IN)JTHEN
IF(J.EQ.N-1)AN(l,J,K) =0.0
IF(J.NE.N-1)AN(l,J,K) =HH4*DV(l,J,K) *RN*RN*
! DELT*DELX
AS(l,J,K) =HH4*DV(l,J-1,K)*RS*RS*DELX*DELT
ENDIF
ENDIF
IF(K.NE.KM-1)AT(l,J,K) =HH4 *RT*DELX*DELR*
! DWA(I,J.K + 1)/(THC*THC)
IF(K.NE.2)AB(l,J,K) =HH4*RB*DELX*DELR*
! DWA(LJ.K)/(THC*THC)
IF(K.EQ.2)ABI(l,J,K)=0.0
IF(K.EQ.KM-1)AT(},J,K)=0.0

Boundary condition

000

IF(INLET.EQ.O)THEN
IF(J.GT.IN)THEN
IF(1.EQ.2)AE(l,J,K)=0.0
ENDIF
ELSE
IF(J.LT.IN)THEN
IF(I.LEQ.2)AE(l,J,K)=0.0
ENDIF
ENDIF
AP(l,J,K) = AE(1,J,K) + AW(1,J,K) + AN(l,J,K) + AS(l,J,K) +
! AT(1,J.K) + AB(l,J,K)

C Source term calculation
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IF(.LT.IM)S(1,J,K) = (USTR(I,J,K)-USTR(l + 1,J,K))} *
/ RE*RE*DELR*DELT
IF(I.GT.IM)S(1,J,K) ={USTR(I-1,J, K)-USTRI(l,J,K) *
! RE*RE*DELR*DELT
IF(J.LT.IN)S(1,J,K) =S(1,J,K) + (VSTR(I,J,K) *
! RS*RS-VSTR(l,J + 1,K) *RN*RN) *DELX*DELT
IF(J.GT.IN)S(1,J,K) =S(1,J,K) + (VSTR(l,J-1,K) *
! RS *RS-VSTRI(l,J,K)*RN*RN) *DELX*DELT
S(1,J,K) =S(1,J,K) + (WSTR(I,J,K)-WSTR(l,J K+ 1) *
! RT*DELX*DELR
SOURCE = SOURCE + S(l,J,K)
NPT=NPT+1.0
142 END DO
END DO
END DO

JCAT =JCAT+1
IF(JCAT.LT.3)GO TO 540

------ Specify pressure at exit boundary

DO K=2,KM-1
DO J=2,IN-1
IF(INLET.EQ.O)THEN
DO J=IN+1,N-1
AP(2,J,K)=1.0
AE(2,J,K)=0.0
AW(2,J,K)=0.0
AN(2,J,K)=0.0
AS(2,J,K)=0.0
AT(2,J,K)=0.0
AB(2,J,K)=0.0
$(2,J,K)=0.0
END DO
ELSE
DO J=2,IN-1
AP(2,J,K)=1.0
AE(2,J,K)=0.0
AW(2,J,K)=0.0
AN(2,J,K)=0.0
AS(2,J,K)=0.0
AT(2,4,K)=0.0
AB(2,J,K)=0.0
$(2,J,K)=0.0
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END DO
ENDIF
END DO

SOURCE = SOURCE/NPT
WRITE(6, *)"PSOURCE =",SOURCE
WRITE(6, *)"NPT =", NPT

WRITE(6, *)"PC(1,J,2),J =2,IN-1"
WRITE(6, *}PC(2,J,2),J =2,IN-1)
WRITE(6, *)"P(2,J,3),J=2,IN-1"
WRITE(6, *)(P(2,J,3),d =2,IN-1)

CALL TDMA(AP,AE,AW,AN,AS,AT,AB,S,1,M,1,N,1,KM,. TRUE.,NPP,PT,
! PC,RD,M,N,IM,IN,KM,3)

WRITE(6, *)"PC(1,J,3),J =IN+ 1,N-1"
WRITE(6, *)(PC(2,J,3),J=IN+1,N-1)
WRITE(6,*)"P(2,J,3),J=IN+1,N-1"
WRITE(6, *}(P(2,J,3),J =IN+1,N-1)

------ Calculate the new pressure field

DO 135 K=2,KM-1
DO 135 I=2,M-1
DO 135 J=2,N-1
IF(J.EQ.IN)GO TO 135
IF(1.LEQ.IM)GO TO 135
P(1,J,K) =P(l,J,K) + RELAP*PC(l,J,K)
135 CONTINUE

------ Calculate the new U velocity field

ICAT=0
164 IF(ICAT.EQ.O)THEN

KA=3
KB=IM
KC=2
KD =IN-1

ENDIF

IF(ICAT.EQ.1)THEN
KA=IM+1
KB=M-2
KC=2
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KD =N-1
ENDIF
IF(ICAT.EQ.2)THEN
KA=3
KB=IM
KC=IN+1
KD =N-1
ENDIF
DO I=KA,KB
DO J=KC,KD
DO K=2,KM-1
IF(J.EQ.IN)GO TO 101
IF(L.LT.IM)USTR(,J,K) = USTR(I,J K} + DU(I,J,K) *
/ (PC(!-1,J,K)-PC(1,J.K))
IF(1.EQ.IM)USTRI(!,J,K) =USTR(1,J,K} + DU(I,J K} *
! (PC(IM-1,J,K)-PC(IM +1,J,K))
IF(L.GT.IM)USTR(I,J,K) =USTR(l,J,K) + DU(L,J,K} *
’ (PC{1,J,K)-PC(1 + 1,J,K))
101 END DO
END DO
END DO
ICAT =ICAT +1
IF(ICAT.LT.3)GO TO 164

------ Calculate the new V velocity field

ICAT=0
168 IF(ICAT.EQ.0)THEN
KA=2
KB=IM
KC=3
KD =IN-1
ENDIF
IFICAT.EQ.1)THEN
KA=IM+1
KB=M-1
KC=3
KD =N-2
ENDIF
IF(ICAT.EQ.2)THEN
KA=2
KB=IM
KC=IN+1
KD =N-2
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ENDIF
DO 1=KA,KB
DO J=KC,KD
DO K=2,KM-1
IF(.EQ.IM)GO TO 102
IF(J.LT.IN)VSTRI(I,J,K) = VSTRIl,J,K) + HH4*DV(l,J K)*
! (PC(1,J-1,K)-PC(1,J,K))
IF(J.EQ.IN)VSTRIl,J,K) =VSTR(l,J,K) + HH4 *
! DV(I,J,K)*(PC(1,IN-1,K)-PC(l,IN + 1,K))
IF(J.GT.IN)VSTR(l,J,K) = VSTR(l,J,K) + HH4*
! DV(i,J,K) *(PC(l,J.K)-PC(l,J + 1,K))
102 END DO
END DO
END DO
ICAT =ICAT +1
IF(ICAT.LT.3)GO TO 168

------ Calculate the new W velocity field

ICAT=0
178 IF(ICAT.EQ.O)THEN
KA=2
KB=IM
KC=2
KD =IN-1
ENDIF
IF(ICAT.EQ.1)THEN
KA=IM+1
KB=M-1
KC=2
KD =N-1
ENDIF
IF(ICAT.EQ.2)THEN
KA=2
KB=IM
KC=IN+1
KD =N-1
ENDIF
DO I=KA,KB
DO J=KC,KD
DO K=3,KM-1
IF(.LEQ.IM)GO TO 103
IF(J.EQ.IN)GO TO 103
WSTR(1,J,K) =WSTRI(l,J,K) + HH4*DWA(l,J K} *
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(PC(1,d,K-1)-PC(1,J,KN/(THC*THC)

103 END DO

24

END DO
END DO
ICAT =ICAT +1
IF(ICAT.LT.3)GO TO 178

-Calculate velocity and pressure errors

CALL CRIT{(U,USTR,2,M-1,1,N,1,KM,ERRU,IM,IN,KM, 1)
CALL CRIT(V,VSTR,1,M,2,N-1,1,KM,ERRV,IM,IN,KM, 2)
CALL CRIT(W,WSTR,1,M,1,N,2,KM,ERRW,IM,IN,KM,3)

SUM=0.0
POINT=0.0
DO 1=2,M-1
DO J=2,N-1
DO K=2,KM-1
IF(1.EQ.IM)GO TO 24
IF(J.EQ.IN)GO TO 24
C =PC(l,J.K)
B=P(l,J,K)
IF(B.EQ.0.0)GO TO 24
DIFF=C/B
DIFF =DIFF*DIFF
SUM =SUM + DIFF
POINT=POINT+1.0
END DO
END DO
END DO
SUM =SQRT(SUM)
IF(ITER.EQ.1)SUMI =SUM
IF(ITER.GT.1)THEN
SDI=SUM/SUMI
WRITE(6, *)"SUMI =",SUMI
WRITE(6, *)"PDIFFERENCE =",SDI
ENDIF
ERRP =SUM/POINT

WRITE(6, *)"ERRP =",ERRP
WRITE(6, *)"ERRU =",ERRU, "ERRV =" ,ERRV
WRITE(6, *)"ERRW =",ERRW

DO 1=2,M-1
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DO J=1,N
DO K=1,KM
IF(I.GT.IM)THEN
IF(J.EQ.IN)GO TO 121
ENDIF
U(l,J,K) =USTR(l,J,K)
121 END DO
END DO
END DO
DOI=1M
DO J=2,N-1
DO K=1,KM
IF(.EQ.IM)GO TO 120
V(l,J,K)=VSTRI(l,J K}
120 END DO
END DO
END DO
DOI=1M
DO J=1,N
DO K=2,KM
IF(.EQ.IM)GO TO 129
IF(L.GT.IM)THEN
IF(J.EQ.IN)GO TO 129
ENDIF
Wi(l,J,K) =WSTRI(l,J,K)
129 END DO
END DO
END DO
DO I1=2,M-1
DO J=1,N
UllLJ,1)=ul(l,J,2)
u(l,J.KM) =U(l,J,KM-1)
END DO
END DO
DO 1=2,M-1
DO K=1,KM
U(l,1,K)=Ull,2,K)
END DO
END DO

1 FORMAT(18E14.5)
2 FORMAT(12E11.3)
3 FORMAT(10E11.3)
4 FORMAT(9E11.3)
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5 FORMAT(F20.16)
6 FORMAT(20E22.8,2F15.4)
7 FORMAT(20E24.8,3F15.4)

------ Plot the resultant velocity

DO K=1,KM
DO J=1,N-1
PU(1,J,K) =U(2,J,K)
XU(1)=0.0
END DO

DO I=2,M-1
DO J=2,N-1
IF(J.LT.IN)PU(I,J,K) = (U(1,J-1,K) +U(1,J,K))/2.0
IF(J.GT.IN)PU(1,J,K) = (U(1,J,K) + U(l,J + 1,K))/2.0
IF(J.EQ.2)PU(I,J,K) =U(l,J-1,K)
IF(J.EQ.N-1)PU(L,J,K) =Ull,J + 1,K)
IF(I.LT.IM+ 1)THEN
IF(J.EQ.IN)PU(I,J,K) =U(l,J,K)
ELSE
IF(J.EQ.IN)PU(I,J,K) = (U(l,J-1,K) + U(l,J + 1,K))/2.0
ENDIF
END DO
END DO
END DO
DO J=2,N-1
DO K=1,KM
PUK(1,J.K) =U(2,J,K)
END DO
DO I=2,M-1
DO K=2,KM
PUK(l,J,K) = (PU(1,J,K-1) + PU(1,J,K})/2.0
IF(K.EQ.2)PUK(l,J.K) =PU(l,J,K-1)
IF(K.EQ.KM)PUK(l,J,K) =PU(l,J,K)
END DO
END DO
END DO
DO K=2,KM
DO I=1,M-1
PV{,1.K)=0.0
RV(1)=0.0
END DO
DC J=2,N-1
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DO 1=2,M-1
IF(LLT.IM)PV(L,J,K) = (V(I-1,J,K) + V(I,J,K))/2.0
IFIL.GT.IM)PV(I,J,K) = (V(l,J.K) + V(I + 1,J,K))/2.0
IF(I.LEQ.2)PV(l,J.K) = V(I-1,J,K)
IF(L.LEQ.IM)PV(1,J,K) = (V(I-1,J,K) + V(I +1,J,K))/2.0
IF(LEQ.M-1)PV(L,J,K) =V(I1+1,J.K)
PV(IM,IN,K)=0.0
END DO
ENDDO
END DO
DO I1=1,M-1
DO K=1,KM
PVK(l,1,K)=0.0
END DO
DO J=2,N-1
DO K=2,KM
PVKI(I,J,K) = (PV(l,J,K-1) + PV(1,J K))/2.0
IF(K.EQ.2)PVKI(l,J,K) =PV(l,J,K-1)
IF(K.EQ.KM)PVK(I,J,K) =PV(l,J,K)
END DO
END DO
END DO
DO J=2,N-1
DO 1=1,M-1
PW(I,J,1)=0.0
TV(1)=0.0
END DO
DO K=2,KM
DO I=2,M-1
IF(LLT.IMPW(L,J,K) = (W(I-1,J,K) + W(I,J,K))/2.0
IF(LGT.IM)PWI(I,J,K) = (W(I,J.K) + W(l+1,J,K))/2.0
IF(.LEQ.2)PW(I,J,K) =W(I-1,J,K)
IF(LEQ.IM)PW(I,J,K) = (W(I-1,J,K) + W(l + 1,J,K))/2.0
IF(I.LEQ.M-1)PW(l,J,K) =WI(I +1,J,K)
PW(IM,IN,K)=0.0
END DO
END DO
END DO
DO I=2,M-1
DO J=1,N-1
PWK(l,J,1)=0.0
END DO :
DO K=2,KM
DO J=2,N-1



IF(J.LT.IN)PWK(I,J,K) = (PW(1,J-1,K) + PW(I,J,K))/2.0
IF(J.GT.IN)PWKI(I,J,K) = (PW(I,J,K) + PW(l,J + 1,K})/2.0
IF(J.EQ.2)PWK(I,J,K) =PWI(l,J-1,K)
IF(J.EQ.N-1)PWK(],J,K) =PWI(l,J +1,K)
IF(I.LT.IM+ 1)THEN
IF(J.EQ.IN)PWK(l,J,K) =PW(I,J K}
ELSE
IF(J.EQ.IN)PWKI(I,J,K) = (PW(1,J-1,K) + PW(l,J +1,K))/2.0
ENDIF
END DO
END DO
END DO

------ Calculate average pressure at the entrance

DO K=1,KM
DO J=1,N
P(1,J.K)=P(2,J,K)
END DO
END DO
DO K=1,KM
P(2,IN,K) =P(2,IN-1,K)
P(3,IN,K) =P(3,IN-1,K)
P(2,N-1,K) =P(2,N-2,K)
P(3,N-1,K) =P(3,N-2,K)
END DO
DO J=1,N
P(2,J,KM) =P(2,J,KM-1)
P(3,J,KM) =P(3,J,KM-1)
P(2,4,1)=P(2,J,2)
P(3,J,1)=P(3,J,2)
END DO
DO K=1,KM
PRE(1,2,K)=P(2,1,K)
PRE(2,2,K)=P(3,1,K)
PRE(1,IN,K) =P(2,IN,K)
PRE(2,IN,K) =P(3,IN,K)
PRE(1,N-1,K) =P(2,N-1,K)
PRE(2,N-1,K) =P(3,N-1,K)
DO J=3,IN-1
PRE(1,J,K) =(P(2,J,K) +P(2,J-1,K))/2.0
PRE(2,J,K) = (P(3,J,K) +P(3,J-1,K))/2.0
END DO
DO J=IN+1,N-2
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PRE(1,J,K) = (P(2,J,K) +P(2,J +1,K)}/2.0
PRE(2,J,K) = (P(3,J,K) +P(3,J + 1,K))/2.0
IF(J.EQ.N-2)THEN
PRE(1,J,K) =P(2,J,K)
PRE(2,J,K) =P(3,J.K)
ENDIF
END DO
END DO
DO J=2,IN
T(1,J,2) =PRE(1,J,1)
T(2,J,2) =PRE(2,J,1)
T(1,J,KM) =PRE(1,J,KM)
T(2,4,KM) =PRE(2,J,KM)
DO K=3,KM-1
T(1,J.K) =(PRE(1,J,K) + PRE(1,J,K-1))}/2.0
T(2,J4,K) =(PRE(2,J,K) + PRE(2,J,K-1))/2.0
END DO
END DO
DO J=IN+1,N-1
T(1,4,2) =PRE(1,J,1)
T(1,J,KM) =PRE(1,J,KM)
T(2,J,2) =PRE(2,J,1)
T(2,J,KM) =PRE(2,J,KM)
DO K=3,KM-1
T(1,J,K) =(PRE(1,J,K) +PRE(1,J,K-1))/2.0
T(2,J,K) =(PRE(2,J,K) +PRE(2,J,K-1))/2.0
END DO
END DO
DO K=2,KM
SUMX(K)=0.0
SUMX1(K}=0.0
ISWICH=0
DO J=2,IN
IF(IISWICH.EQ.O)THEN
QQ(1,J,K)=2.0*T(1,J,K) *RV{J)
QQ(2,J,K)=2.0*T(2,J,K)*RV(J)
IF(J.EQ.2.0R.J.EQ.IN)THEN
QQ(1,J,K)=0Q(1,J,K)/2.0
QQ(2,J.K)=Q0Q(2,J,K)/2.0
ENDIF
ISWICH=1
ELSE
QQ(1,J.K)=4.0*T(1,J,K)*RV({J)
QQ(2,J,K)=4.0*"T(2,J,K)*RV{J)
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ISWICH=0
ENDIF
SUMX(K) = SUMX(K) +QQ(1,J.K)
SUMX1(K) = SUMX1(K) +QQ(2,J,K)
END DO
SUMX(K) = SUMX(K)*DR1/(3.0)
SUMX1(K) =SUMX1(K)*DR1/3.0
END DO
sSuM=0.0
SUME=0.0
ISWICH=0
DO K=2,KM
IF(ISWICH.EQ.O)THEN
SUM1 =2.0*SUMX(K)
SUM2 =2.0*SUMX1(K)
IF(K.EQ.2.0R.K.EQ.KM)THEN
SUM1 =8SUM1/2.0
SUM2 =SUM2/2.0
ENDIF
ISWICH=1
ELSE
SUM1 =4.0*SUMX(K)
SUM2=4.0*SUMX1(K)
ISWICH=0
ENDIF
SUM =SUM +SUM1
SUME =SUME + SUM2
END DO
SUM =SUM*DT1/(3.0)
SUM=SUM*2.0/(R(IN)**2.0)
PAVV =SUM
SUME =SUME*DT1/3.0
SUME =SUME*2.0/(R(IN)* *2.0)
PAVV1=SUME
DO K=2,KM
SUMX(K)=90.0
SUMX1(K)=0.0
ISWICH=0
DO J=IN,N-1
IF(ISWICH.EQ.O)THEN
QQ(1,J,K)=2.0*T(1,J,K)}*RV{J)
QQ(2,J,K)=2.0*T(2,J,K)*RV{J)
IF(J.EQ.IN)THEN
QQ(1,J4,K)=2.0*T(1,J+ 1,K)*RV{J)
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QQ(2,J,K)=2.0*T(2,J+ 1,K)*RV{J)
ENDIF
IF(J.EQ.IN.OR.J.EQ.N-1)THEN
QQ(1,J4,K) =QQ(1,J,K)/2.0
QQ(2,J,K) =00Q(2,J,K)/2.0
ENDIF
ISWICH=1
ELSE
QQ(1,J,K)=4.0*T(1,J,K) *RV{J)
QQ(2,J,K) =4.0*T(2,J,K) *RV{J)
ISWICH=0
ENDIF
SUMX(K) = SUMX(K) +QQ(1,J,K}
SUMX1{K) =SUMX1(K) +QQ(2,J,K)
END DO
SUMX(K) =SUMX(K) *DR2/(3.0)
SUMX1(K) =SUMX1(K)*DR2/3.0
END DO
SumM=0.0
SUME=0.0
ISWICH=0
DO K=2,KM
IF(IISWICH.EQ.O)THEN
SUM1 =2.0*SUMXI(K)
SUM2 =2.0*SUMX1(K}
IF(K.EQ.2.0R.K.EQ.KM)THEN
SUM1=8UM1/2.0
SUM2 =SUM2/2.0
ENDIF
ISWICH=1
ELSE
SUM1 =4.0*SUMX(K)
SUM2 =4.0*SUMX1 (K)
ISWICH=0
ENDIF
SUM =SUM + SUM1
SUME = SUME + SUM2
END DO
SUM =SUM*DT1/(3.0)
SUM=SUM*2.0/(1.0-(R(IN)* *2.0))
PAVVA =SUM
SUME =SUME*DT1/3.0
SUME =SUME*2.0/(1.0-(R(IN)**2.0))
PAVVA1 =SUME
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WRITE(6, *)
WRITE(6, *)"PAVVA =" ,PAVVA,"P(2,IN+2,2) =",P(2,IN+2,2)
WRITE(6, *)
PAV=0.0
POINT =0.0
DO K=2,KM-1
DO J=2,IN-1
PAV =SUM +P(2,J,K)
POINT=POINT+1.0
END DO
END DO
PAV =PAV/POINT
WRITE(6, *)"AVERAGE PRESSURE =",PAVV

------ Calculate exit velocity

DO K=1,KM
ISWICH=0
SUMR(K)=0.0
DO J=IN+1,N-2
PR(J) =(U(2,J +1,K) + U(2,J,K))*RV(J)/2.0
IF(ISWICH.EQ.O)THEN
PR(J)=4.0*PR(J)

ISWICH=1
ELSE
PR(J)=2.0*PR(J)
ISWICH=0
ENDIF
SUMR(K) = SUMR(K) + PR(J)
END DO
SUMRI(K) = (SUMR(K))*DR2/3.0
END DO
ISWICH=0
SUM=0.0
DO K=3,KM-1

PR(K) = (SUMR(K) + SUMR(K-1))/2.0
IF(ISWICH.EQ.Q)THEN
PR(K) =4.0*PR(K)
ISWICH=1
ELSE
PR(K) =2.0*PR(K)
ISWICH=0
ENDIF
SUM =SUM +PR(K)
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END DO
SUM = (SUMR(2) + SUMR(KM) +SUM) *DT1/3.0
UAN =SUM*2.0/(1.0-Rii**2.0)
IF(INLET.EQ.1)THEN

------ Calculate exit velocity

DO K=1,KM
ISWICH=0
SUMR(K)=0.0
DO J=3,IN-1
PR(J) = (U(2,J-1,K) + U(2,J,K)) *RV(J)/2.0
IF(ISWICH.EQ.0)THEN
PR(J) =4.0*PR(J)

ISWICH=1
ELSE
PR(J) =2.0*PR(J)
ISWICH=0
ENDIF
SUMR(K) =SUMR(K) + PR(J)
END DO
SUMRI(K) = (SUMR(K))*DR1/3.0
END DO
ISWICA=0
SUM=0.0
DO K=3,KM-1

PR(K) = (SUMR(K) + SUMR(K-1))/2.0
IF(ISWICH.EQ.O)THEN
PR(K) =4.0*PR(K)

ISWICH=1
ELSE
PR(K) =2.0*PR(K)
ISWICH=0
ENDIF
SUM =SUM +PRIK)
END DO

SUM = (SUMR(2) + SUMR(KM) + SUM)*DT1/3.0
UIN=SUM*2.0/(RII**2.0)

ENDIF

IF(INLET.EQ.1)SOUT =-3.14*2.0*SUM
IF(INLET.EQ.O0)SINN =RENOL1*3.14*(R(IN)* *2.0)
IF(INLET.EQ.1)SINN =RENOL1*3.14*(1.0-R(IN) * *2.0)
WRITE(6, *)"SINN1 =",SINN

WRITE(6, *)"SINN2 =",SINN2
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SOUT1 =-3.14*2.0*SUMR(3)
WRITE(6, *)
WRITE(6, *)"SOUT1 =",S0UT1
WRITE(6, *)
IF(INLET.EQ.0)SOUT =-3.14*2.0*SUM
WRITE(6, *)"SOUT =",S0UT
SERR = ((SINN-SOUT)/SINN)*100.0
WRITE(6, *)"MASS IN =",SINN,"MASS OUT =",S0UT
WRITE(6, *)"PERCENTAGE MASS ERROR=",SERR
SOURCE = ABS(SOURCE)
IF(ITER.EQ.NITER)THEN
WRITE(6, *)"NOT CONVERGED AFTER 1000 ITERATIONS"

GO TO 777
END IF
C------ Calculate the Euler number
PDIFF =PAVV-P(2,IN+2,2)
PDIFF = PDIFF + ((P(2,2,2)-P(3,2,2)) + (P(3,IN + 2,2)-P(2,IN + 2,2)))/2.0
EU = (PDIFF)*2.0 + 2.0*(RENOL1**2.0)*
’ (1.0-(0.75*(AR**2.0)))
EU =EU/((UAN**2.0)*(RRY **4.0))
IF(INLET.EQ.1)THEN
PDIFF =P(2,IN+2,2) + ((P(2,IN+2,2)-P(3.IN+2,2)) + (P(3,2,2)-
! P(2,2,2))/2.0)
EU = (PDIFF)*2.0+2.0*(UIN**2.0)*(1 .0-(0.75*(AR**2.0)})
EU =EU/((RENOL1**2.0)*(RRY * *4.0))
ENDIF
WRITE(6,*)"EU=",EU
WRITE(6, *)"PERCENTAGE MASS ERROR =",SERR
C-—---- Specify the convergence criteria

IF(ERRU.GT.0.00001)GO TO 555
IF(ERRP.GT.0.0005)GO TO 555
IF(ERRV.GT.0.001)GO TO 555
IF(ERRW.GT.0.001)GO TO 555
IF(INLET.EQ.O)THEN
IF(SERR.GT.0.6.0R.SERR.LT.0.0)GO TO 555
ELSE
IF(SERR.GT.0.6.0R.SERR.LT.0.0)GO TO 555
ENDIF
777 CONTINUE
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WRITE(6, *)"NO OF ITERATIONS =",ITER

WRITE(6, *)"MASS SOURCE AFTER FINAL ITERATION=",SOURCE
WRITE(6, *)"CORRECTED PRESSURE FIELD"
WRITE(6,7){(P(1,J,2),J=2,N-1),1 =2,M-2)

WRITE(6, *)"CORRECTED U-FIELD"
WRITE(6,7)((U(1,J,2),I=2,M-1),J=N,1,-1)

WRITE(6, *)"CORRECTED V-FIELD"
WRITE(6,7)((V(l,J,2),1=1,M),J=N-1,2,-1)

C
C------ Input data for Plot3d package
C
XU(1)=0.0
XU(M)=0.0
RV(1)=0.0
RV(N)=0.0
TV(1)=0.0
TV(KM) =0.0
IDM=M-1
JDM=N-1
KDM =KM-1
DO 1=1,M-1
DO J=1,N-1
DO K=1,KM-1
THETA(K)=6.28*TV(K)
T(,J,K) =XU(l)
Y(l,J,K) =RV(J) *COS(THETAI(K))
Z(1,J,K) =RV(J) *SIN(THETA(K))
u(1,J,K)=0.0
V(l,1,K)=0.0
Wi(l,J,1)=0.0
Q(,J.K,1)=1.0
Qi,J,K,2) =PUK(l,J,K)
Q(l,J.K,3) =PVK(l,J.K)
Ql(l,J.K,4) =PWK(l,J,K)
Q(LJ,K,5)=0.0
END DO
END DO
END DO
C

OPEN(12,FILE ='GRIDX.DAT’,FORM = "UNFORMATTED’)
OPEN(14,FILE ="VELQ.DAT’,FORM ="UNFORMATTED')
WRITE(12)IDM,JDM,KDM
WRITE(12)(((T(1,J,K),1=1,IDM),J = 1,JDM),K=1,KDM),
! (ev(,J,K),1=1,1DM),J = 1,JDM),K = 1, KDM),



126

! (((z\1,J,K),1=1,IDM),J = 1,JDM),K = 1,KDM)
WRITE(14)IDM,JDM,KDM
WRITE(14)A,B,C,D
WRITE(14){(((Q(l,J,K,NX},1=1,IDM),J = 1,JDM},K =1,KDM),
* NX=1,5)
CLOSE(12)
CLOSE(14)
STOP
END

C---—--- This subroutine applies solver TDMA to calculate
C unknown nodal values

SUBROUTINE TDMA(AP,AE,AW,AN,AS,AT,AB,S,IL,IR,JB,JT,
' KS,KT,FLAG,NPS,TO,X,E,M,N,IM,IN,KM,ILET)

IMPLICIT REAL (A-H,0-2)

PARAMETER(ID =50,JD=50,LD=30)

DIMENSION AP(ID,JD,LD),AE(ID,JD,LD),AW(ID,JD,LD),AN(ID,JD,LD),
* AS(ID,JD,LD),AT(ID,JD,LD),AB(ID,JD,LD)

DIMENSION X(ID,JD,LD),S(ID,JD,LD)

DIMENSION P(JD),Q(JD)

DIMENSION A(JD),B(JD),C(JD),D(JD)

LOGICAL FLAG

C----m- Make double sweep N-pass times or until RELERR
C becomes small.

ISWICH=0
DO 333 ITER=1,NPS
319 DO 444 ILOOP=1,2

C------ Set the sweep direction

C--euen Sweep from left to right boundary beginning from
C J=bottom or J=top

IF(ISWICH.EQ.O)THEN
K1=KS+1
K2=KT-1
KINC=1

ELSE
K1=KT-1
K2=KS+1
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KINC =-1
ENDIF
DO K=K1,K2,KINC
IF(ISWICH.EQ.O)ICAT =0
IF(ISWICH.EQ.1)ICAT =2
502 IF(ICAT.EQ.0O)THEN
KE=JB
KF=IN
KL=IL
KR=IR
ENDIF
IF(ICAT.EQ.2)THEN
KE=IN
KF=JT
KL=IL
KR=IR
ENDIF
IF(ICAT.EQ.1)THEN
KL=IM
KR=IR
KE =IN-1
KF=IN+1
ENDIF
IF(ISWICH.EQ.O)THEN
J1=KE+1
JINC=1
J2=KF-1
ELSE
J1=KF-1
JINC=-1
J2=KE+1
ENDIF

170 DO J=J1,J2,JINC
C
C------ Set up the TD-Matrix

o IF(ICAT.EQ.2)GO TO 155
DO I=KL+1,KR-1

IF(I.GT.IM)THEN
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN
IF(J.EQ.IN)GO TO 12
ENDIF
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ENDIF

IF(ILET.EQ.2.0R.ILET.EQ.3)THEN

IF(.LEQ.IM)GO TO 12
ENDIF
A(l) =AP{l,J,K)
B(l) = AE(l,J,K)
Cl) = AW(l,J,K)
D(1) =S(1,J,K) + AN(1,J,K) *X(I,J + 1,K) + AS(1,J,K) *X(1,J-1,K)
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN

IF(.GT.IM)THEN

IF(J.EQ.IN-1)D(1) =S(1,J.K) + AN(I,J,K) * X(I,IN + 1,K) +
! AS(1,J,K)*X(l,J-1,K)
IF(J.EQ.IN + 1)D(1) =S{1,J,K) + AN(l,J,K) *X(L,J + 1K) +
! AS(1,J,K) *X(I,IN-1,K)

ENDIF
ENDIF
D(1) =D() + AT(I,J,K) *X(1,d,K + 1) + AB(1,J,K) * X(I,J.K-1)

12 END DO
IF(FLAG.EQV..TRUE.)THEN
KL=KL+1
KR=KR-1
GO TO 15
END IF

C(KL)=0
B(KR)=0

Left B.C.
A(KL) =AP(KL,J,K)
B(KL) = AE(KL,J,K)
D(KL) =S(KL,J,K)
Right B.C.
A(KR} =AP(KR,J,K)
C(KR) =AW(KR,J,K)
D(KR) =S(KR,J,K)
Calculate P{1)&Q(l)
15  P(KL)=B(KL)/A(KL)

Q(KL) =D(KL)/A(KL)
DO I=KL+1,KR
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DENOM = A(l)-C(l) *P(i-1)
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN

IF(I.EQ.IM)GO TO 92

IF(1.EQ.IM + 1)DENOM = A(l)-C(l) *P(IM-1)
ENDIF

P(l) =B(l)/DENOM

Q(l) = (D(1) + C(1) *Q(l-1))/DENOM
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN

IF(1.LEQ.IM + 1)Q(1) = (D(l) + C(I) *Q(IM-1))/DENOM

ENDIF

92 END DO
------ Obtain solution by back substitution
X(KR,J,K) =Q(KR)

DO I=KR-1,KL,-1
X(1,J,K) =P *X({l1+1,J,K) +Q(l)
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN
IF(.LEQ.IM)GO TO 14
IF(1.LEQ.IM-1)X(1,J,K) =P(1) *X(IM + 1,J,K) + Qi)
ENDIF
14 END DO

IF(FLAG.EQV..TRUE.)THEN
KL=KL-1
KR=KR+1
ENDIF
END DO
IF(ILET.EQ.2)THEN
IF(ISWICH.EQ.O)ICAT =ICAT + 1
IF(ISWACH.EQ. 1)ICAT =ICAT-1
ELSE
IF(ISWICH%Q.0)ICAT =ICAT +2
IF(ISWICH.€Q.; ICAT =ICAT-2
ENDIF
IF(ISWICH.EQ.O)THEN
IF(ICAT.LT.3)GO TO 502
ELSE
IF(ICAT.EQ.1.0R.ICAT.EQ.0)GO TO 502
ENDIF
END DO
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------ Sweep from bottom to top(begin from left or right)
...... Set up TD-Matrix

IF(ISWICH.EQ.O0)ICAT=0
IF(ISWICH.EQ.1)ICAT=2
501 IF(ICAT.EQ.O)THEN
KA=IL
KB=IM+1
KC=JB
KD=IN
ENDIF
IF(ICAT.EQ.1)THEN
KA=IM
KB=IR
KC=JB
KD=JT
ENDIF
IF(ICAT.EQ.2)THEN
KA =IM-1
KB=IL+2
KC=IN
KD=JT
ENDIF
iF(ISWICH.EQ.O)THEN
1M=KA+1
IINC=1
12 =KB-1
IF(ICAT.EQ.2)lINC =-1
ELSE
IF(ICAT.EQ.2)THEN
1 =KB-1
INC=1
12=KA+1
ENDIF
IF(ICAT.EQ.1)THEN
11=KA+1
IINC=1
12=KB-1
ENDIF
IF(ICAT.EQ.O)THEN
11 =KB-2
lINC=-1
12=KA +1
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ENDIF
ENDIF

DO 1=11,12,IINC
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN
IF(.EQ.IM)GO TO 100
ENDIF
DO K=K1,K2,KINC
DO J=KC+ 1,KD-1
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN
IF(I.GT.IM)THEN
IF(J.EQ.IN)JGO TO 9
ENDIF
ENDIF
A(J) =AP(l,J,K)
B(J) =AN(l,J,K)
C(J)=AS(l,J.K)
D(J) =S(1,J,K) + AE(,J,K) *X(I + 1,J,K) + AW(I,J,K) *X(I-1,J,K)

IF(ILET.EQ.2.0R.ILET.EQ.3)THEN
IF(1.LEQ.IM-1)D{J) =S(I,J,K) + AE(l,J K) *
X(IM +1,J,K) + AW(L,J,K) *X(I-1,J,K)
IF(.LEQ.IM + 1)D(J) =S(I,J,K) + AE(l,J, K) *
X(1+1,J,K) + AW(1,J, K} *X(IM-1,J,K)
ENDIF
D(J) =D(J) + AT(l,J,K) *X(1,J,K + 1) + AB(l,J,K) * X(i,J,K-1)
END DO

IF(FLAG.EQV..TRUE.)THEN
KC=KC+1
KD =KD-1
GO TO 45

ENDIF

C(KC)=0

B(KD)=0

Bottom B.C.

A(IC) =AP(l,KC,K)
B(KC) =AN(l,KC,K)
D(KC) =S(I,KC,K)
Top B.C.
A(KD)=AP(I,KD,K)
C(KD)=AS(I,KD,K)
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D(KD)=S(l,KD,K)
C
C Calculate P(J)&Q(J)
Cc

45 P(KC)=BI(KC)/A(KC)
Q(KC) =D(KC)/A(KC)

DO J=KC+1,KD
DENOM = A(J)-C(J)*P({J-1)
IF(ILET.EQ.1.0OR.ILET.EQ.3)THEN
IF(I.GT.IM)THEN
IF(J.EQ.IN)GO TO 91
IF(J.EQ.IN+ 1)DENOM = A(J)-C(J) *P(IN-1)
ENDIF
ENDIF
P(J) =B(J)/DENOM
Q(J) =(D(J) +C(J)*Q(J-1))/DENOM
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN

IF().GT.IM)THEN
IF(J.EQ.IN + 1)Q(J) = (D(J) + C(J) *Q(IN-1))/DENOM
ENDIF
ENDIF
91 END DO
C
C------ Solution by back substitution
C

X(I,KD,K) =Q(KD)
DO J=KD-1,KC,-1
X{1,J,K) =P(J) *X(I,J +1,K) + Q{J)
IF(ILET.EQ.1.0OR.ILET.EQ.3)THEN
IF(L.GT.IM)THEN
IF(J.EQ.IN)JGO TO 115
IF(J.EQ.IN-1)X(1,J,K) =P{J) *X(l,IN + 1,K) + Q{J)
ENDIF
ENDIF
115 END DO
IF(FLAG.EQV..TRUE.)THEN
KC=KC-1
KD=KD+1
ENDIF
END DO
100 END DO
IF(ISWICH.EQ.O)ICAT =ICAT +1
IF(ISWICH.EQ.1)ICAT =ICAT-1
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IF(ISWICH.EQ.O)THEN
IF(ICAT.LT.3)GO TO 501
ELSE
IF(ICAT.EQ.1.0R.ICAT.EQ.0)GO TO 501

ENDIF

IF(ISWICH.EQ.O)ICAT=0
IF(ISWICH.EQ.1)ICAT =2

C------ Sweep in the circumferential direction

5020 IF(ICAT.EQ.O)THEN
KE=JB
KF=IN
KL=IL
KR=IR
ENDIF
IF(ICAT.EQ.2)THEN
KE=IN
KF=JT
KL=IL
KR=IR
ENDIF
IF(ICAT.EQ.1)THEN
KL=IM
KR=IR
KE=IN-1
KF=IN+1
ENDIF
IF(ISWICH.EQ.O)THEN
J1=KE+1
JINC=1
J2=KF-1
ELSE
T =KF-1
JINC=-1
J2=KE+1
ENDIF
1700 DO J=J1,J2,JINC
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN
IF(I.GT.IM)THEN
IF(J.EQ.IN)GO TO 1702
ENDIF
ENDIF



o
o
C

DO =KL+ 1,KR-1

IF(ILET.EQ.2.0R.ILET.EQ.3)THEN
IF(1.EQ.IM)GO TO 1701

ENDIF

Set up TD-Matrix

DO K=KS + 1,KT-1

A(K) =AP(l,J,K)
B(K) =AT(l,J,K)
C(K) =AB(l,J,K)
D(K) =S(1,J,K) + AN(I,J,K) *X(1,J + 1,K) + AS(l,J,K) *X{1.J-1,K)

IF(ILET.EQ.1.OR.ILET.EQ.3)THEN
IF(I.GT.IM)THEN
IF(J.EQ.IN-1)D(K) =S{1,J,K) + AN(I,J,K) *X(LIN + 1,K} +
AS(l,J,K)*X(1,J-1,K)
IF(J.EQ.IN+ 1)D(K) =S(l,J,K) + AN{I,J,K) *X{I,J + 1,K) +
AS(l,J,K)*X(L,IN-1,K)
ENDIF
ENDIF
IF(ILET.EQ.1)THEN
D(K) =D(K) + AE(1,J,K) *X{I + 1,J,K) + AW(1,J,K} *X{I-1,J,K)
ENDIF
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN

IF(.LLT.IM-1.0R.L.GT.IM + 1)D(K) =D(K) +

AE(1,J,K) *X(1+1,J,K) + AW(L,J,K} * X(I-1,J,K)
IF(1.EQ.IM-1)D(K) =D(K) + AE(I,J, K) *X(IM + 1,J,K) +
AW(1,J,K) *X(I-1,J,K)

IF(1.LEQ.IM + 1)D(K) =D(K) + AE(l,J,K) *X(I + 1,J,K) +
AW(l,J,K) *X(IM-1,J,K)

ENDIF

END DO
IF(FLAG.EQV..TRUE.)JTHEN

KS=KS +1
KT=KT-1
GO TO 1555

END IF

C(KS)=0
B(KT)=0

Left B.C.
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A(KS) = AP(l,J,KS)
B(KS) = AT{l,J,KS)
D(KS) =S(l,J,KS)

C Right B.C.
A(KT)=AP(l,J,KT)
C(KT)=AB(l,J KT)
D(KT)=S(I,J.KT)
C---oe- Calculate P(1)&Q(l)
1555  P(KS)=B(KS)/A(KS)
Q(KS) =D(KS)/A(KS)
DO K=KS+1KT
DENOM = A(K)-C(K) *P(K-1)
P(K) =B(K)/DENOM
Q(K) = (D(K) + C(K) *Q(K-1))/DENOM
922 END DO
C------ Obtain solution by back substitution
X(1,J4,KT) =Q(KT)
DO K=KT-1,KS,-1
X(1,3,K) =P(K) *X(1,J,K+ 1) + Q(K)
144 END DO

IF(FLAG.EQV..TRUE.)THEN

KS =KS-1
KT=KT+1
ENDIF
1701 END DO
1702 END DO

IF(ILET.EQ.2)THEN
IF(ISWICH.EQ.O)ICAT =ICAT +1
IFISWICH.EQ.1)ICAT =ICAT-1

ELSE
IF(ISWICH.EQ.O)ICAT =ICAT +2
IF(ISWICH.EQ.1)ICAT =ICAT-2

ENDIF
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IF(ISWICH.EQ.0)THEN

IF(ICAT.LT.3)GO TO 5020

ELSE

IF(ICAT.EQ.1.0R.ICAT.EQ.0)GO TO 5020

ENDIF

161 CONTINUE

IF(ISWICH.EQ.O)ICAT =0
IF(ISWICH.EQ.1)ICAT=2
IF(ISWICH.EQ.O)THEN

ISWICH=1

ELSE

ISWICH=0

ENDIF

444 CONTINUE

Double sweep has been completed

C--neee Test for convergence

c

E=0.0
NPOINT=0.0

ICAT=0
KA=IL+1
KB=IM
KC ~JB+1
KD =iN-1
132 IF(ICAT.EQ.1)THEN

KA=IM+1
KB=IR-1
KC=JB+1
KD =JT-1

ENDIF
IF(ICAT.EQ.2)THEN

KA=IL+1
KB=IM
KC=IN+1
KD=JT-1

ENDIF

131 DO I=KAKj

DO J=KC,KD
DO K=KS +1,KT-1
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN
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IF(J.EQ.IN)GO TO 10
ENDIF
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN
IF(1.EQ.IM)GO TO 10
ENDIF
T=AP(l,J,K) *X{I,J,K)-AE(l,J,K) *X(I + 1,J,K)-AW(i,J K) *
! X(1-1,J,K)
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN
IF(1.LEQ.IM-1)T = AP(l,J,K) *X(1,J,K)-AE(l,J,K} *
! X(IM + 1,J,K)-AW(1,J,K) *X(I-1,d,K)
IF(1.EQ.IM + 1)T = AP(I,J,K) *X(I,J,K)-AE{l,J K) *
! X(1+1,J,K)-AW(l,J,K) *X(IM-1,J,K)
ENDIF
IF(ILET.EQ.2)THEN
T=T-AN(1,J,K)*X{I,J + 1,K)-AS(l,J,K) *X(I,J-1,K)
ENDIF
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN
IF(J.LT.IN-1.0R.J.GT.IN+ 1)T =T-AN(I,J,K} *
X{1,J + 1,K)-AS(1,J,K) *X(lI,J-1,K)
IF(J.EQ.IN-1)T =T-AN(I,J,K) *X(LIN + 1,K)-

! AS(I,J,K)*X(l,J-1,K)
\F(J.EQ.IN + 1)T =T-AN(1,J,K) *X(l,J + 1,K)-
! AS(I,J.K)*X(I,IN-1,K)
ENDIF
T =T-AT(l,J,K) *X(I,J,K + 1)-AB(1,J,K) *X(1,J,K-1)-8(I,J,K)
E=E+ ABS(T)
NPOINT =NPOINT + 1.0
10 END DO
END DO
END DO
ICAT=ICAT +1
IF(ICAT.LT.3)GO TO 132
E=E/NPOINT

IF(E.LT.TO)GO TO 999
8 FORMAT(2F11.4)
333 CONTINUE
WRITE(6,*)"NOT CONVERGED IN SUB TDMA"
999 CONTINUE

WRITE(6, *)"NPOINT =",NPOINT

WRITE(6, *)"NO OF DOUBLE SWEEPS IN SUB TDMA =",ITER
WRITE(6, *)"RESIDUE IN SUB TDMA=",E

RETURN

END



SUBROUTINE COEFFU(M,N,KM,RENOL,H,RELAX,DU,AP,AE,AW, AN,
* AS,AT,AB,S,IM,IN, THC)
IMPLICIT REAL (A-H,0-Z)
PARAMETER(ID =50,JD =50,LD =30)
COMMON/VEL/U(ID,JD,LD),V(ID,JD,LD),W(ID,JD,LD),
’ P(1D,JD,LD)
DIMENSION AP(ID,JD,LD),AE(ID,JD,LD),AW(ID,JD,LD),
* AN(ID,JD,LD),AS(ID,JD,LD),AT(ID,JD,LD),AB(ID,JD,LD)
DIMENSION DU(ID,JD,LD),S(ID,JD,LD)
COMMON/XINDEX/X(ID),XU(ID),XDIF(ID},XCV(ID)
COMMON/RINDEX/R(JD),RV(JD),RDIF(JD),RCV(JD)
COMMON/TINDEX/TH(JD), TV(JD), TDIF(JD),TCV(JD)

ICAT=0
KA=3
KB=IM
KC=2
KD =IN-1
122 IF(ICAT.EQ.2)THEN
KA=3
KB=IM
KC=IN+1
KD =N-1
ENDIF
IF(ICAT.EQ.1)THEN
KA=IM+1
KB =M-2
KC=2
KD =N-1
ENDIF
DO 1=KA,KB
DO J=KC,KD
DO K=2,KM-1
IF(ICAT.EQ.1)THEN
IF(J.EQ.IN)YGO TO 19
ENDIF
RE=R(J}
RW =R{J)
RT=R{J)
RB=R(J)
DELT =TCV(K)
DELTT=TDIF(K+1)
DELTB =T1DIF(K)
IF(I.LT.IM)THEN
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DELX = XDIF(l)
DELXE =XCVIl)
DELXW =XCV(i-1)
ENDIF
IF(.LEQ.IM)THEN
DELX =X(IM + 1)-X(IM-1)
DELXE =XCV(l)
DELXW =XCV(l-1)
ENDIF
IF(I.GT.IM)THEN
DELX =XDIF(l+ 1)
DELXE =XCV(l)
DELXW = XCV(I-1)
ENDIF
RN=RV(J+1)
RS =RV(J)
IF(J.GT.IN)THEN
RN =RV{J)
RS =RV(J-1)
ENDIF
IF(J.LT.IN)THEN
DELR=RCV(J)
DELRN =RDIF{(J+ 1)
DELRS =RDIF(J)
ENDIF
IF(J.GT.IN)THEN
DELR =RCV(J-1)
DELRN =RDIF(J + 1)
DELRS =RDIF(J)
ENDIF
IF(J.EQ.2)DELRS =DELR
IF(J.EQ.N-1)DELRN =DELR
IF(I.GT.IM)THEN
IF(J.EQ.IN-1)DELRN =R(IN + 1)-R(IN-1)
IF(J.EQ.IN + 1)DELRS =R(IN + 1)-R(IN-1)
ENDIF
IF(I.LT.IM+ 1)THEN
IF(J.EQ.IN-1)DELRN =DELR
IF(J.EQ.IN + 1)DELRS =DELR
ENDIF
UE =(U(1,J,K)+U(1+1,J,K))*0.5
uw = (U(1,J,K) + U(l-1,J,K)) *0.5
IF(J.LT.INYTHEN
IF(I.LT.IM)THEN
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CALL AINTP(XCV(I-1),XCV(),V(I-1,J + 1K),
Vv(l.J+1,K),VN)
CALL AINTP{XCV(I-1),XCV(),V(I-1,J K),
V(1,J,K),VS)
ENDIF
IF(LLEQ.IM)THEN
CALL AINTP{XCV(I-1),XCV(I),V(I-1,J +1,K),
V(i +1,J+1,K),VN)
CALL AINTP(XCV(I-1),XCV(I),V(I-1,J.K),
Vil +1,J,K),VS)
ENDIF
IF(I.GT.IM)THEN
CALL AINTP(XCV(I-1),XCV(}),V(l,J +1,K),
Vv(i+1,J+1,K),VN)
CALL AINTP(XCV(I-1),XCV(l),V(l,J,K),
V(l+1,J,K),VS)
ENDIF
ENDIF

IF(J.GT.IN)THEN
IF(LLT.IM)THEN
CALL AINTP(XCV(I-1),XCV(}),V(I-1,J.K),
V(l,J,K),VN)
CALL AINTP(XCV(I-1),XCV(l}),V(I-1,J-1,K),
V(i,J-1,K),VS)
ENDIF
IF(I.LEQ.IM)THEN
CALL AINTP(XCV(I-1),XCV(I),V{i-1,J,K),
Vit +1,J,K),VN)
CALL AINTP(XCV(-1),XCV(}),V(I-1,J-1,K),
V(I +1,J-1,K),VS)
ENDIF
IF(l.GT.IM)THEN
CALL AINTP(XCV(l-1),XCV(}},V(I,J,K),
Vil +1,J,K),VN)
CALL AINTP(XCV(I-1),XCV(,V(,J-1,K),
V(i +1,J-1,K),VS)
ENDIF
ENDIF
IF(I.LT.IM)THEN
CALL AINTP{XCV(I-1),XCV{}),W{I-1,J,K+ 1),
WI(l,J,K+1),WT)
CALL AINTP(XCV(I-1),XCV()),W(I-1,J K},
wil,J,K),WB)
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ENDIF

IF(l.EQ.IM)THEN
CALL AINTP(XCV(I-1),XCV(1),W(I-1,J,K+1),
W +1,J,K+1),WT)
CALL AINTP(XCV(I-1),XCV(1),W(I-1,J,K),
w(l +1,J,K),WB)

ENDIF

IF(I.GT.IM)THEN
CALL AINTP(XCV(I-1),XCV(l),W(l,J K+1),
W(i+1,J,K+1),WT)
CALL AINTP(XCV(I-1),XCV{1},W(l,J.K),
w(l +1,J,K),WB)

ENDIF

IF(K.EQ.2)DELTB=DELT

IF(K.EQ.KM-1)DELTT =DELT

FN=VN*RN*RN*DELX*DELT
FS=VS*RS*RS*DELX*DELT
FE=UE*RE*RE*DELR*DELT
FW =UW*RW*RW *DELR*DELT
FT=RT*WT*DELX*DELR
FB=RB*WB*DELX*DELR

DN =4.0*H*RN*RN*DELT*DELX/(RENOL *DELRN)
DS =4.0*H*RS *RS*DELT *DELX/(RENOL *DELRS)
DE =RE*RE*DELT *DELR/(RENOL *H*DELXE)

DW =RW *RW *DELT *DELR/(RENOL *H*DELXW)

DT =4.0*H*DELX*DELR/(RENOL*THC*THC*DELTT)
DB =4.0*H*DELX*DELR/(RENOL*THC*THC*DELTB)

CALL POWER(FN,DN,ACOF)
AN(l,J,K) =ACOF + AMAX1(0.0,-FN)
CALL POWER(FS,DS,ACOF)
AS(l,J,K) =ACOF + AMAX1(0.0,FS)
CALL POWER(FE,DE,ACOF)
AE(l,J,K) =ACOF + AMAX1(0.0,-FE)
CALL POWER(FW,DW,ACOF)
AW(l,J,K) =ACOF + AMAX1(0.0,FW)
CALL POWER(FT,DT,ACOF)
AT(,J,K)=ACOF + AMAX1(0.0,-FT)
CALL POWERI(FB,DB,ACOF)
AB(l,J,K) =ACOF + AMAX1(0.0,FB)

USUM = AE(l,J,K) + AW(I,J,K) + AN(l,J.K) + AS(1,J,K) +
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! AT(l,J,K) + AB(l,J,K)
AP(l,J,K)=(1.0/RELAX)} *USUM
S(1,J,K) =AP(1,J,K) *(1.0-RELAX) *U(I,J K}
IF(LLT.IM)S(1,J,K) =S(1,J4.K) + (P(I-1,J,K)-P{I,J,K)) *
! RE*RE*DELT*DELR
IF(1.EQ.IM)S(1,J,K) =S(1,J,K) + (P(I-1,J,K)-P(1 +1,J, KD *
! RE*RE*DELT*DELR
IF(L.GT.IM)S(I,J,K) =S(1,J,K) + (P(1,J,K)-P(i + 1,J,K)) *RE*
! RE*DELT*DELR
DUI(I,J,K) = (RE*RE*DELT *DELR)/(AP(l,J,K)-USUM)
19 END DO
END DO
END DO
ICAT =ICAT +1
IF(ICAT.LT.3)GO TO 122

RETURN
END

SUBROUTINE COEFFV(M,N,KM,RENOL,H,RELAX,DV,AP,AE,AW, AN,
* AS,AT,AB,S,IM,IN,THC)

IMPLICIT REAL (A-H,0-2)

PARAMETER(ID =50,JD =50,LD =30}

COMMON/VEL/U(ID,JD,LD),V(ID,JD,LD),W(ID,JD,LD),

P(ID,JD,LD)

DIMENSION AP(ID,JD,LD),AE(ID,JD,LD),AW(ID,JD,LD),

* AN(ID,JD,LD),AS(ID,JD,LD),AT(ID,JD,LD),AB(ID,JD,LD)
DIMENSION DV(ID,JD,LD),S(ID,JD,LD)
COMMON/XINDEX/X(ID}),XW{ID), XDIF(ID),XCV(ID)
COMMON/RINDEX/R(JD),RV(JD),RDIF(JD),RCV(JD)
COMMON/TINDEX/TH(JD), TV(JD), TDIF(JD), TCV(JD)

-

ICAT=0
KA=2
KB=IM
KC=3
KD =IN-1
133 IF(ICAT.EQ.1)THEN
KA=IM+1
KB=M-1
KC=3
KD =N-2
ENDIF
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IF(ICAT.EQ.2)THEN
KA=2
KB=IM
KC=IN+1
KD =N-2
ENDIF
DO I=KA,KB
DO J=KC,KD
DO K=2,KM-1
IF(I.EQ.IM)GO TO 9
RE=RV({J)
RW =RE
RT=RE
RB=RE
DELT =TCV(K)
DELTT=TDIF(K+1)
DELTB =TDIF(K)
IF(I.LT.IM)THEN
DELX =XCV(l)
DELXE = XDIF(l+ 1)
DELXW = XDIF(l)
ENDIF
IF(l.GT.IM)THEN
DELX =XCV(I-1)
DELXE = XDIF(I1 + 1)
DELXW = XDIF(l)
ENDIF
IF(1.EQ.IM-1)DELXE = X(IM + 1)-X(IM-1)
IF(I.LEQ.IM + 1)DELXW = X(IM + 1)-X(IM-1)
IF(LLEQ.2)DELXW =DELX
IF(1.LEQ.M-1)DELXE =DELX
RN =R(J)
RS =R(J-1)
IF(J.LT.IN)THEN
DELRN=RCV(J)
DELRS =RCV(J-1)

DELR =RDIF(J)
ENDIF
IF(J.EQ.IN)THEN
DELR =R(IN+ 1)-R(IN-1)
DELRN=RCV{J)
DELRS =RCV(J-1)
ENDIF

IF(J.GT.IN)THEN



DELR=RDIF(J+ 1)
DELRN=RCV{J)
DELRS =RCV(J-1)
ENDIF
IF(J.EQ.IN)THEN
RN=R(J+1)
ENDIF
IF(J.GT.IN)THEN
RN=R{J+1)
RS =R{J)
ENDIF
IF(LLT.IM)THEN
IF(J.LT.IN)THEN
CALL AINTP{RCV(J-1),RCV(J),U(I+1,J-1,K),
u(l +1,J,K),UE)
CALL AINTP(RCV(J-1),RCV(J),Ull,J-1,K),
U(l,J,K),UW)
ENDIF
IF(J.EQ.IN)THEN
CALL AINTP(RCV(J-1),RCV(J),Ull +1,J-1.K),
Uil +1,J+1,K),UE)
CALL AINTP(RCV{J-1),RCV(J),U(l,J-1,K),
u(l,J +1,K),UW)
ENDIF
IF(J.GT.IN)THEN
CALL AINTP(RCV(J-1),RCV(J),U(I+1,J.K),
ull+1,J+ 1,K),UE)
CALL AINTP(RCV(J-1),RCV(J),U(1,J,K),
u(l,J +1,K),UW)
ENDIF
ENDIF
IF(ILGT.IM)THEN
IF(J.LT.IN)THEN
CALL AINTP(RCV(J-1),RCV(J),U(l,J-1,K),
U(l,J.K),UE)
CALL AINTP(RCV(J-1),RCV{J),U(l-1,J-1,K),
u(l-1,J,K),UwW)
ENDIF
IF(J.EQ.IN)THEN
CALL AINTP(RCV(J-1),RCV({J),U(l,J-1,K),
u(l,J +1,K),UE)
CALL AINTP(RCV(J-1),RCV(J},U(I-1,J-1,K),
u(l-1,J +1,K),UW)
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ENDIF
IF(J.GT.IN)THEN
CALL AINTP(RCV(J-1),RCV(J),U(1,J.K),
u(l,J +1,K),UE)
u(-1,J+1,K),UW)
ENDIF
ENDIF
IF(J.LT.IN)THEN
CALL AINTP(RCV(J-1),RCV(J),WI(I,J-1,K+1),
w(l,J K+ 1),wm
CALL AINT: RCV(J),W(l,J-1,K),
wi(l,J,K),Wb
ENDIF

IF(J.EQ.IN; " HED:
CALL AINYTP{RCV{J-1),RCV(J; W(I,3-1,K+1),
WLJ+1,K+1) W)
CALL AINTP(RCV(J-1),RCV(J),W(l,J-1,K).
wi(i,J +1,K),WB)
ENDIF
IF(J.GT.IN)THEN
CALL AINTP(RCV(J-1),RCV(J),W(I,J K+ 1),
wW({,J+1,K+1),WT)
CALL AINTP(RCV(J-1),RCV(J),W(l,J.K),
wil,J + 1,K),WB)
ENDIF
CALL AINTP(TDIF(K), TDIF(K + 1), WB,WT,WC)
IF(K.EQ.2)DELTB=DELT
IF(K.EQ.KM-1)DELTT =DELT

VN = (V(I,J,K) +V(l,J+1,K)}*0.5
VS =(V(l,J,K) + V(I,J-1,K)}*0.5

FN=VN*RN*RN*DELX*DELT
FS=VS*RS*RS*DELX*DELT
FE=UE*RE*RE*DELR*DELT
FW=UW*RW*RW*DELR*DELT
FT=RT*WT*DELX*DELR
FB=RB*WB*DELX*DELR

DN=4.0*H*RN*RN*DELT *DELX/(RENOL *DELRN)
DS =4.0*H*RS*RS *DELT *DELX/(RENOL *DELRS)

DE =RE*RE*DELT*DELR/(RENOL*H*DELXE)
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DW =RW*RW *DELT *DELR/(RENOL *H*DELXW)
DT =4.0*H*DELX*DELR/(RENOL*THC*THC*DELTT)
DB =4.0*H*DELX*DELR/(RENOL*THC*THC*DELTB)

CALL POWER(FN,DN,ACOF)
AN(l,J,Kj=ACOF + AMAX1(0.0,-FN)
CALL POWER(FS,DS,ACOF)
AS(l,J,K) =ACOF + AMAX1(0.0,FS)
CALL POWER(FE,DE,ACOF)
AE(l,J,K) = ACOF + AMAX1(0.0,-FE)
CALL POWER(FW,DW,ACOF)
AW(l,J,K) = ACOF + AMAX1(0.0,FW)
CALL POWER(FT,DT,ACOF)
AT(i,J,K) =ACOF + AMAX1(0.0,-FT)
CALL POWER(FB,DB,ACOF)
AB(l,J,K) =ACOF + AMAX1(0.0,FB)

VSUM = AE(l,J,K) + AW(L,J,K) + AN(l,J, K) + AS(l,J,K) +
! AT(i,J,K) +AB(l,J,K)
AP(1,J,K) =(1.0/RELAX)*(VSUM + (4.0*H*DELR*
! DELX*DELT/RENOL))
S(1,J,K) =(1.0-RELAX) *AP(I,J,K) *V(lI,J.K)
IF(J.LT.IN)S(I,J,K) =S(1,J,K) + (P(1,J-1,K)-P(l,J . KD *
! RE*RE*4.0*H*H*DELX*DELT
IF(J.EQ.IN)S(I,J,K) =S(1,J,K) + (P(l,J-1,K)-P(1,J + 1,K)) *
! RE*RE*4.0*H*H*DELX*DELT -
IF(J.GT.IN)S(1,J,K) =S(1,J,K) + (P(1,J,K)-P(1,J + 1,K) *
! RE*RE*4.0*H*H*DELX*DELT
S(1,J,K) =S(1,J,K) + 8.0 *H*DELX *DELR*(WB-WT)/RENOL
S(1,J,K) =S(1,J,K) + THC*THC *DELX*DELR*
! DELT*WC*WC*RE
DVI(l,J,K) = (RE*RE*DELT*DELX)/(AP(l,J,K)-VSUM)
END DO
END DO
END DO

ICAT=ICAT +1
IF(ICAT.LT.3)GO TO 133

RETURN
END

SUBROUTINE COEFFW(M,N,KM,RENOL,H,RELAX,DWA,AP,AE,AW,AN,
* AS,AT,AB,S,IM,IN,THC)



Cc

IMPLICIT REAL (A-H,0-2Z)
PARAMETER(ID =50,JD =50,LD = 30)
COMMON/VEL/U(ID,JD,LD),V(ID,JD,LD),W(ID,JD,LD),
' P(ID,JD,LD)
DIMENS!ION AP(ID,JD,LD),AE(ID,JD,LD),AW(ID,JD,LD),
* AN(ID,JD,LD),AS(ID,JD,LD),AT(ID,JD,LD)},AB(ID,JD,LD)
DIMENSION S(ID,JD,LD),DWA(ID,JD,LD)
COMMON/XINDEX/X(ID), XU(ID),XDIF(ID),XCV(ID)
COMMON/RINDEX/R(JD),RV(JD),RDIF(JD},RCV(JD)
COMMON/TINDEX/TH(JD),TV(JD), TDIF(JD}, TCV(JD)

ICAT=0
KA=2
KB=IM
KC=2
KD =IN-1
122 IF(ICAT.EQ.2)THEN
KA=2
KB=IM
KC=IN+1
KD =N-1
ENDIF
IF(ICAT.EQ.1)THEN
KA=IM+1
KB=M-1
KC=2
KD=N-1
ENDIF
DO 1=KA,KB
DO J=KC,KD
DO K=3,KM-1
IF(ICAT.EQ.1)THEN
IF(J.EQ.IN)GO TO 18
ENDIF
IF(I.EQ.IM)GO TO 19

RE=R(J)
RW =R(J)
RT =R(J)
RB=R(J)

DELT =TDIF(K)
DELTT =TCV(K)
DELTB=TCV{K-1)
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IF(I.LT.IM)THEN
DELX =XCWV(I)
DELXE = XDIF(l + 1)
DELXW = XDIF(l)
ENDIF
IF(I.GT.IM)THEN
DELX =XCV(l-1)
DELXE = XDIF(l + 1)
DELXW = XDIF(l)
ENDIF
IF(1.EQ.IM-1)DELXE =X(IM + 1)-X(IM-1)
IF(1.EQ.IM + 1)DELXW =X(IM + 1)-X(IM-1)

IF(I.EQ.2)DELXW =DELX
IF(I.EQ.M-1)DELXE =DELX

RN=RV(J+1)
RS =RV(J)

IF(J.GT.IN)THEN
RN =RV(J)
RS ==RV(J-1)
ENDIF

IF(J.LT.IN)JTHEN
DELR=RCV(J)
DELRN =RDIF(J + 1)
DELRS =RDIF(J)

ENDIF

IF(J.GT.IN)THEN
DELR=RCV(J-1)
{DELRN =RDIF{(J + 1)
DELRS =RDIF(J)

ENDIF

IF(J.EQ.2)DELRS =DELR
IF(J.EQ.N-1)DELRN =DELR
IF(I.GT.IM)THEN

IF(J.EQ.IN-1)DELRN =R(IN + 1)-R({IN-1)

IF(J.EQ.IN + 1)DELRS =R(IN+ 1)-R(IN-1)
ENDIF
IF(I.LT.IM+ 1)THEN

IF(J.EQ.IN-1)DELRN =DELR

IF(J.EQ.IN + 1)DELRS =DELR
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ENDIF
IF(K.EQ.3)DELTB =DELT
IF(K.EQ.KM-1)DELTT =DELT

WT = (W(1,J,K) +W(l,J,K+1))*0.5
WB = (W(I,J,K) +WI(1,J,K-1))*0.5

IF(J.LT.INJTHEN
CALL AINTP(TCVI(K-1),TCV(K),V(l,J +1.,K-1),
v(l,J +1,K), Vi)
CALL AINTP(TCV(K-1),TCVIK),V(I,J,K-1),
V(l,J,K),VS)

ENDIF

IF(J.EQ.IN)THEN
CALL AINTP(TCV(K-1),TCV(K),V(l,J + 1,K-1),
V(t,J +1,K),VN)
CALL AINTP(TCV(K-1),TCVI(K),V(l,J-1,K-1),
v(l,J-1,K),VS)

ENDIF

IF(J.GT.INJTHEN
CALL AINTP(TCV(K-1),TCVI(K),V(l,J.K-1),
V(I,J.K),VN}
CALL AINTP(TCVI(K-1),TCV(K),V(l,J-1,K-1),
Vii,J-1,K),VS)

ENDIF

IF(I.LT.IM)THEN
CALL AINTP(TCV(K-1), TCVIK),U(1-+1,J,K-1),
U(i +1,J,K),UE)
CALL AINTP(TCV(K-1),TCVI(K),U(l,J K-1),
u(t,J,K),Uuw)

ENDIF

IF(I.EQ.IM)THEN
CALL AINTP(TCV(K-1), TCV(K),U(I +1,J,K-1),
u(i +1,J,K),UEj
CALL AINTP(TCV(K-1), TCVI(K),U(I-1,J,K-1),
u(l-1,J,K),UwW)

ENDIF

IF(I.GT.IM)THEN
CALL AINTP(TCV(K-1),TCV(K),U(l,J,K-1),
U(l,J.K),UE)
CALL AINTP(TCV(K-1),TCV(K),U(I-1,J,K-1),
u(l-1,J,K),UW)

ENDIF

IF(J.LT.IN)THEN
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CALL AINTP(RDIF(J),RDIF(J + 1),V(l,J.K),
Vil,J +1,K),VT)
CALL AINTP(RDIF(J),RDIF(J + 1), VII,J.K-1),
vl,J+1,K-1),VB)

ENDIF

IF(J.EQ.IN)THEN
CALL AINTP(RDIF(J),RDiF(J + 1), V(1,IN-1,K),
V(I,IN +1,K),VT)
CALL AINTP(RDIF(J),RDIF(J+ 1), V(L,IN-1,K-1),
V({LIN+1.k-1),VB)

END!"

{FI(G.GT.N)THEN
CALL AINTP(RDIF(J),RDIF{J +1),V(l,J-1,K),
Vil,J,K),VT)
CALL AINTP(RDIF(J),RDIF(J +1),V(I,J-1,K-1),
Vvii,J,K-1),VB)

ENDIF

CALL AINTP(RDIF(J),RDIF{J +1),VS,VN,VC)

FN=VN*RN*RN*DELX*DELT
FS=VS*RS*RS*DELX*DELT
FE=UE*RE*RE*DELR*DELT
FW =UW*RW*RW*DELR*DELT
FT=RT*WT*DELX*DELR
FB=RB*WB*DELX*DELR

DN =4.0*H*RN*RN*DELT *DELX/(RENOL *DELRN)
DS =4.0*H*RS *RS *DELT *DELX/(RENOL *DELRS)
DE =RE*RE*DELT*DELR/(RENOL*H*DELXE)

DW =RW *RW *DELT *DELR/(RENOL*H*DELXW)

DT =4.0*H*DELX*DELR/(RENOL*THC*THC*DELTT)
DB =4.0*H*DELX*DELR/(RENO: .*THC*THC*DELTB)

CALL POWER(FN,DN,ACOF)
AN(I,J,K) =ACOF + AMAX1(0.0,-FN)
CALL POWERIFS,DS,ACOF)
AS(1,J,K) = ACOF + AMAX1(0.0,FS)
CALL POWER(FE,DE,ACOF)
AE(l,J,K) = ACOF + AMAX1(0.0,-FE)
CALL POWER(FW,DW,ACOF)
AW(l,J,K) =ACOF + AMAX1(0.0,FW)
CALL POWER(FT,DT,ACOF)
AT(l,J,K) =ACOF + AMAX1(0.0,-FT)
CAL.L POWER'FB,DB,ACOF)
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AB(l,J,K) = ACOF + AMAX1(0.0,FB)

WSUM = AE(l,J,K) + AW(I,J,K) + AN(I,J,K} + AS(1,J,K) +
! AT(,J,K) +AB(l,J.K)

AP(l,J,K) =(1.0/RELAX)* (W SUM + DELX*DELT*DELR*
! (4.0*H/RENOL) + VC*RE*DELX*DELT *DELR)

S{1,4,K) = AP(l,J,K) *(1.0-RELAX) *W(l,J,K)
S{1,d,K) =S(1,J.K) + ((P(1,J,K-1)-P(l,J,K)) *4.0*RE*DELR *
! H*H*DELX/(THC*THC))

S(1,J,K) =S(1,J,K) + 8.0*H*DELX *DELR*
! (VT-VB)/(RENOL*THC *THC)

DWAI(I,J,K) = RT *(DELX *DELR)/(AP{l,J,K}-WSUM)

19 END DO
END DO
ENDDO
ICAT =ICAT +1
IF(ICAT.LT.3)GO TO 122

RETURN
END

SUBROUTINE POWER(F,D,ACOF)

IMPLICIT REAL(A-H,0-2)

REAL*8 ACOF,TEMPO,D

ACOF=D

IF{(7.EQ.0.0) GO TO 11

TEMPO =D-ABS(F)*0.1

ACOF=0.0

IF(TEMPO.LE.0.0) GO TO 11

TEMPO =TEMPO/D

ACOF =D*TEMPO *TEMPO *TEMPO *TEMPO *TEMPO

11 RETURN
END

SUBROUTINE AINTP(DBS,DFS,VBS,VFS,VALUE)

VALUE = (DBS *VFS + DFS *VBS)/(DBS + DFS)
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RETURN
END

SUBROUTINE CRIT(G,GSTR,IL,IR,J8,JT,KB,KT,E,IM,IN,KM,ILET)
IMPLICIT REAL(A-H,0-Z)

PARAMETER(ID =50,JD =50,LD =30)

DIMENSION G(ID,JD,LD),GSTR(ID,JD,LD)

NPOINT =0.0

E=0.0

ICAT=0.0

IA=IL+1

IB=IM

IC=JB+1

IK=IN-1

661 IF(ICAT.EQ.1)THEN

IA=IM+1
IB=IR-1
IC=JB+1
IK=JT-1

ENDIF

IF(ICAT.EQ.2)THEN
IA=IL+1
iIB=IM
IC=IN+1
IK=JT-1

ENDIF

DO 10 I1=I1A,IB
DO 10 J=IC,IK
DO 10 K=KB+1,KT-1
IF(ILET.EQ.1.0R.ILET.EQ.3)THEN
IF(J.EQ.IN)JGG TO 10
ENDIF
IF(ILET.EQ.2.0R.ILET.EQ.3)THEN
IF(.LEQ.IM)GO TO 10
ENDIF
DIFF=GSTR(l,J,K)-G(l,J.K)
IF(GSTRII,J,K).EQ.0.0)GO TO 10
DIFF = (DIFF*DIFF)/(GSTR(I,J.K) *GSTRI(i,J,K))
E=E+DIFF
NPOINT =NPOINT + 1.C
10 CONTINUE



ICAT=ICAT +1
IF(ICAT.LT.3)GO TO 661
E=SQRT(E)
E=E/NPOINT

RETURN
END
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