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FLUENT

Version: 3d, segregated, ske

Release: 6.0.12
Title:

Models

FLUENT ,1531 0 55 Jo> (o135 — ! oo

(3d, segregated, standard k-epsilon)

Settings

Wall Treatment
Heat Transfer

Solidification and Melting

Radiation
Species Transport

Coupled Dispersed Phase

Pollutants
Soot

Boundary Conditions

3D

Steady

Standard k-epsilon turbulence model
Standard Wall Functions
Enabled

Disabled

None

Disabled

Disabled

Disabled

Disabled

fluidt

fluidg

fluida

inletl
wall2-shadow
wsd-shadow

inti
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inlet2
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right
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left
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outl
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default-interior
default-interior
default-interior

Boundary Conditions
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:018
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wall
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wall
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fluidt

Condition Value

Material Name air

Specify source terms? no

Source Terms ()

Specify fixed values? no

Local Coordinate System for Fixed Velocities no

Fixed Values

Motion Type

X-Velocity Of Zone

Y-Velocity Of Zone

Z-Velocity Of Zone

Rotation speed

X-Origin of Rotation-Axis

Y-Origin of Rotation-Axis

Z-Origin of Rotation-Axis

X-Component of Rotation-Axis

Y-Component of Rotation-Axis

Z-Component of Rotation-Axis

Laminar zone?

Porous zone?

Conical porous zone? n

X-Component of Direction-1 Vector 1

Y-Component of Direction-1 Vector 1

Z-Component of Direction-1 Vector 1

X-Component of Direction-2 Vector 0

Y-Component of Direction-2 Vector 1

Z-Component of Direction-2 Vector 0

X-Coordinate of Point on Cone Axis 1

Y-Coordinate of Point on Cone Axis 0

Z-Coordinate of Point on Cone Axis 0

Half Angle of Cone Relative to i1ts Axis 0
0
0
0
0
0
0
0
0
1
a
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Direction-1 Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance
Direction-1 Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance
CO Coefficient for Power-Law

Cl Coefficient for Power-Law
Porosity

Solid Material Name luminum

fluidg

Condition Value

AR



Material Name air

Specify source terms? yes
Source Terms ({mass (inactive
#f) (constant . 0) (profile )} (x-momentum (inactive . #f) (constant

0) (profile ), (y-momentum (inactive . #f) (constant . 0) (profile ))
(z-momentum (inactive . #f) {(constant . 0) (profile 1)) (k (inactive
#f) (constant . 0) (profile )) (epsilon (inactive . #f) (constant . 0)
{profile )}) (energy (constant . 153778) (profile )))

Specify fixed values? no

Local Coordinate System for Fixed Velocities no

Fixed Values : ({x-velocity
(inactive . #f) (constant . 0) (profile )) (y-velocity (inactive . #f)
(constant . 0) (profile )) {(z-velocity (inactive . #f) (constant . 0)
(profile )) (k (inactive . #f) (constant . 0) (profile )) (epsilon
(inactive . #f) (constant . 0) (profile )) (temperature (inactive . #f)

{(constant . 0) (profile }))
Motion Type
X-Velocity Of Zone
Y-Velocity Of Zone
Z-Velocity Of Zone
Rotation speed
X-Origin of Rotation-Axis
Y-Origin of Rotation-Axis
Z-Origin of Rotation-Axis
X-Component of Rotation-Axis
Y-Component of Rotation-Axis
Z-Component of Rotation-Axis
Laminar zone?
Porous zone?
Conical porous zone? yes
X-Component of Direction-1 Vector
Y-Component of Direction-~1 Vector
Z-Component of Direction-1 Vector
X-Component of Direction-2 Vector
Y-Component of Direction-2 Vector
Z-Component of Direction-2 Vector
X-Coordinate of Point on Cone Axis
Y-Coordinate of Point on Cone Axis
Z-Coordinate of Point on Cone Axis
Half Angle of Cone Relative to its Axis
Direction-1 Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance
Direction-1 Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance
CO0 Coefficient for Power-Law 92.860001
Cl Coefficient for Power-Law 1.76
Porosity 0.69999999
Solid Material Name aluminum
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Condition Value
Material Name air
Specify source terms? no
Source Terms ()
Specify fixed values? no
Local Coordinate System for Fixed Velocities
Fixed Values

Motion Type

X-Velocity Of Zone

Y~Velocity Of Zone

Z-Velocity Of Zone

Rotation speed

X~0rigin of Rotation-Axis

Y~-Origin of Rotation-Axis

Z-0rigin of Rotation-Axis

X~Compeonent of Rotation-Axis
Y~-Component of Rotation-Axis
Z-Component of Rotation-Axis

Laminar zone?

Porous zone?

Conical porous zone?

X~Component of Direction-1 Vector
Y~-Component of Direction-1 Vector
Z-Component of Direction-1 Vector
X~Component of Direction-2 Vector
Y~Component of Direction-2 Vector
Z~Component of Direction-2 Vector
X~Coordinate of Point on Cone Axis
Y~Coordinate of Point on Cone Axis
Z~-Coordinate of Point on Cone Axis

Half Angle of Cone Relative to its Axis
Direction-1 Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance
Direction-1 Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance

CO Coefficient for Power-Law

Cl Coefficient for Power-Law

Porosity

Solid Material Name aluminum
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inletl

Condition Value

wall2-shadow
Condition Value

Wall Thickness 0
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Heat Generation Rate 0

Material Name aluminum
Thermal BC Type 3
Temperature 300

Heat Flux 0
Convective Heat Transfer Coefficient 0

Free Stream Temperature 300
Enable shell conduction? no

Wall Motion 0

Shear Boundary Condition 0

Define wall motion relative to adjacent cell zone?  vyes

o]
0]

Apply a rotational velocity to this wall?
Velocity Magnitude

X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation

Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity

External Radiation Temperature

Wall Roughness Height

Wall Roughness Constant

Rotation Speed

X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress

Surface tension gradient

o]
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wsd~shadow

Condition Value
Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude 0

YyY



X-Component
Y-Component
Z-Component

of Wall Translation
of Wall Translation
of Wall Translation

O O =

Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5
Rotation Speed 0
X~-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y~-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0

inti
Condition Value

wsd
Condition Value
Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude 0
X-Component of Wall Translation 1
Y~Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X~-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1



External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Compenent of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
intu

Condition Value
Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude 0
X~Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0

0

Z-component of shear stress

Yo



Surface tension gradient 0
inlet?

Condition Value
Velocity Specification Method
Reference Frame

Velocity Magnitude

Coordinate System

X-Velocity

Y-Velocity

Z-Velocity

X-Component of Flow Direction
Y-Component of Flow Direction
Z-Component of Flow Direction
X-Component of Axis Direction
Y-Component of Axis Direction
7Z-Component of Axis Direction
X-Coordinate of Axis Origin
Y-Coordinate of Axis Origin
Z-Coordinate of Axis Origin
Angular velocity

Temperature

Turbulence Specification Method
Turb. Kinetic Energy

Turb. Dissipation Rate
Turbulence Intensity
Turbulence Length Scale
Hydraulic Diameter

Turbulent Viscosity Ratio

(@)
(@)
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Condition Value
Gauge Pressure 0
Radial Equilibrium Pressure Distribution no
Backflow Total Temperature 300
Turbulence Specification Method 2
Backflow Turb. Kinetic Energy 1
Backflow Turb. Dissipation Rate 1
Backflow Turbulence Intensity 0.25
Backflow Turbulence Length Scale 1
Backflow Hydraulic Diameter 1
Backflow Turbulent Viscosity Ratio 2

right

Condition Value
Wall Thickness 0

Heat Generation Rate 0
Material Name aluminum



Thermal BC Type 1

Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0

Define wall motion relative to adjacent cell zone? ves
Apply a rotational velocity to this wall?
Velocity Magnitude

X~Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation

Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z~-Component of Wall Translation
External Emissivity

External Radiation Temperature

Wall Roughness Height

Wall Roughness Constant

Rotation Speed

X~-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z~Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress

Surface tension gradient

3
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bot
Condition Value
Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? ves
Apply a rotational velocity to this wall? no
Velocity Magnitude 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0

Y



Z-Component
Define wall
X-Component

of Wall Translation
velocity components?
of Wall Translation

(e]

Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity

External Radiation Temperature
Wall Roughness Height

o
o
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Wall Roughness Constant 5
Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y~Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient

left
Condition Value
Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z~Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis QOrigin 0

VYA



X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress

Surface tension gradient

O OO Oo- oo

top
Condition Value
Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y~-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0

wallz
Condition Value

Wall Thickness 0



Heat Generation Rate 0

Material Name aluminum
Thermal BC Type 3
Temperature 300

Heat Flux 0
Convective Heat Transfer Coefficient 0

Free Stream Temperature 300
Enable shell conduction? no

Wall Motion 0

Shear Boundary Condition 0

Define wall motion relative to adjacent cell zone? yes

3
O

Apply a rotational velocity to this wall?
Velocity Magnitude

X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation

Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity

External Radiation Temperature

Wall Roughness Height

Wall Roughness Constant

Rotation Speed

X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X~-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X~component of shear stress
Y-component of shear stress
Z-component of shear stress

Surface tension gradient

e}
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Condition Value

walll
Condition Value
Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall?
Velocity Magnitude

X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation

Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity

External Radiation Temperature

Wall Roughness Height

Wall Roughness Constant

Rotation Speed

X-Position of Rotation—-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress

Y-component of shear stress

Z-component of shear stress

Surface tension gradient

3
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default-interior

default-interior:001

Condition Value

default-interior:018

Condition Value

Equations
Equation Solved
Flow ves
Turbulence ves

Energy ves

YY)



Numerics

Numeric Enabled

Absolute Velocity Formulation yes

Relaxation
Variable Relaxation Factor
Pressure 0.30000001
Density 0.80000001
Body Forces 0.69999999
Momentum 0.2
Turbulence Kinetic Energy 0.80000001
Turbulence Dissipation Rate 0.80000001
Turbulent Viscosity 0.80000001
Energy 0.80000001
Linear Solver
Solver Termination Residual
Reduction
Variable Type Criterion Tolerance
Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7
Y-Momentum Flexible 0.1 0.7
Z-Momentum Flexible 0.1 0.7
Turbulence Kinetic Energy Flexible 0.1 0.7
Turbulence Dissipation Rate Flexible 0.1 0.7
Energy Flexible 0.1 0.7
Discretization Scheme
Variable Scheme
Pressure Standard
Pressure-Velocity Coupling SIMPLE
Momentum First Order Upwind
Turbulence Kinetic Energy First Order Upwind
Turbulence Dissipation Rate First Order Upwind
Energy First Order Upwind
Solution Limits
Quantity Limit
Minimum Absolute Pressure 1
Maximum Absolute Pressure 5000000
Minimum Temperature 1
Maximum Temperature 5000
Minimum Turb. Kinetic Energy 9.9999998e~15

Y YY



Minimum Turb. Dissipation Rate 9.9999987e~-21
Maximum Turb. Viscosity Ratio 1000000

Material Properties

Material: air (fluid)

Property Units Method
Value (s)

Density kg/m3 incompressible-ideal-gas
#f

Cp (Specific Heat) j/kg-k constant
1006.43

Thermal Conductivity w/m-k constant
0.0242

Viscosity kg/m-s constant
1.7894001e~05

Molecular Weight kg/kgmol constant
28.966

L-J Characteristic Length angstrom constant
3.711

L-J Energy Parameter k constant
78.6

Thermal Expansion Coefficient 1/k constant
0

Degrees of Freedom constant
0

Material: aluminum (solid)

Property Units Method Value (s)
Density kg/m3 constant 2719

Cp (Specific Heat) 3/kg-k constant 871
Thermal Conductivity w/m-k constant 202.4
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program sharp
use portlib

include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd’
include ‘param.cmd’
include 'beon.cmd'

real*8 cputim
external blkdat

namelist /fname/ name,fngrd, fninp,fnout,fnplt, fnrst,fnsav,fndlt, fnrs1, &
fnrs2,fnrs3,fnrsd, fnrsS,dfgrd,dfinp,dfout,dfplt,dfrst, &
dfsav,dfdlt,dfrs1,dfrs2,dfrs3,dfrs4,dfrsS

namelist /logic/ restri,savers,steady,source,wshear

namelist /phys/ gamma,rgas,cyl,gx,gy,scaleg

namelist /init/ pi,ui,vi,ti

namelist /tiny/ autot,cfl,delt,implct,dampi,rlxq,epsi,fcycle,twsta,twfin
namelist /visc/ invisd,cmu,cku,ivisc,iturb,itcon,sc1,sc2,prt

namelist /split/ isplit,iflux,rlx,lspeed,damp,jupdat

namelist /minmod/ inorxi,inoret,limit,dlim

namelist /other/ 1gs,itord,rdxi,rdet,epsig,iflip

namelist /post/ ifreq,ianim,iplot,pltdt,isympl,iprint,prtdt,isavfm,irstfm, &
velmx,rstdt

namelist /bes/ wtlb,ptlb,ttlb,uxIb,uylb,pslb,tslb,ulb,vlb,rplb,brlb, &
witrb,ptrb,ttrb,uxrb,uyrb,psrb,tsrb,urb,vrb,rprb,brrb, &
wtbb,ptbb,ttbb,uxbb,uybb,psbb,tsbb,ubb,vbb,rpbb,brbb, &
witb,pttb,tttb,uxtb, uytb,pstb,tstb,utb,vtb,rptb,brib,impbc

include 'aindex.cmd’
!
i initialize the cpu timer
1
‘ cputim=timef()
!
i open input unit file
!

call ocfile (luinp,fninp,dfinp,'formatted ',1)
|

! read problem title and file names
!

read(luinp,nml=fname)
!

! read all the logical variables
I

read(luinp,nml=logic)
!
t read physical propertics
!
read(luinp,nml=phys)
!

! read initial conditions
!

\YY




read(luinp,nml=init)
!
i read time control parameters
!
. read(luinp,nml=tim)
!
i read viscous parameters
]
. read(luinp,nml=visc)
!
i read space and flux split parameters
!
. read(luinp,nml=split)
!
i read minmod interpolation parameters
!
. read(luinp,nml=minmod)
!
i read other parameters
!
. read(luinp,nml=other)
]

i read post processing parameters
]
' read(luinp,nml=post)
i read boundary condition data and close input unit file
!
. read(luinp,nml=bcs)
!
i close input unit file
!
. call ocfile (luinp,fninp,dfinp,'formatted ',0)
!
i open output unit file
!
. call ocfile (luout,fnout,dfout,'formatted ',1)
!
i print initial input data
!
 call print(1)
!
i read input parameters for mesh and find all geometrical parameters
!
. call metric
!
i set initial conditions
!
. call setup
!
‘! read the initial field from restart file
!
. if (cycle.le.fcycle .and. restrt) then
call readfi

do j=1,jmax

do i=1,imax
j=ind(i,j)
mulm(ij)=cmu
mu(ij)=cmu
kulm(ij)=cku
ku(ij)=cku
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enddo
enddo

endif

|

! set initial boundary conditions and print

!
call bcexp
call print (3)

!

! open plot unit files

!
call ocfile (luplt,fnplt,dfplt,'formatted ',1)
call ocfile (ludlt,fndlt,dfdlt,'formatted ',1)
call ocfile (lursl,fnrsl,dfrs1,'formatted ',1)
call ocfile (lurs2,fnrs2,dfrs2,'formatted ',1)
call ocfile (lurs3,fnrs3,dfrs3,'formatted ',1)
call ocfile (lurs4,fnrs4,dfrs4,'formatted ',1)
call ocfile (Jurs5,fnrsS,dfrsS,' formatted ',1)

!

! prepare title for tecplot

!
write(luplt,'(a,a80,a)") ' Title =" ',name,

write(luplt,'(a)') ' Variables = x,y,ro,u,v,p,t,m,to,i4,ij

write(ludlt,'(a,a80,a)") ' Title =" ",name,' "'
write(lurs1,'(a,a80,a)") ' Title =" ',name,' "'
write(lurs2,'(a,a80,a)") ' Title =" ",;name,' "'
write(lurs3,'(a,a80,a)") ' Title =" ",;name," "’
write(lurs4,'(a,a80,a)") ' Title =" ",name,
write(lurs5,'(a,a80,a)") ' Title = " ",name,

LN

write(ludlt,'(a)") ' Variables = cycle, delt'
write(lursl,'(a)") ' Variables = cycle, rol2'
write(lurs2,'(a)’) ' Variables = cycle, rul2'
write(lurs3,'(a)") ' Variables = cycle, rvI2'
write(lurs4,'(a)") ' Variables = cycle, el2'
write(lurs5,'(a)") ' Variables = cycle, t12'

write(ludlt,'(a)") ' Zone'
write(lursl,'(a)") ' Zone'
write(lurs2,'(a)’) ' Zone'
write(lurs3,'(a)") ' Zone'
write(lursd,'(a)') ' Zone'
write(lurs5,'(a)) ' Zone'

goto2

!

! start time cycle

!

1 ttime=ttime+delt
cycle=cycle+]

!

! find local minimum delta and print it on paper

!
call delta

if (delt.le.em10) then

write(luscn,'(a)') ' emergency stop, time step out of control'
write(fuout,'(a)’) ' emergency stop, time step out of control'

goto3
endif
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call print (2)
!
{ evaluate the jacobian matrices for implicit operator
!

if (implect.gt.0) call caljac
!

! explicit evaluation of the steady state term
!
call calstd
!
! solve the governing equations
!
call solve
!
! calculate the primitive variables
!
call calprm
!
I set boundary conditions
!
call beexp
!
! update the viscosity and thermal conductivity fields
!
2 if (invisd.it.1) then
if (ivisc.gt.0) call viscl
if (iturb.gt.0) call visct
if (itcon.gt.0) call tdifl
if (iturb.gt.0) call tdift
endif
!
! check for steady state convergence
!
call convrg (erl,er2,er3,er4,s12)
!
! set the advance time arrays into the time-n arrays
!
do j=1,jmax
do i=1,imax
y=ind(i,j)
dqnl.(ij)=dq (i
dqn2(ij)=dq2(ij)
dqn3(ij)=dq3(ij)
dqn4(ij)=dq4(ij)
dql(ij)=0.0
dq2(ij)=0.0
dqg3(1j)=0.0
dq4(ij)=0.0
enddo
enddo
!
! check to see if final calculational time twfin is reached
!
if (ttime.ge.twfin .or. iflag.ge.1) then
if ((iplot.eq.2 .or. iplot.eq.3) .and. ianim.eq.1) then
write(luplt,'(2a,13,a,i3)") ' Zone',' i= "iml,' j="jml

call wrtplt
endif

call print (3)
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if (iflag.gt.0) then
if (iprint.eq.0) write(luscn,'(a,1pel2.5)") &
' steady state solution reached at time = ',ttime
if (iprint.eq.1 .or. iprint.eq.3) write(luscn,'(a,1pel2.5)") &
' steady state solution reached at time = ',ttime
if (iprint.eq.2 .or. iprint.eq.3) write(luout,'(a,1pel2.5)") &
' steady state solution reached at time = ',ttime
endif

goto3
endif
!
! plot velocity vector and mesh
!
if (cycle.le.fcycle) then
if ((iplot.eq.2 .or. iplot.eq.3) .and. ianim.eq.1) then
write(luplt,'(2a,i3,a,i3)") 'Zone',’ i= ,iml,' j="jml

call wrtplt
endif
else
if (ttime+em10.ge.twplt) then
twplt=twplt+pltdt

if ((iplot.eq.2 .or. iplot.eq.3) .and. ianim.eq.1) then
write(luplt,'(2a,i3,a,i3)") ' Zone',' i=",iml," j=",jml

call wrtplt
endif
endif
endif
]
! print field variable data on paper and/or screen
!
if (cycle.le.feycle) then
call print (3)
else
if (ttime+em®6.ge.twprt) then
twprt=twprt+prtdt

call print (3)
endif
endif
!
! write residual errors and deltat
!
if (cycle.gt.0) then
erlogl=sloglO(erl)
erlog2=slogl 0(er2)
erlog3=slogl0(er3)
erlogd=slog10(er4)
erlog5=slogl0(s12)

write(ludlt,'(1x,16,1pel2.3)") cycle,delt
write(lurs1,'(1x,i6,1pel2.3)") cycle,erlogl
write(lurs2,'(1x,16,1pel2.3)") cycle,erlog2
write(lurs3,'(1x,16,1pel2.3)") cycle,erlog3
write(lurs4,'(1x,16,1pel2.3)") cycle,erlogd
write(lurs5,'(1x,16,1 pe12.3)") cycle,erlogd
endif
]
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!'advance cycle
!
if (mod(cycle,ifreq).eq.0) then
write(luscn,'(/,6x,a,1pel2.5,5x,a,1 pel 2.5,5x,a,i5)") &
'time=",ttime,’ delt=",delt,’ cycle=",cycle

write(luscn,'(a)") ' L2-norm of residuals :'
write(luscn,'(a,1pel1.3)") ' mass ='erl
write(luscn,'(a,1pel 1.3)") ' x-momentum =',er2
write(luscn,'(a,1pel1.3)") ' y-momentum =',er3
write(luscn,'(a,[pel1.3)) "energy ='er4
write(lusen,'(a,1pel1.3)") ' L2-norm  =';s12

write(luscn,*) 'do you want to stop now ?'
read(5,*) istop

if (istop.eq.0) then
gotol
else
if (iplot.eq.2 .or. iplot.eq.3) then
write(luplt,'(2a,i3,a,i3)") ' Zone',' 1=",iml,' j="jml

call wrtplt
endif

call print (3)

goto3
endif
endif

if (cycle.eq.feycle) go to 1
if (iflag.lt.1) go to |
I
i write the final field into save file
!
.3 if (savers) call writfi
!
i calculate specific impulse Isp
]
; call calisp
i find the grind time
!
. cputim=timef()

ideycl=cycle-feycle

if (ideycel.le.0) ideycl=1
jmaxc=idcycl*imax*jmax
timeef=cputim/sfloat(ijmaxc)

write(lusen,'(a,1pel2.5,a)") ‘ total cpu time =",cputim,’ seconds’
write(luscn,'(a,1pel2.5,a)) &

' computational effort for this run was " timeef,' second'
write(luout,'(a,1pel2.5,a)") ' total cpu time ="',cputim,' seconds'
write(luout,'(a,1pel2.5,a)) &

' computational effort for this run was 'timeef,' second'

write(lusen,'(a)') ' L2-norm of residuals :'

write(luscn,'(a,1pel 1.3)") ' mass ="erl
write(luscn,'(a,1pel 1.3)") ' x-momentum =',er2
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write(lusen,'(a, I pel 1.3)") ' y-momentum =',er3
write(lusen,'(a,1pel 1.3)") "energy  =',erd
write(lusen,'(a,1peil.3)) ' L2-norm  ='sl2

write(luout,'(a)’) * L2-norm of residuals :'
write(luout,'(a,1pel1.3)") ' mass ='erl
write(luout,'(a,1pel1.3)") ' x-momentum =',er2
write(luout,'(a,1pel 1.3)") ' y-momentum =',er3
write(luout,'(a,lpel1.3)) ' energy =',erd
write(luout,'(a,1pel 1.3)") ' L2-norm ='sl2

I

! close plot unit files

!
call ocfile (luplt,fnplt,dfplt,'formatted ',0)
call ocfile (ludlt,fndlt,dfdlt,' formatted ',0)
call ocfile (lurs1,fnrs1,dfrs1,'formatted ',0)
call ocfile (lurs2,fnrs2,dfrs2,'formatted ',0)
call ocfik (lurs3,fnrs3,dfrs3,'formatted *,0)
call ocfile (lurs4,fnrs4,dfrs4,'formatted ',0)
call ocfile (lursS,fnrs5,dfrs5,' formatted ',0)

stop
end

subroutine ab1tl1
!
!******************************************************************************
! at the right face of each cell this subroutine calculates constants al
! through al 1 which are needed in eveluation of ev vector and dev matrix. also
! at the top face of each cell it calculates constants bl through b11 which are

! needed in eveluation of fv vector and dfv matrix.
1 3k 5k 3k 3k 3k 3k 3k 3k ok ok sk 3k ok ok 3k ok ok ok ok ok 3k ok ok 3k ok ok ok ok sk ok ok ok koK sk 3k ok s ki sk ok ok ok ok ok ok ok sk 3k 3K s sk ok ok ok Rk ko sk ok ok ok ok ok sk sk ok ok ks ok kok ok

]
include 'params.cmd'
include 'precs.cmd’
include 'arrays.cmd’
include 'param.cmd’
include 'beon.cmd'

include 'aindex.cmd’
real*§ jacw

yrht=1.0
ytop=1.0

do j=1,jml
do i=1,im1
j=ind(i,j)
imj=ij-1
ipj=ij+1
ijm=ij-imax
ijp=ij+imax
imjm=ij-1-imax
ipjm=ij+1-imax
imjp=ij-1+imax
!
! compute al throught all
!
if (j.ne.1) then
if (cyl.gt.0.0) yrht=0.5*(y(ij)+y(ijm))
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if (yrht.It.em10) yrht=ep10*ep 10

if (i.eq.1) then
arew=arer(ij)/jac(ipj)
y=ind(i+1,)

call geom (2,0,unx,uny,area,volt1,volt2)

jacw=voltl+volt2
1j=ind(i,j)

elseif (i.eq.iml) then
arew=arer(ij)/jac(ij)

call geom (2,0,unx,uny,area,volt1,volt2)

jacw=volt1+volt2
else
arew=2.0*arer(ij)/(jac(ij)+jac(ipj))

call geom (2,0,unx,uny,area,volt1,volt2)

jacw=voltl+volt2
endif

if (i.eq.1) then
yw=(y (i) +y(ijm))/2.0
yr=(y(ij)+y(ijm)+y(ipj)+y(ipjm))/4.0
yr=(y(ipj)+y(ipjm))/2.0
yxir=(-yrr+4.0*yr-3.0*yw)
xw=(x(1j)*+x(ijm))/2.0
xr=(x(1j)+x(jjm)+x(ipj)+x(ipjm))/4.0
xrr=(x(ipj)+x(ipjm))/2.0
xXir=(-xer+4.0*xr-3.0*xw)

elseif (i.eq.iml) then
yw=(y(1j)+y(ijm))/2.0
YI=(/ () ry(im)+y(imjyy(imjm))/4.0
yll=(y(imj)+y(imym))/2.0
yxir=(yll-4.0*yl+3.0*yw)
xw=(x(1j)+x(ijm))/2.0
xI=(x(j)+x(Gm)+x(imj)+x(imjm))/4.0
x1l=(x(imj)+x(imjm))/2.0
xxir=(x11-4.0*x1+3.0*xw)

elseif (i.ne.l .and. i.ne.im1) then
yl=(y(ij)+y(ijm)+y(imj)+y(imjm))/4.0
yr=(y(ij)+y(ijm)+y(ipj) +y(ipjm))/4.0
yxir=(yr-yl)
xl=(x({)+x({jm)+x(imj)+x(imjm))/4.0
xr=(x({j+x(ijm)+x(ipj +x(ipjm))/4.0
xxir=(xr-x1)

endif

etxr=-yxir/jacw
etyr=xxir/jacw

al(ij)=(1.0+c1*unxr(ij)*unxr(ij))*arew*arer(ij)
a2(ij)=c*unxr(ij) *unyr(ij)*arew *arer(ij)
a3(i)=(1.0+cl *unyr(ij)*unyr(ij)) *arew*arer(ij)
ad(ij)=arew *arer(ij)

a5(1))=(2.0*c2*unxr(ij) *etxr+unyr(ij) *etyr) *arer(ij)
a6(1))=(-c2*unxr(ij)*etyr+unyr(ij)*etxr)*arer(ij)
a7(i))=-c2*cyl*unxr(ij)/yrht*arer(ij)
a8(ij)=(unxr(ij)*etyr-c2 *unyr(ij) *etxr) *arer(ij)
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a9(ij)=(unxr(ij)y*etxr+2.0*c2*unyr(ijfetyr)*arer(ij)
al0(ij)=-c2*cyl*unyr(ij)/yrht*arer(ij)
al 1(ij)=(unxr(ij) *etxr+unyr(ij) *etyr) *arer(ij)
endif
!
! compute bl throught b11
!
if (i.ne.1) then
if (cyl.gt.0.0) ytop=0.5*(y(ij)+y(imj))
if (ytop.lt.em10) ytop=ep10*ep10

if (j.€q.1) then
arew=aret(ij)/jac(ijp)
ij=ind(ij+1)

call geom (2,0,unx,uny,area,volt1,volt2)

jacw=voltl+volt2
ij=ind(ij)

elseif (j.eq.jml) then
arew=aret(ij)/jac(ij)

call geom (2,0,unx,uny,area,volt1,volt2)

jacw=voltl+volt2
else
arew=2.0*aret(ij)/(jac(ij)Hac(ijp))

call geom (2,0,unx,uny,area,voltl,volt2)

Jjacw=voltl+volt2
endif

if (j.eq.1) then
yw=(y(ij)+y(imj))/2.0
yt=(y(ij)+y(imj)+y(iip)+y(imjp))/4.0
yt=(y(ip)+y(imip))/2.0
yett=(-ytt+4.0*yt-3.0*yw)
xw=(x(1j)+x(imj))/2.0
Xt=(x(ij) x(imj }+x(ijp)+x(imjp})/4.0
xtt=(x(ijp)+x(imjp))/2.0
xett=(-xtt+4.0*¥xt-3.0*xw)

elseif (j.eq.jm1) then
yw=(y(ij)+y(imj))/2.0
yb=(y(Gi)+y(imjyry(ijm)+y(imjm))/4.0
ybb=(y(ijm)+y(imjm))/2.0
yett=(ybb-4.0*yb+3.0*yw)
xw=(x(1j)*+x(imj))/2.0
xb=(x(ij)+x(imj)+x(ijm)+x(imjm))/4.0
xbb=(x(ijm)+x(imjm))/2.0
xett=(xbb-4.0*xb+3.0*xw)

elseif (j.ne.l .and. j.nejml) then
yb=(y (i) +y(imj)+y(ijm)+y(imjm))/4.0
yt=(y(ij) Ty(imj)+y(iip)+y(imjp))/4.0
yett=(yt-yb)
xb=(x(1j)+x(imj)+x(ijm)+x(imjm))/4.0
xt=(x(ij)+x(imj)+x(ijp)+x(imjp))/4.0
xett=(xt-xb)

endif

xixt=yett/jacw
Xiyt=-xett/jacw
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bl1(ij)=(1.0+c1 *unxt(ij)*unxt(ij)) *arew*aret(ij)
b2(ij)=cl *unxt(ij)*unyt(ij) *arew*aret(ij)
b3(ij)=(1.0+c 1 *unyt(ij)*unyt(ij)) *arew *aret(ij)
b4(ij)=arew*aret(ij)
b5(1j)=(2.*c2 *xixt*unxt(ij)+xiyt*unyt(ij)) *aret(ij)
b6(1j)=(-c2*xiyt*unxt(ij)+xixt*unyt(ij)) *aret(ij)
b7(ij)=-c2*cyl*unxt(ij)/ytop*aret(ij)
b8(1j)=(-c2*xixt*unyt(ij)+xiyt*unxt(ij)) *aret(ij)
bI(1j)=(xixt*unxt(ij)+2.0*c2*xiyt*unyt(ij)) *aret(ij)
b10(ij)=-c2*cyl*unyt(ij)/ytop*aret(ij)
bl 1(ij)=(xixt*unxt(ij)+xiyt*unyt(ij)) *aret(ij)
endif
enddo
enddo

return

end

subroutine abcdet (jl,jh)
!
!******************************************************************************
! this subroutine forms the matrices aa, bb, c¢, d for each constant xi -line
! over the range of j = jl to jh.
!******************************************************************************
!

include "params.cmd’

include 'precs.cmd'

include 'arrays.cmd’

include 'param.cmd’

include 'beon.cmd'

dimension aal(16), ccl(16), ¢ij(16), cijm(16), cijp(16), dij{4), delq(4)
include ‘aindex.cmd'

do j=jljh
ij=ind(i )
indd=(j-1)*4
rdtja=jac(ij)/dt(ij)

dd(indd+1)=dq] (ij)*rdtja
dd(indd+2)=dq2(ij)*rdtja
dd(indd+3)=dq3(ij) *rdtja
dd(indd+4)=dq4(ij)*rdtja

if (1gs.gt.0) then
dd(indd+1)=omgl(ij)
dd(indd+2)=omg2(ij)
dd(indd+3)=omg3(ij)
dd(indd+4)=omg4(ij)
endif

do kj=1,4
do ki=1,4
kikj=ki+(kj-1)*4
kikjj=kikj+(j-1)*16
indx=kikj+(ij-1)*16
indym=indx-imax*16
unity=0.0
if (ki.eq.kj) unity=rdtja
aa(kikjj)=-bp(indym)
bb(kikjj)=unity-+bp(indx)-bm(indym)-rlxm*dhdq(indx)
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ce(kikjj)=bm(indx)

if (1gs.gt.0) then
indxm=indx-16
aal(kikj)=-ap(indxm)
bb(kikjj)=bb(kikjj)+ap(indx)-am(indxm)-rix *dhdq(indx)
ccl(kikj)=am(indx)
cij(kikj)=bb(kikijj)
cijm(kikj)=aa(kikjj)
cijp(kikj)=cc(kikjj)
endif
enddo
enddo

if (1gs.gt.0) then
imj=ij-1
delq(1)=dq1(imj)
delq(2)=dq2(imj)
delg(3)=dq3(imj)
delq(4)=dq4(imj)

call multmv (aal,delq,delq,4,4)

dd(indd+1)=dd(indd+1)-delq(1)
dd(indd+2)=dd(indd+2)-delq(2)
dd(indd+3)=dd(indd+3)-delq(3)
dd(indd-+4)=dd(indd+4)-delq(4)

ipj=ij+1
delq(1)=dql(ipj)
delq(2)=dq2(ipj)
delq(3)=dq3(ipj)
delq(4)=dqd(ipj)

call multmv (ccl,delq,delq,4,4)

dd(indd+1)=dd(indd+1)-delg(1)
dd(indd+2)=dd(indd+2)-delq(2)
dd(indd+3)=dd(indd+3)-delq(3)
dd(indd+4)=dd(indd+4)-delq(4)

dij(1)=dd(indd+1)
dij(2)=dd(indd+2)
dij(3)=dd(indd+3)
dij(4)=dd(indd-+4)

call errors (cij,cijm,cijp,dij)
endif
enddo

return
end

subroutine abedxi (il,th)
!
!******************************************************************************
! this subroutine forms the matrices aa, bb, c¢dd for each constant et -line

! over the range of i =il to ih.
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!
include 'params.cmd’
include 'precs.cmd’
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include 'arrays.cmd’
include ‘param.cmmd’
include 'beon.cmd'

dimension aal(16), ccl(16), delg(4)
include 'aindex.cmd'

do i=il,ih
fj=ind(i,j)
indd=(i-1)*4
rdtja=jac(ij)/dt(ij)

dd(indd+1)=omg1(ij)
dd(indd+2)=omg?2(ij)
dd(indd+3)=omg3(ij)
dd(indd+4)=omg4(ij)

do kj=1,4

do ki=1,4
kikj=ki+(kj-1)*4
kikji=kikj+(1-1)*16
indx=kikj+(ij-1)*16
indxm=indx-16
unity=0.0
if (ki.eq.kj) unity=rdtja
aa(kikjiy=-ap(indxm)
bb(kikji)=unity+ap(indx)-am(indxm)-rlx*dhdq(indx)
ce(kikji)=am(indx)

if (Igs.gt.0) then
indym=indx-imax*16
aal(kikj)=-bp(indym)
bb(kikji)=bb(kikji}+bp(indx)-bm(indym)-rlxm*dhdq(indx)
cel(kikj)=bm(indx)
endif
enddo
enddo

if (1gs.gt.0) then
ijm=ij-imax
delq(1)=dql(ijm)
delg(2)=dq2(ijm)
delq(3)=dq3(ijm)
delq(4)=dq4(ijm)

call multmv (aal,delq,delq,4,4)

dd(indd+1)=dd(indd+1)-delq(1)
dd(indd+2)=dd(indd+2)-delq(2)
dd(indd+3)=dd(indd+3)-delq(3)
dd(indd+4)=dd(indd+4)-delq(4)

ijp=ij+imax

delq(1)=dql(ijp)
delq(2)=dq2(ijp)
delq(3)=dq3(ijp)
delq(4)=dq4(ijp)

call multmv (ccl,delq,delq,4,4)

dd(indd+1)=dd(indd+1)-deiq(l)
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dd(indd+2)=dd(indd+2)-delq(2)
dd(indd+3)=dd(indd+3)-delq(3)
dd(indd+4)=dd(indd+4)-delg(4)
endif
enddo

return
end

subroutine adcell
!
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! this subroutine forms the matrices a and d for each cell (1,j) which is used

! in the evaluation of source term correction.
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]
include "params.cind’
include 'precs.cmd'
include 'arrays.cmd'
include ‘param.cmd'
include 'beon.cmd’

rdtja=jac(ij)/dt(ij)

d(1)=omgl1(ij)
d(2)=omg2(ij)
d(3)=omg3(ij)
d{4)=omg4(ij)

!

! get the jacobian dh/dq

!

call caldhq

dokj=14

do ki=1,4
kikj=ki+(kj-1)*4
ind=kikj+(ij-1)*16
unity=0.0
if (ki.eq.kj) unity=rdtja
a(kikj)=unity-dhdq(ind)

enddo

enddo

return
end

subroutine addsrc
!
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I this subroutine calculates the extra source terms.
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!
include ‘params.cmd’
include ‘precs.cmd’
include 'arrays.cmd'’
include "param.cmd’
include 'beon.cmd’

include ‘aindex.cmd'
!
! top wall sources
!
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j=jml

do i=2,iml
ij=ind(i,j)
]
! internal source boundary condition
!
if (wttb(i).le.-1) then
unxw=unxt(ij)
unyw=unyt(ij)
arew=aret(ij)
peell=p(ij)
tcell=tstb(i)
dcell=pcell/rgas/tcell
rvw=rptb(i)*brtb(i)
vw=rvw/dcell
ucell=-unxw*vw
veell=-unyw*vw
mdot=arew*rvw
momu=arew*(rvw*ucell)
momv=arew*(rvw*vcell)
ener=mdot*(cpg*tcell+0.5* vw*vw)
omgl(ij)=omgl(ij)+mdot
omg?2(ij)=omg2(ij)+momu
omg3(ij)=omg3(ij)+momv
omg4(ij)=omg4(ij)+ener
endif
enddo

return
end

subroutine beexp
i
!******************************************************************************
! set boundary conditions
]
! option 0: symmetry plane
! option 1: rigid free-slip boundary condition with shear.
! option 2: rigid no-slip boundary condition with no shear.
! option 3: driven constant velocity lead boundary (cavity).
)
! option 4: subsonic inflow boundary condition, pt, tt, theta.
! option 5: subsonic inflow boundary condition, ts, u, v.
! option 6: subsonic inflow boundary condition, ps, u, v.
!

! option 10: supersonic inflow boundary condition.
!

! option 11: outflow boundary condition.
]
! option 15: mass injection bondary condition, isentropic

! option 16: mass injection bondary condition, non-isentropic
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!
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd'
include 'param.cmd’
include 'beon.cmd'

include 'aindex.cmd'
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!
! left wall
!

i=1

do j=2,jm]
ij=ind(i,j)

if (wtlb(j).ne.10) call calqpm ('r',inorxi)
!
! free-slip boundary condition
!
if (wtlb(j).le.1) then
p(ij)=pp
ubar=up*unxr(ij)+vp*unyr(ij)
u(ij)=up-2.0*ubar*unxr(ij)
v(ij)=vp-2.0*ubar*unyr(ij)
t(i)=tp
endif
!
! no-slip boundary condition
!
if (wtlb(j).eq.2) then
p(ij)y=pp
n(ij)=-up
v(j)=-vp
t(ij)~tp
endif
!
! driven constant velocity lead boundary (cavity).
!
if (wtlb(j).eq.3) then
p(ij)=pp :
u(ij)=2.0*ulb(j)-up
v(ij)=2.0*vIb(j)-vp
t(ij)=tp
endif
!
! subsonic in-flow boundary condition, pt, tt, theta.
!
if (wtlb(j).eq.4) then
cwsq=gamma*rgas*tp
cw=ssqrt(cwsq)
mwsq=(up*up+vp*vp)/cwsq
mw=ssqrt(mwsq+em20)
vel=cw*mw
factor=1.0+gm1/2.0*mwsq
p(ij)=ptib(j)/factor**ggm1
u(ij)=vel*uxlb(j)
v(ij)=vel*uylb(j)
t(ij)=ttlb(j)/factor
endif
!
! subsonic inflow boundary condition, ts, u, v.
!
if (wtlb(j).eq.5) then
p(ij)=pp
u(ij)=ulb(j)
v(ij)=vIb(j)
i(§j)=ts1b(j)
endif
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! subsonic inflow boundary condition, ps, u, v.

!
if (wtlb(j).eq.6) then
p(ij)=psIb)
u(ij)=ulb(j)
v(ij)=vIb(j)
t(ij)=tp
endif
1
! supersonic in-flow boundary condition
!
if (wtlb(j).eq.10) then
p(ij)=pslb(j)
u(ij)=ulb(j)
v(ij)=vib()
t(ij)=tslb(j)
endif
!
! out-flow boundary condition
!
if (wtlb(j).eq.11) then
ipj=ij+1
p(ij)=pp
if (mach(ipj).1t. 1.0} p(ij}=psib(j)
u(ij)=up
v(ij)=vp
t(ij)=tp
endif
!

! mass injection boundary condition, isentropic

1
if (wtlb(j).eq.15) then
const=pp/rp**gamma
t(ij)=2.0*tslb(j)-tp
dens=(rgas*t(ij)/const)**(1.0/gm1)
p(ij)=rgas*dens*t(ij)
vw=rplb(j)*brlb(j)/dens
u(ijy=unxr(ij)*vw
v(ij)=unyr(ij)*vw
u(ij)=2.0*u(ij)-up
v(ij)=2.0%v(ij)-vp
endif
!

! mass injection boundary condition, non-isentropic

]

if (wtlb(j).eq.16) then
t(1j)=2.0*tslb(j)-tp
p(ij)=pp
dens=p(ij)/rgas/t(ij)
vw=rplb(j)*brlb(j)/dens
u(ijy=unxr(ij)*vw
v(ij)y=unyr(ij)*vw
u(ij}=2.0*u(ij)-up
v(ij)=2.0*v(ij)-vp

endif

ql(ij)=p(ij)/rgas/t(ij)

92(3ij)=q1(ij)*u(ij)

a3(i)=q1 ({j)*v(ij)

velsq=u(ij)*u(ij)+v(ij) *v(ij)

g4(1j)=p(j)/gm1+0.5*q1 (ij)*velsq
enddo
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!
! right wall
!

i=iml

do j=2,jml
ij=ind(i,j)

if (wtrb(j).ne.10) call calgpm (r',inorxi)

imj=ij
j=imj+1
!
! free-slip boundary condition
]
if (wtrb(j).le.1) then
p(ij)=pm
ubar=um*unxr(imj)+vm*unyr(im;j)
u(ij)=um-2.0*ubar*unxr(imj)
v(ij)=vm-2.0*ubar*unyr(imj)
t(ij)=tm
endif
!
! no-slip boundary condition
!
if (wtrb(j).eq.2) then
p(ij)=pm
u(ij)=-um
v(ij)=-vm
t(ij)=tm
endif
!
! driven constant velocity lead boundary (cavity).
!
if (wtrb(j).eq.3) then
p(ij)=pm
u(ij)=2.0*urb(j)-um
v{ij=2.0*vib(j)-vm
t(ij)=tm
endif
1
! subsonic in-flow boundary condition, pt, tt, theta.
!
if (wirb(j).eq.4) then
cwsq=gamma*rgas*tm
cw=ssqrt(cwsq)
mwsq=(um*um+vm*vm)/cwsq
mw=ssqrt(mwsq+em20)
vel=cw*mw
factor=1.0+gm1/2.0¥mwsq
p(ij)=ptrb(j)/factor**ggim1
u(j)=vel*uxrb(j)
v(ij)=vel*uyrb(j)
t(ij)=ttrb(j)/factor
endif
!
! subsonic inflow boundary condition, ts, u, v.
!
if (wtrb(j).eq.5) then
p(ij)=pm
u(1j)=urb(j)
v(ij)=vrb(j)

Vf.



t(ij)=tsrb(j)
endif
!
! subsonic inflow boundary condition, ps, u, v.
!
if (wtrb(j).eq.6) then
p(ij)=psrb(j)
u(ij)=urb(j)
v(ij)=vrb(j)
t(ij)=tm
endif
!
! supersonic in-flow boundary condition
!
if (wtrb(j).eq.10) then
p(ij)=psrb(j)
u(ij)=urbij)
v(ij)=vibG)
t(ij )=tsrb(j)
endif
!
! out-flow boundary condition
!
if (wtrb(j).eq.11) then
p(ij)=pm
if (mach(imj).1t.1.0) p(ij)=psrb(j)
u(ij)=um
v(ij)=vm
t(ij)=tm
endif
]
! mass injection boundary condition, isentropic
!
if (wtrb(j).eq.15) then
const=pm/rm**gamma
t(ij)=2.0*tsrb(j)-tm
dens=(rgas*t(ij)/const)**(1.0/gm1l)
p(ij)=rgas*dens*t(ij)
vw=rprb(j)*brrb(j)/dens
u(ij)=-unxr(imj)*vw
v(ij)=-unyr(imj)*vw
u(ij)=2.0*u(ij)-um
v(ij)=2.0*v(ij)-vm
endif
!
! mass injection boundary condition, non-isentropic
!
if (wtrb(j).eq.16) then
t(ij)=2.0*tsrb(j)-tm
p(ij)=pm
dens=p(ij)/rgas/t(ij)
vw=rprb(j)*brrb(j)/dens
u(ij)y=-unxr(imj ) *vw
v(ij)=-unyr(imj)*vw
u(ij)=2.0*u(ij)-um
v(ij)=2.0*v(ij)-vm
endif

q1({j)=p(ij)/rgas/t(ij)
Q2(ij)=q1 (1) u(ij)
Bi)=ql () *v(y)
velsq=u(ij)*u(ij)+v(ij) *v(ij)
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q4(1))=p(i})/gml1-+0.5*q1(ij)*velsq
enddo
!
! bottom wall
!
j=1

do i=2,iml
ij=ind(i)

if (wtbb(i).ne.10) call calqpm ('t'’,inoret)
!
! free-slip boundary condition
!
if (wtbb(i).le.1) then
p(ij)=pp
vbar=up*unxt(ij}+vp*unyt(ij)
u(ij)=up-2.0*vbar*unxt(ij)
v(ij)=vp-2.0*vbar*unyt(ij)
t(ij)=tp
endif
!
! no-slip boundary condition
!
if (wtbb(1).eq.2) then
p(ij)=pp
u(ij)=-up
v{ij)=-vp
t(ij)=tp
endif
f
! driven constant velocity lead boundary (cavity).
!
if (wtbb(i).eq.3) then
p(ij)=pp
u(ij)=2.0*ubb(i)-up
v(ij)=2.0*vbb(i)-vp
t(ij)=tp
endif
!
! subsonic in-flow boundary condition, pt, tt, theta.
!
if (wtbb(i).eq.4) then
cwsq=gamma*rgas*tp
cw=ssqrt(cwsq)
mwsq=(up*up+vp*vp)cwsq
mw=ssqrt(mwsq+em20)
vel=cw*mw
factor=1.0+gm1/2.0*mwsq
p(ij)=ptbb(i)/factor**ggml
u(ij)=vel*uxbb(i)
v(ij)=vel*uybb(i)
t(ij)=ttbb(i)/factor
endif
!
! subsonic inflow boundary condition, ts, u, v.
!
if (wibb(i).eq.5) then
p(ij)=pp
u(ij)=ubb(i)
v(ij)=vbb(i)
t(ij)=sbb(i)

\YY



endif
|

! subsonic inflow boundary condition, ps, u, v.
!
if (wtbb(i).eq.6) then
p(ii)=psbb(i)
u(ij)=ubb(i)
v(ij)=vbb(i)
t(ij)=tp
endif
!
! supersonic in-flow boundary condition
!
if (wibb(i).eq.10) then
u(ij)=ubb(i)
v(ij)=vbb(i)
p(ij)=psbb(i)
t(ij)=tsbb(i)
endif
!
! out-flow boundary condition
!
if (wtbb(i).eq.11) then
ijjp=it+imax
p(ij)=pp
if (mach(ijp).1t.1.0) p(ij)=psbb(i)
u(ij)=up
v(ij)=vp
t(ij)=tp
endif
!
! mass injection boundary condition, isentropic
!
if (wibb(i).eq.15) then
const=pp/rp**gamma
t(ij)=2.0*tsbb(i)-tp
dens=(rgas*t(ij)/const)**(1.0/gm1)
p(ij)=rgas*dens*t(ij)
vw=tpbb(i)*brbb(i)/dens
u(ij)=unxt(ij)*vw
v(ijy=unyt(ijy*vw
u(ij)=2.0*u(ij)-up
v(i))=2.0*v(ij)-vp
endif
I
! mass injection boundary condition, non-isentropic
!
if (wtbb(i).eq.16) then
t(ij)=2.0*tsbb(i)-tp
p(ij)=pp
dens=p(ij)/rgas/t(ij)
vw=rpbb(i)*brbb(i)/dens
u(ij)=unxt(ij)*vw
v(ij)=unyt(ij)*vw
u(ij)=2.0*u(ij)-up
v(ij)=2.0*v(ij)-vp
endif

q1(ij)=p(i))/rgas/t(ij)
a2(1)=q () *u(i))
a3(1)=q1{G)*v(ij)
velsq=u(ij)*u(ij)+v(ij)*v(ij)
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q4(i))=p(ij)/gm1+0.5*q 1 (ij)*velsq
enddo
!
! top wall
!
j=jml

do +=2,im1
ij=ind(i,j)

if (wttb(i).ne.10) call calqpm ('t'inoret)

fjm=ij
ij=ijm+imax
!
! free-slip boundary condition
!
if (wttb(i).le.1) then
p(ij)=pm
vbar=um*unxt(ijm)+vm*unyt(ijm)
u(ij)=um-2.0*vbar*unxt(ijm)
v(ij)=vm-2.0*vbar*unyt(ijm)
t(ij)=tm
endif
!
! no-slip boundary condition
!
if (wttb(i).eq.2) then
p(ij)=pm
u(ij)=-um
v(ij)=-vim
t(ij)=tm
endif
!
! driven constant velocity lead boundary (cavity).
!
if (wttb(i).eq.3) then
p(ij)=pm
u(ij)=2.0*utb(i)-um
v(ij)=2.0*vtb(i)-vm
t(ij)=tm
endif
!
! subsonic in-flow boundary condition, pt, tt, theta.
!
if (wttb(i).eq.4) then
cwsq=gamma*rgas*tm
cw=ssqrt(cwsq)
mwsq=(um*um+vm*vm)/cwsq
mw=ssqrt(mwsq+em20)
vel=cw*mw
factor=1.0+gm1/2.0*mwsq
p(ij)=pttb(i)/factor**ggm}
u(ij)=vel*uxtb(i)
v(ij)=vel*uytb(i)
t(1j)=tttb(1)/factor
endif
!
! subsonic inflow boundary condition, ts, u, v.
!
if (wttb(i).eq.5) then
p(ij)=pm
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u(ij)=utb(i)
v(ij)=vtb(i)
t(ij)=tstb(i)
endif
!
! subsonic inflow boundary condition, ps, u, v.
!
if (wttb(i).eq.6) then
p(ij)=pstb i)
u(ij)=utb(i)
v(ij)=vib(i)
t(ij)=tm
endif
]
! supersonic in-flow boundary condition
!
if (wttb(i).eq.10) then
p(ij)~pstb(i)
u(ij)=utb(i)
v(ij)=vib(i)
t(ij)=tstb(i)
endif
!
! out-flow boundary condition
|
if (wttb(i).eq.11) then
p(ij)=pm
if (mach(ijm).1t.1.0) p(ij)=pstb(1)
u(ij)=um
v(ij)=vm
t(ij)=tm
endif
|
! mass injection boundary condition, isentropic
]
if (wttb(i).eq.15) then
const=pm/rm**gamma
t(ij)=2.0*tstb(i)-tm
dens=(rgas*t(ij)/const)**(1.0/gm1)
p(ij)=rgas*dens*t(ij)
vw=rptb(i)*brtb(i)/dens
u(ij)=-unxt(ijm)*vw
v(ij)=-unyt(ijm)*vw
u(ij)=2.0*u(ij)-um
v(ij)=2.0*v(ij)-vm
endif
!
! mass injection boundary condition, non-isentropic
!
if (wttb(i).eq.16) then
t(ij)=2.0*tstb(i)-tm
p(ijy=pm
dens=p(ij)/rgas/t(ij)
vw=rptb(i)*brtb(i)/dens
u(ij)=-unxt(ijm)*vw
v(ij)=-unyt(ijm)*vw
u(ij)=2.0*u(ij)-um
v(ij)=2.0%v(1j)-vin
endif

ql(ij)=p(ij)/rgas/t(ij)
q2(i)=q1(ij)*u()
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QB)=q L) v ()
velsq=u(ij) *u(ij)+v(ij) *v(ij)
q4(ij)=p(ij)/gm1+0.5*q1(ij)*velsq
enddo
!
! user special boundary condition
!
returmn
end

subroutine wrtplt
!
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! write a special plot file to allow the use of post processing.
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!

include ‘params.cmd'

include 'precs.cmd'’

include 'arrays.cmd’

include 'param.cmd'

include 'bcon.cmd'

real*8 den(ijdim), ptmp(ijdim), ttmp(ijdim), utmp(ijdim), vtmp(ijdim), &
mtmp(ijdim), sx(ijdim), sy(ijdim), v1(ijdim), v2(ijdim), v3(ijdim), &
v4(ijdim)

include 'aindex.cmd’

if (cycle.le.feycle) then
do j=1,jml
do i=1,im]
ij=ind(i,)
sx(1j)=x(ij)
sy(ij)=y(li)
enddo
enddo
endif

do j=2,jmax

do i=2,imax
ij=ind(i,j)
imj=ij-1
ijm=ij-imax
imjm=ij-1-imax
rvij=1.0/jac(ij)
rvimj=1.0/jac(imj)
rvijm=1.0/jac(ijm)
rvimjm=1.0/jac(imjm)
rvsum=rvij+ryimj+rvijm+rvimjm
qlnode=(rvij*q1(ij)+rvimj*ql(imj)+rvijm*ql(ijm)+rvimjm*q1 (imjm))/rvsum
q2node=(rvij*q2(ij)+rvimj*q2(imj)+rvijm*q2(ijjm)+rvimjm*q2(imjm))/rvsum
q3node=(rvij*q3(ij)+rvimj*q3(imj)+rvijm*q3(ijjm)+rvimjm*q3(imjm))/rvsum
g4node=(rvij*q4(ij)+rvimj*q4(imj)+rvijm*q4(ijjm)+rvimjm*q4(imjm))/rvsum

v1(imjm)=qlnode
v2(imjm)=q2node
v3(imjm)=q3node
v4(imjm)=qg4node
enddo
enddo

do j=1,ml
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else
write(tusav) q1(i),q2(i),93(i5),94i)
endif
enddo
enddo

call ocfile (lusav,fnsav,dfsav,flfm,0)

if (iprint.eq.0) write(luscn,'(a,1pel 2.5)") * restart data at time= ',ttime
if (iprint.eq.1 .or. iprint.eq.3) &

write(luscn,'(a,1pel2.5)) ' restart data at time=",ttime
if (iprint.eq.2 .or. iprint.eq.3) &

write(luout,'(a,1pel2.5)") ' restart data at time=',ttime

return
end

subroutine wallsh
!
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! this subroutine calculates the extra source terms due to presence of shear

! force at boundaries.
{3 ke 3k e ek o o ke e 3 ke ke 3 e ok e 3 o ke e s e ke b e ke K e e e e e e ke 3 3 B3 e e s s e A e e s K e B iR el e sl el ekl R 3 R f ok ke kR ke

!
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd’
include 'param.cmd’
include 'beon.cmd’

character*30 fnwal, dfwal
integer luwal

data fnwal, dfwal, luwal /'wallsh.out'," 1 99/
include 'aindex.cmd’
indx(ki,kj)=ki+(kj 1)*4+(1j-1)*16

call ocfile (luwal,fnwal,dfwal,'formatted ',1)
!

! left wall
id=0
i=2

do j=2,jml
if (wtlb(j).eq.1) then
ij=ind(i,j)
imj=ij-1

if (arer(imj).gt.em20) then
imjm=imj-imax
ijm=ij-imax
delx=x(imj)-x(imjm)
dely=y(imj)-y(imjm)
cons=-x(imj)*y(imjm)+x(imjm)*y(imj)
xcen=(x(ij)+x(imj }+x(imjm)+x(ijm))/4.0
yeen=(y(ij)+yGmj)+y(imjm)+y(ijm))/4.0
dist=(ycen*delx-xcen*dely+cons)/ssqrt(delx*delx+dely*dely)
dist=sabs(dist)
uw=(u(ij)+u(im;j))/2.0
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vw=(v(ij)+v(imj))/2.0

vwall=ssqrt(uw*uw+vw*vw)
creno=dist*vwall*q1(ij)/mulm(ij)

factor=1.0

if (creno.gt.130.3) factor=creno/(0.75+2.19*slog(creno))**2
const=factor*mulm(ij)/dist

shearx=-uw*const

sheary=-vw*const

omg2(ij)=omg2(ij)+arer(imj)*shearx
omg3(ij)=omg3(ij)+arer(imj)*sheary

if (iprint.eq.10 .and. id.eq.0) write(luwal,'(/a,//,3x,a,7x,a, &
10x,a,10x,a,10x,a,/,1x)") ' variables along the left-wall are', &

'node','h/cp','p','t', mach’

if (iprint.eq.10) write(luwal,(4x,i2,4x, 1p4e12.4)") &
j,1.125*const,p(ij),t(ij),mach(ij)

id=1

if (implct.ge.1) then
const=-const*arer(imj)/q1(ij)/2.0
duwdql=-u(ij)
duwdq2=1.0
dvwdql=-v(ij)
dvwdq3=1.0
dhdq(indx(2,1))=dhdq(indx(2,1))+const*duwdq1
dhdq(indx(2,2))=dhdq(indx(2,2))+const*duwdq2
dhdq(indx(3,1))=dhdq(indx(3,1))+const*dvwdql
dhdq(indx(3,3))=dhdq(indx(3,3))+const*dvwdq3
endif
endif
endif
enddo
]
! right wall
!
id=0
i=iml

do j=2,jml
if (wirb(j).eq.1) then
ij=ind(1,j)

if (arer(ij).ge.em20) then
imj=ij-1
imjm=imj-imax
ijm=ij-imax
ipj=ij+1
delx=x(1j)-x(ijm)
dely=y(ij)-y(ijm)
cons=-x({j)*y(m)+x(im)*y(ij)
xcen=(x(ij)+x(imj)+x(imjm)+x(ijm))/4.0
yeen=(y(ij)+y(imj)+y(imjm)+y(ijm))/4.0
dist=(ycen*delx-xcen*dely+cons)/ssqrt(delx *delx+dely*dely)
dist=sabs(dist)
uw=(u(ij)+u(ipj))/2.0
vW=(v(ij)*+V(ip}))/2.0
vwall=ssqri(uw*uw+vw*vw)
creno=dist*vwall*q1(ij)/mulm(ij)
factor=1.0
if (creno.gt.130.3) factor=creno/(0.75+2.19*slog(creno))**2
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10x,a,10x,a,10x,a,/)") ' variables along the bottom-wall are', &
'node','h/cp','p','t',' mach’

if (iprint.eq.10) write(luwal,(4x,i2,4x,1p4el2.4)) &
j,1.125*const,p(ij),t(ij),mach(ij)

id=1

if (implct.ge.1) then
const=-const*aret(ijm)/q1(ij)/2.0
duwdql=-u(ij)
duwdq2=1.0
dvwdql=-v(ij)
dvwdq3=1.0
dhdq(indx(2,1))=dhdq(indx(2,1))+const*duwdq1
dhdq(indx(2,2))=dhdq(indx(2,2))+const*duwdq2
dhdq(indx(3,1))=dhdq(indx(3,1))+const*dvwdq1
dhdq(indx(3,3))=dhdq(indx(3,3))+const*dvwdq3
endif
endif
endif
enddo
1
!'top wall
1
id=0
j=jmi

do i=2,iml
if (wttb(i).eq.1) then
ij=ind(ij)

if (aret(ij).ge.em20) then
imj=ij-1
imjm=imj-imax
jjm=ij-imax
ijp=ij+imax
delx=x(ij)-x(imj)
dely=y(ij)-y(imj)
cons=-x(ij)*y(imj)+x(imj)*y(ij)
xcen=(x(ij)+x(imj)+x(imjm)+x(ijm))/4.0
yeen=(y(ij)+y(imj)+y(imjm)+y(ijm))/4.0
dist=(ycen*delx-xcen*dely+cons)/ssqrt(delx*delx-+dely *dely)
dist=sabs(dist)
uw=(u(ij)+u(ijp))/2.0
vw=(v(ij)+v(ijp))/2.0
vwall=ssqrt(uw*uw+vw*vw)
creno=dist*vwall*q1(ij)/mulm(ij)
factor=1.0
if (creno.gt.130.3) factor=creno/(0.75+2.19*slog(creno))**2
const=factor*mulm(ij)/dist
shearx=-uw*const
sheary=-vw*const
omg?2(ij)=omg2(ij)+aret(ij)*shearx
omg3(ij)=omg3(ij)+aret(ij)*sheary

if (iprint.eq.10 .and. id.eq.0) write(luwal,'(/,a,//,3x,a,7x,a, &
10x,a,10x,a,10x,a,/)") ' variables along the top-wall are', &
'node','h/cp','p','t','mach’

if (iprint.eq.10) write(luwal,'(4x,i2,4x,1p4el2.4)) &
j,1.125*const,p(ij),t(ij),mach(ij)
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id=1

if (implct.ge.1) then
const=-const*aret(ij)/q1(ij)/2.0
duwdql=-u(ij)
duwdq2=1.0
dvwdql=-v(ij)
dvwdqg3=1.0
dhdq(indx(2,1))=dhdq(indx(2,1))+const*duwdq1
dhdq(indx(2,2))=dhdq(indx(2,2))+const*duwdq2
dhdq(indx(3,1))=dhdq(indx(3,1))+const*dvwdql
dhdq(indx(3,3))=dhdq(indx(3,3))+const*dvwdq3

endif

endif
endif
enddo

call ocfile (luwal,fnwal,dfwal,'formatted ',0)
!
! user special wall shear
!

return

end

!
!******************************************************************************
! viscon calculates laminar and turbulent viscosity and thermal diffusivity.
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!

subroutine viscl
!
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! calculate the laminar viscosity based on sutherland's law of viscosity. this
! formula is
!

! mu = sc1*(temp**1.5)/(temp+sc2)
PRk e ARk R ok e R R Rk ok ek R ok kel ook R ko Rk koo ok ok o K o
!

include 'params.cmd’

include 'precs.cmd’

include 'arrays.cmd’

include 'param.cmd’

include 'beon.cmd'

inchide 'aindex.cmd’

do j=1,jmax

do i=1,imax
ij=ind(i,j)
mulm(ij)=sc1*(t(ij)**1.5)/(t(ij)+sc2)
if (iturb.eq.0) mu(ij)=mulm(ij)

enddo

enddo

retum
end

!
subroutine visct

!
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! calculate the turbulent viscosity based on simple algebraic subgrid scale
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! tubulent viscosity model of deardorff,
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!
include ‘params.cmd'
include 'precs.cmd’
include 'arrays.cmd'
include 'param.cmd’
include 'beon.cmd'

real*8 jacc
data ckd/0.02044/
include 'aindex.cmd'’

do j=2,jml
do i=2,iml
ij=ind(i,j)

if (cyl.gt.0.0) then
call geom (2,0,unx,uny,area,voltl,volt2)

jacc=voltl+volt2
else

jace=jac(ij)
endif

ve=v(ij)

imj=ij-1

jjm=ij-imax

imjm=ijm-1

ipj=ij+1

ijp=ij+imax
xr=(x(1j)+x(ijm))/2.0
x1=(x(imj)+x(imjm))/2.0
xt=(x(ij)+x(imj))/2.0
xb=(x(ijm)*+x(imjm))/2.0
yr=(y(ij)*+y(ijm))/2.0
yi=(y(imj)+y(imjm))/2.0
yt=(y(ij}+y(imj))/2.0
yb=(y(ijm)+y(imjm}))/2.0
xixc=(yt-yb)/jacc
xiyc=-(xt-xb)/jacc
etxc=-(yr-yl)/jacc
etyc=(xr-xl)/jacc
delx1=xr-x1

delx2=xt-xb

delyl=yr-yl

dely2=yt-yb
sidel=ssqrt(delx ! *delx1+dely 1 *delyl)
side2=ssqrt(delx2*delx2+dely2*dely2)
sidem=smax1(sidel,side2)
ur=u(ipj)

vr=v(ipj)

ul=u(imj)

vI=v(imj)

ut=u(ijp)

vi=v(ijp)

ub=u(ijm)

vb=v(ijm)
dudx=(ur-ul)/2.0
dude=(ut-ub)/2.0
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dvdx=(vr-v1)/2.0
dvde=(vt-vb)/2.0
d11=2.0*(xixc*dudx+etxc*dude)
d22=2.0*(xiyc*dvdx+etyc*dvde)
d33=2.0*cyl*velyc(ij)
d12=xiyc*dudx+etyc*dude+xixc*dvdx+etxc*dvde
mutb=ckd*q1(ij)*sidem*sidem*ssqrt(d11*d11+d22*d22+d33*d33+2.0*d12*d12)
mu(ijy=mulm(ij)+mutb
enddo
enddo

11=1
im=imax

do j=2,jml
i1j=ind(@i1,j)
imj=ind(im,j)
mu(ilj)=mu(ilj+1)
mu(imj)=mu(imj-1)
enddo

jl=1
jm=jmax

do i=2,im]
ijl=ind(i,j1)
ijm=ind(i,jm)
mu(ij 1 )=mu(ij1+imax)
mu(ijm)=mu(ijm-imax)
enddo

mu(ind(1,1))=mu(ind(2,2))
mu(ind(1l,jmax))=mu(ind(2,jml))
mu(ind(imax,1))=mu(ind(iml,2))
mu(ind(imax,jmax))=mu(ind(im1,jml))

return
end
!

subroutine tdifl
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! calculate the laminar thermal conductivity.
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]
include 'params.cmd'
include 'precs.cmd'
include 'arrays.cmd'
include 'param.cmd’
include 'beon.cmd'

include 'aindex.cmd'

return
end

1
subroutine tdift

{

!******************************************************************************

I this subroutine calculates the turbulent thermal conductivity.
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!
include 'params.cmd’
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include 'precs.cmd'
include ‘arrays.cmd’
include 'param.cmd'
include 'beon.cmd'

include 'aindex.cmd'

do j=1,jmax

do i=1,imax
ij=ind(i,j)
mutb=mu(ij)-mulm(ij)
ku(ij)=kulm(ij)+mutb*cpg/prt

enddo

enddo

return
end

subroutine solve
!
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! solve the governing equations using an approximate factorization technique if
! implct=1. this splitting technique reduces the two-dimensional solution to
! the solution of two one-dimensional problems. two sweeps are carried out. one

| in xi-direction and one in eta-direction.
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!
include ‘params.cmd’
include 'precs.cmd’
include ‘arrays.cmd'
include ‘param.cmd'
include 'beon.cmd'

dimension cij(16), dij(4), ipvt(4)
include 'aindex.cmd'

isweep=0

terr(1)=0.0
terr(2)=0.0
terr(3)=0.0
terr(4)=0.0

do j=2,jml

do i=2,im!
ij=ind(1,j)
terr(1)=terr(1)+sabs(omg1(ij))
terr(2)=terr(2)+sabs(omg2(ij))
terr(3)=terr(3)+sabs(omg3(ij))
terr(4)=terr(4)+sabs(omg4(ij))

enddo

enddo

if (implct.gt.0) go to 1
!

! explicit solution
!
do j=2,jm1
do i=2,im1l
ij=ind(i)
rdtja=jac(ij)/dt(ij)
dql(ij)=omgl(ij)/rdtja
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dq2(ij)=omg2(ij)/rdtja
dq3(ij)=omg3(ij)/rdtja
dq4(ij)=omg4(ij)/rdtja
enddo
enddo

goto3

1 continue

!

! implicit solution:

! isplit=1 is the adi two-factor split or line gauss-seidel
! isplit=2 is the two-factor eigenvalue split

! isplit>2 is the point iterative sor scheme
!

if (isplit.gt.1) go to 2
!

! implicit adi two-factor split scheme or line gauss-seidel
]

isweep=isweep+1

errl(1)=0.0

errl(2)=0.0

errl(3)=0.0

errl(4)=0.0

do j=2,jml
!
! form the coefficient matrices and solve the block-tridiaginal in xi-direction
!
call abedxi (2,iml)

if (impbc.gt.0) call beimp
call btrid (aa,bb,cc,dd,ilow,ihgh,4)

do i=ilow,ihgh
=ind(i,j)
indx=(i-1)*4
dql(ij)=dd(indx+1)
dq2(ij)=dd(indx+2)
dq3(ij)=dd(indx+3)
dq4(ij)=dd(indx+4)

enddo

enddo

do i=2,iml
!
! form the coefficient matrices and solve the block-tridiaginal in et-direction
!
call abedet (2,jml)

if (impbec.gt.0) call beimp
call btrid (aa,bb,cc,dd,jlow,jhgh,4)

do j=jlow,jhgh
ij=ind(i,j)
indx=(G-1)*4 |
dql(ij)=dd(indx+1)
dq2(ij)=dd(indx+2)
dq3(ij)=dd(indx+3)
dq4(ij)=dd(indx+4)
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enddo
enddo

if (1gs.gt.0) write(luscn,'(a,i2, 1p4e12.3)") &
" LGS errors at sweep 'isweep,erri(1),errl(2),errl(3),errl(4)

if (errl(1) .gt. epsig*terr(1) .and. errl(2) .gt. epsig*terr(2) .and. &
errl(3) .gt. epsig*terr(3) .and. errl(4) .gt. epsig*terr(4) .and. &
isweep.It.Igs) go to 1

goto3
2 if (isplit.le.2) then
!

! implicit solution using the two-factor eigenvalue split
!

icycle=0

if (iflip.eq.1) icycle=1

if (iflip.gt.1) icycle=mod(cycle,2)

if (icycle.eq.0) then
incr=1
ilow=2
ihgh=im1
jlow=2
jhgh=jm]1

else
incr=-1
tlow=im}
ihgh=2
jlow=jm1
jhgh=2

endif

do j=jlow,jhgh,incr
do i=ilow,ihgh,incr
!
! forward sweep on even cycle and backward sweep on odd cycle
!
ij=ind(i,j)

if (icycle.eq.0) call lomat (cij,dij,icycle)
if (icycle.ne.0) call upmat (cij,dij,icycle)
call ludemp (cij,4,4,ipvt,flag)

if (flag.eq.0) then
write(luscn,'(a,2i4)") ' near singular matrix at point ij = ',i,j

stop
endif

call lubksb (cij,4,4,ipvt,dij)

da(ij)=dij(1)
dq2(ij)=dij(2)
dq3(1j)=dij(3)
dq4(1j)=dij(4)
enddo
enddo

do j=jlow,jhgh,incr
do i=ilow,ihgh,incr
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!

! diagonal inversion

!

ij=ind(i,j)

call dmat
enddo
enddo

do j=jhgh,jlow,-incr
do i=ihgh,ilow,-incr

! backward sweep on even cycle and forward sweep on odd cycle

ij=ind(i,j)

if (icycle.eq.0) call upmat (cij,dij,icycle)
if (icycle.ne.0) call lomat (cij,dij,icycle)
call ludemp (cij,4,4,ipvt,flag)

if (flag.eq.0) then
write(luscn,'(a,2i4)") ' near singular matrix at point ij = ',i,j

stop
endif

call lubksb (cij,4,4,ipvt,dij)

dql(ip)=dij(1)
dq2(ij)=dij(2)
dq3(ij)=di(3)
dqa(ij)=dij(4)
enddo
enddo

endif
!

! point iterative scheme

do iter=1,isplit-2

do j=2,jml
do i=2,iml

ij=ind(i,j)
call pmat (cij,dij)
call ludemp (cij,4,4,ipvt,flag)

if (flag.eq.0) then
write(luscn,'(a,2i4)") ' near singular matrix at point ij = i j

stop
endif

call lubksb (cij,4,4,ipvt,dij)

dql(ij)=dij(1)
dq2(ij)=dij(2)
dq3(ij)=dij(3)
dq4(ij)=dij(4)

enddo
enddo
enddo
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do ki=1,4
kikj=ki+(kj-1)*4
ind=kikj+(ij-1)*16
indxm=ind-16
indym=ind-imax*16
unity=0.0
if (ki.eq.kj) unity=rdtja

cij(kikj)=unity+ap(ind)+bp(ind)-am(indxm)-bm(indym)-dhdq(ind)

enddo
enddo

call multmv (cij,dij,dij,4,4)

dql(ij)=dij(1)/rdtja
dq2(ij)=dij(2)/rdtja
dq3(ij)=dij(3)/rdtja
dqd(ij)=dij(4)/rdtja

return

end
!

subroutine lomat (cij,dij,icycle)
]
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! form the matrices cij, dij for each cell (i,j) for lower triangular forward

! sweep.
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|
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd’
include 'param.cmd’
include beon.cmd'

real*8 cij, dij
dimension ¢ij(16), cimj(16), cijm(16), dij(4), dq(4)

imj=ij-1
ijm=ij-imax
rdtja=jac(ij)/dt(ij)

if (icycle.eq.0) then
dij(1)=omgl(ij)
dij(2)=omg2(3j)
dij(3)=omg3(ij)
dij(4)=omgd(ij)

else
dij(1)=dql(ij)*rdtja
dij(2)=dq2(ij)*rdtja
dij(3)=dq3(ij)*rdtja
dij(d)=dqd(ij)*rdtja

endif

do kj=1,4

do ki=1,4
kikj=ki+(kj-1)*4
ind=kikj+(ij-1)*16
indxm=ind-16
indym=ind-imax*16
unity=0.0
if (ki.eq.kj) unity=rdtja
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cij(kikj)=unity+ap(ind)+bp(ind)-am(indxm)-bm(indym)-dhdq(ind)
cimj(kikj)=-ap(indxm)
cijm(kikj)=-bp(indym)

enddo

enddo

dq(1)=dq1(imj)
dq(2)=dq2(imj)
dq(3)=dq3(imj)
dq(4)=dq4(imj)

call multmv (cimj,dq,dq,4,4)

do ki=1,4
dij(ki)=dij(ki)-dq(ki)
enddo

dq(1)=dql (ijm)
dq(2)=dq2(ijm)
dq(3)=dq3(ijm)
dq(4)=dq4(ijm)

call multmv (cijm,dq,dq,4,4)
doki=1,4

dij(ki)=dij(ki)-dq(ki)
enddo

return
end

!

subroutine upmat (cij,dij,icycle)
!
i******************************************************************************
! form the matrices cij, dij for each cell (i,j) for uper triangular backward
! sweep.
!******************************************************************************
!

include 'params.cmd'

include 'precs.cmd’

include 'arrays.cmd'

include 'param.cmd'

include 'beon.cmd’

real*8 cij, dij
dimension cij(16), cipj(16), cijp(16), dij(4), dq(4)

ipj=ij+1
ijp=ijtimax
rdtja=jac(ij)/dt(ij)

if (icycle.ne.0) then
dij(1)=omg1(ij)
dij(2)=omg2(ij)
dij(3)=omg3(ij)
dij(4)~omg4(ij)

else
dij(1)=dql(ij)*rdyja
dij(2)=dq2(ij)*rdtja
dij(3)=dq3(ij)*rdtja
dij(4)=dq4(ij)*rdyja

il



endif

do kj=1,4

doki=1,4
kikj=ki+(kj-1)*4
ind=kikj+(ij-1)*16
indxm=ind-16
indym=ind-imax*16
unity=0.0
if (ki.eq.kj) unity=rdtja
cij(kikj)=unity+ap(ind)+bp(ind)-am(indxm)-bm(indym)-dhdq(ind)
cipj(kikj)=am(ind)
cijp(kikj)=bm(ind)

enddo

enddo

dq(1)=dq1(ipj)
dq(2)=dq2(ipj)
dq(3)=dq3(ipj)
dq(4)=dq4(ipj)

call multmv (cipj,dq,dq,4,4)

do ki=1,4
dij(ki)=dij(ki)-dq(ki)
enddo

dq(1)=dq1(ijp)
dq(2)=dq2(ijp)
dq(3)=dq3(ijp)
dq(4)=dq4(ijp)

call multmv (cijp,dq,dq,4,4)

do ki=1,4
dij(ki)=dij(ki)-dq(ki)
enddo

retumn
end
!
subroutine pmat (cij,dij)
]
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! form the matrices cij and dij for each cell (i,j) for point iterative sor.
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]
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd'
include 'param.cmd’
include 'bcon.cmd'

real*8 cij,dij

dimension cij(16), cimj(16), cijm(16), dij(4), cipj(16), cijp(16), dq(4)
imj=ij-1

ipj=ij+1

ijm=ij-imax

ijp=ij+imax

rdtja=jac(ij)/dt(ij)

\EY




dij(1)=omgl (i)
dij(2)-omg2(i)
dij(3)~omg3(i)
dij(4)~omg4(i)

do kj=1,4
do ki=1,4
kikj=kit+(kj-1)*4
ind=kikj+(ij-1)*16
indxm=ind-16
indym=ind-imax*16
unity=0.0
if (ki.eq.kj) unity=rdtja
cij(kikj)=unity-+ap(ind)+bp(ind)-am(indxm)-bm(indym)-dhdq(ind)
cimj(kikj)=-ap(indxm) '
cipj(kikj)=am(ind)
cijm(kikj)=-bp(indym)
cijp(kikj)=bm(ind)
enddo
enddo

dq(1)=dql(imj)
dq(2)=dq2(imj)
dq(3)=dq3(imj)
dq(4)=dq4(imj)

call multmv (cimj,dq,dq,4,4)

do ki=1,4
dij(ki)=dij(ki)-dq(ki)
enddo

dg(1)=dql(ijm)
dq(2)=dq2(ijm)
dq(3)=dq3(ijm)
dq(4)=dq4(ijm)

call multmv (cijm,dq,dq,4,4)

do ki=1,4
dij(ki)=dij(ki)-dq(ki)
enddo

dq(1)=dq1(ipj)
dq(2)=dq2(ipj)
dq(3)=dq3(ipj)
dq(4)=dq4(ipj)

call multmv (cipj,dq,dq,4,4)
do ki=1,4

dij(ki)=dij(ki)-dq(ki)
enddo

dq(1)=dql(ijp)
dq(2)=dq2(ijp)
dq(3)=dq3(ijp)
dq(4)=dq4(ijp)

call multmv (cijp,dq,dq,4,4)

\FY



!

! calculate laminar and total viscosity for mesh

set constant terms for plotting

xmin=0.0
xmax=0.0
ymin=0.0
ymax=0.0

do j=1jmax

do i=1,imax
ij=ind(i,j)
xmin=smin 1 (xmin,x(ij))
xmax=smax 1 (xmax,x(ij))
ymin=sminl(ymin,y(ij))
ymax=smax 1(ymax,y(ij))

enddo

enddo

if (isympl.gt.0) ymin=-ymax
d1=xmax-xmin
d2=ymax-ymin
d3=smax1(d1,d2)

sf=1.0/d3
xshft=0.5*(1.0-d1*sf)
yshft=0.5*(1.0-d2*sf)
dxmin=ep10

do j=2,jml

do i=2,iml
j=ind(i,)
imj=ij-1
ijm=ij-imax
imjm=ij-1-imax
dx=sabs(x(ij)-x(imyj))
dx=smax 1 (dx,sabs(x(ij)-x(imjm)))
dx=smax 1(dx,sabs(x(ij)-x(ijm)))
dxmin=sminl(dx,dxmin)

enddo

enddo

dymin=ep10

do j=2,jml

do i=2,iml
ij=ind(i,j)
imj=ij-1
jjm=ij-imax
imjm=ij- 1 -imax
dy=sabs(y(ij)-y(imj))
dy=smax 1(dy,sabs(y(ij)-y(imjm)))
dy=smax 1(dy,sabs(y(ij)-y(ijm)))
dymin=smin1(dy,dymin)

enddo

enddo

velmx 1=velmx *smin1(dxmin,dymin)

if (.not.restrt) then
if (invisd.eq.0) then
do j=1,jmax
do i=1,imax
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{j=ind(ij)
mulm(ij)=cmu
mu(ij)=cmu
enddo
enddo
endif
)
! calculate laminar and turbulent thermal conductivity for mesh
1
if (invisd.eq.0) then
do j=1,jmax
do i=1,imax
ij=ind(i,j)
kulm(ij)=cku
ku(ij)=cku
enddo
enddo
endif
1
! set initial p, u, v, t
1
do j=1,jmax
do i=1,imax
ij=ind(i,j)
p(ij)=pi
u(ij)=ui
v(ij)=vi
t(ij)=ti
enddo
enddo
!
! set initial r, ru, rv, e
!
do j=1,jmax
do i=1,imax
fj=mnd(i,j)
q1ij)=p(ij V1(ij)rgas
q2(ij)=q1(ij)*u(ij)
a3(ij)=q1 (i))*v(ij)
velsq=u(ij)*u(ij)+v(ij)*v(ij)
q4(ij)=p(ij)gm1+0.5*q1(ij)*velsq
enddo
enddo
endif
!
! evaluate metric coefficients al...all and bl...b11 for viscous terms
! evaluation
I

if (invisd.lt.1) call ab1t11

return
end

subroutine readfi
!
!******************************************************************************
! open the restart input file and read the initial field.
!******************************************************************************
!

include 'params.cmd'

include "precs.cmd’

include 'arrays.cmd'
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include 'param.cmd’
include ‘beon.cmd'

character*11 flifm
include 'aindex.cmd'

fifm="unformatted’
if (irstfm.gt.0) fifm="formatted '

call ocfile (lurst,fnrst,dfrst,flfm,1)

do j=1,jmax
do i=1,imax
ij=ind(i,j)

if (irstfm.gt.0) then
read(lurst,'(2x,1p4el5.8)") q1(ij),q2(ij),q3(ij),q4 (1))
else
read(lurst) q1(ij),42(if),q3(ij),q4(ij)
endif
enddo
enddo

call ocfile (lurst,forst,dfrst,flfm,0)

do j=1,jmax

do i=1,imax
ij=ind(i,j)
u(ij)=q2(ij)/q13ij)
v(ij)=q3(i})/q1(ij)
velsq=u(ij)*u(ij)+v(ij)*v(ij)
p(ij)=gm! *(q4(ij)-0.5*q1(ij)*velsq)
(i) =p(ij)/ras/al (j)
to(ij)=t(ij)
c=ssqrt(gamma*rgas*t(ij))
vel=ssqrt(velsq+em20)
mach(ij)=vel/c

enddo

enddo

return
end

subroutine print (n)
!
!******************************************************************************

! this subroutine provides formatted writes to paper.
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]
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd'’
include 'param.cmd’
include beon.cmd'

include 'aindex.cmd’
!

! print (2) write time step, cycle information
!

if (n.eq.1 .or.n.eq.2) then
if (iprint.eq.2 .or. iprint.eq.3) &
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write(luout,'(/,6x,a,1pel2.5,5x,a,1pel2.5,5%,a,15)") &
' time="ttime,' delt=",delt,’ cycle=",cycle

return
endif

if (n.eq.3) then
if (iprint.eq.0) return
if (iprint.eq.1 .or. iprint.eq.3) write(luscn,'(a80)') name
if (iprint.eq.2 .or. iprint.eq.3) write(luout,' (a80)") name

if (iprint.eq.1 .or. iprint.eq.3) &
write(luscn,'(a,1pel10.3)") ' ttime =',ttime

if (iprint.eq.2 .or. iprint.eq.3) &
write(luout,'(a,1pe10.3)") ' ttime =',ttime

if (iprint.eq.1 .or. iprint.eq.3) write(luscn,'(a,2x,a,4x,3,6x,a,10x, &
a,10x,a,10x,a,8x,a,6x,a,10x,a)") ' 1) j ','density','w',v',p', &
't' 'mach’,'mu’",'tcon’

if (iprint.eq.2 .or. iprint.eq.3) write(luout,'(a,2x,a,4x,a,6x,a,1 0x, &
a,10x%,3,10x,3,8x%,3,6%,a,10x,2)) "i ", j ', density’,w','Vv',p’, &
't''mach’,'mu’,'tcon'

do j=1,jmax
do i=1,imax
ij=ind(i,j)

if (iprint.eq.1 .or. iprint.eq.3) &
write(lusen,'(i3,2x,i3,2x,8(1pe10.3,1x))) 1,4, 1(ij),ud)),v(ij), &
p(ij),t(ij),mach(ij), mu(ij), ku(ij)

if (iprint.eq.2 .or. iprint.eq.3) &
write(luout,'(i3,2x,13,2x,8(1pe10.3,1x))") 1,j,q L (ij),u(ij),v(ij), &
p(i)A(ij):mach(ii),muij)ku(ij)
enddo
enddo

return
endif

end
subroutine ocfile (unfl,nmfl,dfnfl,fmfl,open)

integer unfl, open
character*11 fmfl
character*30 nmfl, dfnfl

if (open.gt.0) then
open (unit=unfl,file=nmfl,access='sequential’,form=fmfl,status="unknown')
rewind (unit=unfl)

else
close (unit=unfl)

endif

return
end

subroutine metric
!
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! read the grid information from an unformatted output file created by tomcat
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!
! find the jacobian for the corner cells
!

ij=ind(1,1)

ic=ind(2,2)

jac(ij)=jac(ic)

j=ind(1,jmax)
ic=ind(2,jm1)
jac(ij)=jac(ic)

ijj=ind(imax,1)
ic=ind(im1,2)
jac(ij)=jac(ic)

ij=ind(imax,jmax)
ic=ind(iml,jml)
Jac(ij)=jac(ic)

!

! find the jacobian for the boundary cells
]
i=1
do j=2,jml
ij=ind(i,j)
ipj=ij1
jac(ij)=jac(ipj)
enddo

i=iml

do j=2,jm]
ij=ind(i,j)
ipj=ij+1
jac(ipj)=jac(ij)
enddo

j=1

do i=2,iml
ij=ind(i,j)
ijp=ijtimax
jac(ij)=jac(ijp)
enddo

j=jml

do i=2,im1
ij=ind(i,j)
ijp=ij+imax
Jac(ijp)=jac(ij)
enddo
!
! evaluate the area and components of unit normal at right face of each cell, also evaluate
! height of face center for axisymmetric runs
!
do j=2,jml
do i=1,im1
ij=ind(i,j)
ijm=ij-imax

call geom (1,1,unxr(ij),unyr(ij),arer(ij),volt1,volt2)
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if (cyl.gt.0.0) arer(ij)=arer(ij)*0.5*(y(ij)+y(ijm))
enddo
enddo
!
! evaluate the area and components of unit normal at top face of each cell, also evaluate
! hight of face center for axisymmetric runs
!
do j=1,jml
do i=2,iml
ij=ind(i,j)
imj=ij-1

call geom (1,2,unxt(ij),unyt(ij),aret(ij),volt1,volt2)

if (cyl.gt.0.0) aret(ij)=aret(ij)*0.5*(y(ij)+y(imj))
enddo
enddo

if (iprint.ne.4) return

write(luscn,'(1x,a80)") name
write(luscn,'(a,2x,a,8x,a,12x,a,10x,3,9%,3,9%,2,9%,3,9%,a,9x%,a,9x%,3,/)) &

1'%,y jac'  arer', 'unxr', unyr','aret','unxt’,'unyt'
do j=1,jml
do i=1,iml

ij=ind(i,j)

write(luscn,'(13,2x,13,2x,9(1pel2.5,1x))") 1,j,x(ij),y (1)) jac(ij), &
arer(ij),unxr(ij),unyr(ij),aret(ij),unxt(ij),unyt(ij)
enddo
enddo

returmn
end

!
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! matrix.for contains matrix operation files.
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!

subroutine trid (aa,bb,cc,dd,il,iu)
!
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! subroutine to solve non-periodic tridiagonal system
!

'a = sub diagonal matrix
!'b = diagonal matrix
!¢ = up diagonal matrix

'd = right hand side vector

'il =lower value of index for which matrices are defined
!iu = upper value of index for which matrices are defined
! (solution is sought for trid (a,b,c) *x =d

! for indices of X between il and iu (inclusive)

! solution written in d vector (original content lost)
!******************************************************************************

!
implicit real*8 (a-h,o0-z)
real*8 aa, bb, cc, dd

dimension aa(1), bb(1), cc(1), dd(1)
!
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! establish upper triangular matrix
!

Ip=il+1

do i=lp,iu
r=aa(1)/bb(i-1)
bb(i)=bb(i)-r*cc(i-1)
dd(i)=dd(i)-r*dd(i-1)
enddo
!

! back substitution
!

" dd(iuy=dd(iu)/bb(iu)

do i=lp,iu
J=iu-itil
dd())=(dd()-cc(G)*dd(+1))/bb(j)

enddo

retum
end

!
subroutine btrid (a,b,c¢,d,il,iu,order)

!
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! subroutine to solve non-periodic block tridiagonal system of equations with

! pivoting strategy with the dimensions of the block matrices beingn x n

! (n is any number greater than 1)
1

la = sub diagonal matrix
!'b = diagonal matrix
!¢ = sup diagonal matrix

!'d =right hand side vector

I'il = lower value of index for which matrices are defined
!iu = upper value of index for which matrices are defined
! (solution is sought for btrid (a,b,c) *x=d

! for indices of x between il and iu (inclusive)

! solution written in d vector (original content lost)

! order = order of a, b, ¢ matrices and length of d

! at each point denoted by i

! (order can be greater than 1)
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f
implicit real*8 (a-h,0-z)
real*8 a,b,c,d
integer order,ordsq

dimension a(1), b(1), c(1), d(1), indx(8)

ordsq=order*order
!

! forward elimination
!
i=il
iomat=1+(i-1)*ordsq
iovec=1+(i-1)*order

call ludemp (b(iomat),order,order,indx,flag)

if (flag.eq.0) then
write(6,'(a,i4)") ' the matrix is near singular at pointi="i
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stop
endif

call lubksb (b(iomat),order,order,indx,d(iovec))

do j=1,order
iomatj=iomat+(j-1)*order

call lubksb (b(iomat),order,order,indx,c(iomatj))
enddo

1 continue

i=itl
iomat=1+(i-1)*ordsq
iovec=1+(i-1)*order
ilmat=iomat-ordsq
ilvec=iovec-order

call mulput (a(iomat),d(il vec),d(iovec),order)

do j=1,order
iomatj=iomat+(j-1)*order
ilmatj=ilmat+(j-1)*order

call mulput (a(iomat),c(il matj),b(iomatj),order)
enddo

call ludemp (b(iomat),order,order,indx, flag)

if (flag.eq.0) then
write(6,'(a,i4)") ' the matrix is near singular at pointi="i

stop
endif

call lubksb (b(iomat),order,order,indx,d(iovec))
if (i.eq.iu) go to 2

do j=1,order
iomatj=iomat+(j-1)*order

call lubksb (b(iomat),order,order,indx,c(iomatj))
enddo

gotol

2 continue
!

! back substitution
!
i=iu

3 continue
i=i-1
iomat=1+(i 1)*ordsq
iovec=1+(i-1)*order
ilvec=iovectorder

call mulput (c(iomat),d(ilvec),d(iovec),order)
if (i.gt.il)goto 3
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return
end

!
subroutine ludcmp (a,n,np,indx,d)

!
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! compute 1-u decomposition of a given matrix n x n with physical dimension np
! by crout's method with partial pivoting. indx is an output vector which

! records the row permutation affected by partial pivoting. d is +1 or -1

! depending on whether the number of row interchanges was even or odd. d equal
! to zero indicates that the matrix is singular. this routine is used in

! combination with lubksb to solve linear equations or invert a matrix.
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!
implicit real*8 (a-h,0-z)
real*8 a,d

dimension a(1), indx(n), vv(10)
data tiny/1.0d 20/
d=1.0

doi=1l,n
aamax=0.0

doj=1,n

j=i+(-1)*n

if (sabs(a(ij)).gt.aamax) aamax=sabs(a(ij))
enddo

if (aamax.eq.0.0) then
d=0.0
return

endif

vv(i)=1.0/aamax
enddo

doj=1,n
if (j.gt.1) then
do 1=1,j-1
ij=i+(-1)*n
sum=a(ij)

if (i.gt.1) then
do k=1,i-1
ik=i+(k-1)*n
kj=k+(j-1)*n
sum=sum-a(ik)*a(kj)
enddo

a(ij)=sum
endif
enddo
endif
aamax=0.0
doi=j,n

ij=i+(j-1)*n
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sum=a(ij)

if (j.gt.1) then
do k=1,-1
ik=i+(k-1)*n
kj=k+(-1)*n
sum=sum-a(ik)*a(kj)
enddo

a(ij)=sum
endif

dum=vv(i)*sabs(sum)

if (dum.ge.aamax) then
imax=i
aamax=dum
endif
enddo

if (.ne.imax) then

do k=1,n
imxk=imax+(k 1)*n
Jle=j+(k 1)*n
dum=a(imxk)
a(imxk)=a(jk)
a(jk)=dum

enddo

d=-d
vv(imax)=vv(j)
endif

indx(j)=imax
i=+0-1)*n
if (sabs(a(jj)).le.tiny) a(jj)=tiny

if (j.ne.n) then
dum=1.0/a(jj)

do i=j+1,n
ij=i+(-1)*n
a(ij)=a(ij)*dum
enddo
endif
enddo

return
end

!
subroutine lubksb (a,n,np,indx,b)

!

!******************************************************************************

! solve linear algebraic system of equations a*x = b and store results in
! vector b. matrix a is input in l-u decomposition form. b is input as right
! hand side vector. a, n, np and indx are not modified by this routine. this
! routine takes into account the possibility that b will begin with many zero
! elements, so it is efficient in matrix inversion.
!******************************************************************************
!
implicit real*8 (a-h,0-z)
real*8 a,b
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dimension a(1), indx(n), b(n)
ii=0

doi=1l,n
HI=indx (i)
sum=b(1l)
b(Il)=b(i)

if (i1.ne.0) then
do j=ii,i-1
ij=i+(j-1)*n
sum=sum-a(ij)*b(j)
enddo
else if (sum.ne.0.0) then
ii=i
endif

b(i)=sum
enddo

do i=n,1,-1
sum=b(i)

if (i.1t.n) then
do j=i+1,n
ij=i§ -1)*n
sum=sum-a(ij)*b(j)
enddo
endif

ii=it(i-1)*n
b(i)=sum/a(ii)
enddo

return
end

!
subroutine mulput (a,b,c,order)

!

!******************************************************************************

! multiply a vector b by a matrix a, subtract result from another vector ¢ and

! store result in c. ¢ is overwritten.
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!
implicit real*8 (a-h,0-z)
real*8 a,b,c
integer order

dimension a(1), b(1), ¢(1)

do jr=1,order
sum=0.0

do je=1,order
ia=jr+(jc-1)*order
sum=sum-+a(ia)*b(jc)
enddo

c(jry=c(jr)-sum
enddo
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return

end
!

subroutine multmv (a, b, c, p, q)
!
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! multiply matrix a by vector b, thatisc=ab

!ais a(p,q) matrix, b is a (q) vector, c is a (p) vector
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!
implicit real*8 (a-h,0-z)
real*8 a,b,c
integer p, q

dimension a(1), b(1), c(1), temp(10)

doi=1,p
sum=0.0

do j=1,q
ij=i+(j-1)*p
sum=sum-+a(ij)*b(j)
enddo

temp(i)=sum
enddo

doi=l,p
c(i)=temp(i)
enddo

returmn
end

!
subroutine mult2m (a, b, ¢, p, q, 1)

!
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! multiply two matrices a, b. the product matrix isc=ab
!ais a(p,q) matrix, b is a (q,r) matrix, ¢ is a (p,r) matrix
!******************************************************************************
!

implicit real*8 (a-h,0-z)

real*8 a,b,c

integer p,q,r

dimension a(1), b(1), ¢(1), temp(100)

do j=1,r
doi=lp
ij=i+(G-1)*p
sum=0.0

dok=1,q
ik=i+(k 1)*p
kj=k+( 1)*q
sum=sum-+a(ik)*b(kj)
enddo

temp(ij)=sum

enddo
enddo
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doj=l,r

doi=1p
ij=i+(j-1)*p
c(ij)=temp(ij)

enddo

enddo

returm
end

subroutine geom (iopt,ifac,unx,uny,area;voltl,volt2)
!
!*******************************************************************
! find geometrical information
!
1 ifac=0 : no face
Vifac=1 : right face
I'ifac=2 : top face
!ifac=3 : left face
! ifac=4 : bottom face
!
!iopt=1 : find components of unit normal and area of face ifac
! iopt=2 : find volumes of two triangles making the cell

!iopt=3 : find all the above
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!
include ‘params.cmd’
include 'precs.cmd’
include 'arrays.cmd'
include 'param.cmd’
include 'beon.cmd'

real*8 unx, uny, area, voltl, volt2

jjm=ij-imax
imj=ij-1
imjm=ij-1-imax

if (ifac.eq.1) then
x1=x(ijm)
yl=y(ijm)
x2=x(ij)
y2=y(ij)
sgn=1.0

elseif (ifac.eq.2) then
x1=x(1j)
y1=y(ij)
x2=x(imj)
y2=y(imj)
sgn=1.0

elseif (ifac.eq.3) then
x1=x(imj)
yl=y(imj)
x2=x(imjm)
y2=y(imjm)
sgn=-1.0

elseif (ifac.eq.4) then
x1=x(imjm)
yl=y(imjm)
x2=x(ijm)
y2=y(ijm)
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sgn=-1.0
endif

if (iopt.ne.2) then
dely=y2-y1
delx=x2-x1
area=ssqrt(dely*dely+delx*delx)
unx=sgn*dely/area
uny=-sgn*delx/area
elseif (iopt.eq.2 .or. iopt.eq.3) then
x1=x(imjm)
yl=y(imjm)
x2=x(ijm)
y2=y(ijm)
x3=x(ij)
y3=y(ij)
x4=x(imj)
y4=y(imj)
delx12=x2-x1
delyl2=y2-yl
delx13=x3-x1
dely13=y3-yl
delx14=x4-x1
delyl4=y4-yl
volt1=0.5*(delx 12 *dely13-delx13*dely12)
volt2=0.5*(delx 13*dely 14-delx 14 *dely13)
endif

return
end

1
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! functn contains system library functions used in code. user could use single

! or double precision. real*4 for single precision, real*8 for double precision
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!
!
function sabs (argl)

real*§ argl, sabs
sabs=dabs(argl)
return

end
!

function sfloat (argl)

real*8 sfloat
integer argl

sfloat=float(argl)

return
end
1

function slog (argl)

real*§ argl, slog

slog=dlog(argl)
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return
end
!

function slogl0 (argl)

real*8 argl, slogl0
slogl0=dlog10(argl)

return

end
!

function smax!1 (argl ,arg2)

real*§ argl, arg2, smax1
smax 1=dmax1(argl,arg2)

return
end
!

function sminl (argl,arg2)

real*8 argl, arg2, sminl
sminl=dmin1(argl,arg2)

return
end
!

function ssign (argl ,arg2)

real*8 argl, arg2, ssign
ssign=dsign(argl,arg2)

return
end
!

function ssqrt (argl)

real*8 argl, ssqrt
ssqrt=dsqrt(argl)

return
end

subroutine errors (cij,cijm,cijp,dij)
1
!.******************************************************************************
! calculate the total errors in the computational domain for line gauss-seidel.
!******************************************************************************
!

include 'params.cmd’

include 'precs.cmd’

include 'arrays.cmd’

include ‘param.cmd’

include 'beon.cmd’

real*8 cij, cijm, cijp, dij
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dimension cij(16), cijm(16), cijp(16), dij(4), delq(4)
include ‘aindex.cmd'

delq(1)=dq1(ij)
delq(2)=dq2(ij)
delg(3)=dq3(ij)
delg(4)=dq4(ij)

call multmv (cij,delq,delq,4,4)

dij(1)=dij(1)-delq(1)
dij(2)=dij(2)-delq(2)
dij(3)=dij(3)-delq(3)
dij (4)=dij(4)-delq(4)

ijm=ij-imax

delq(1)=dq1(ijm)
delq(2)=dq2(ijm)
delq(3)=dq3(ijm)
delq(4)=dq4(ijm)

call multmv (cijm,delq,delq,4,4)

dij(1)=dij(1)-delq(1)
dij(2)=dij(2)-delq(2)
dij(3)=dij(3)-delq(3)
dij(4)=dij(4)-delq(4)

1jp=ij+imax

delq(1)=dq1(ijp)
delq(2)=dq2(ijp)
delg(3)=dq3(ijp)
delq(4)=dq4(ijp)

call multmv (cijp,delq,delq,4,4)

dij(1)=dij(1)-delq(1)
dij(2)=dij(2)-delq(2)
dij(3)=dij(3)-delq(3)
dij(4)=dij(4)-delq(4)

errl(1)=errl(1)+sabs(dij(1))
errl(2)=errl(2)+sabs(dij(2))
errl(3)=errl(3)+sabs(dij(3))
errl(4)=errl(4)+sabs(dij(4))

retumn
end

subroutine dflux (unxw,unyw,hare,dfl,df2,df3,df4)
!
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! find the values of artificial viscosity component of e and f fluxes at right

! or top wall of a cell.
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!
include 'params.cmd'
include 'precs.cmd'
include ‘arrays.cmd'
include 'param.cmd’
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include 'beon.cmd'
real*8 unxw, unyw, hare, df1, df2, df3, df4
dimension evr(4,4), evl(4,4), delq(4)

do kj=1,4

do ki=1,4
kikj=ki+(kj-1)*4
avea(kikj)=0.0

enddo

enddo

ubm=unxw*um+unyw*vm
cmsgq=gamma*rgas*tm
cm=ssqrt(cmsq)

ubp=unxw*up+unyw*vp
cpsq=gamma*rgas*tp
cp=ssqrt(cpsq)

hp=(ep+pp)/p
hm=(em+pm)/rm

rpm=ssqrt(rp/rm)
rpmpl=1.0+rpm
uh=(um+tup*rpm)/rpmp1
vh=(vm+vp*rpm)/rpmp1
ubh=unxw*uh+unyw*vh
hh=(hm+hp*rpm)/rpmp
qsq=0.5*(uh*uh+vh*vh)
chsq=gm1*(hh-qsq)
chsq=smax 1(chsq,sminl(cpsq,cmsq))
ch=ssqrt(chsq)
gasq=gml*qsq/ch

delq(1)=rp-rm
delq(2)=rup-rum
delq(3)=rvp-rvm
delq(4)=ep-em

evl=sabs(ubh-ch)
ev2=sabs(ubh)
ev3=sabs(ubh+ch)

ev1p=(ubp-cp)
ev3p=(ubptcp)

evlm=(ubm-cm)
ev3m=(ubm+cm)

devl=evlp-evim
dev3=ev3ip-evim
devls=0.5*smax 1(devl,zero)
dev3s=0.5*smax1(dev3,zero)

if (evl.le.devls) evl=evl*evl/devl+0.25*devl
if (ev3.le.dev3s) ev3=ev3*ev3/dev3+0.25*dev3

evr(1,1)=0.5*evl/ch

evr(2,1)=0.5*ev1*(uh/ch-unxw)
evr(3,1)=0.5*ev1*(vh/ch-unyw)
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evr(4,1)=0.5%ev1 *(hh/ch-ubh)

evr(1,2)=ev2/ch
evr(2,2)=ev2*uh/ch
evr(3,2)=ev2*vh/ch
evr(4,2)=ev2*qsqg/ch

evr(1,3)=0.0

evr(2,3)=-ev2*unyw
evr(3,3)=ev2*unxw
evr(4,3)=ev2*(vh*unxw-uh*unyw)

evr(1,4)=0.5*ev3/ch
evr(2,4)=0.5*ev3*(uh/ch+tunxw)
evr(3,4)=0.5*ev3*(vh/ch+unyw)
evr(4,4)=0.5*¢v3*(hh/ch+ubh)

evl(1,1)=gqsq+ubh
evl(1,2)=-gml *uh/ch-unxw
evl(1,3)=-gml*vh/ch-unyw
evl(1,4)=gml/ch

evl(2,1)=-gqsqtch
evl(2,2)=gm1*uh/ch
evl(2,3)=gm1*vh/ch
evl(2,4)=-gml/ch

evl(3,1)=uh*unyw-vh*unxw
evl(3,2)=-unyw
evl(3,3)=unxw

evl(3,4)=0.0

evl(4,1)=gqsq-ubh
evl(4,2)=-gml *uh/ch+unxw
evl(4,3)=-gml *vh/ch+unyw
evl(4,4)=gml/ch

call mult2m (evr,evl,evl 4,4,4)

evmax=smaxl(evl,ev2)
evmax=smax l (evmax,ev3)

do kj=1,4
do ki=1,4
kikj=ki+(kj-1)*4
if (Ispeed.gt.0) avea(kikj)=hare*evl(ki,kj)
if (Ispeed.lt.1 .and. ki.eq.kj .and. steady) avea(kikj)=hare*evmax
enddo
enddo

call multmy (evl,delq,delq,4,4)
dfl=hare*delq(1)
df2=hare*delq(2)
df3=hare*delq(3)
dfd=hare*delq(4)

return
end

subroutine delta
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! compute the maximum value of delt needed for stability of explicit scheme as
! well as implicit scheme with explicit boundary condition.
!******************************************************************************
!

include 'params.cmd’

include 'precs.cmd’

include ‘arrays.cmd’

include 'param.cmd'

include beon.cmd'

include 'aindex.cmd'
if (cycle.le.fcyclet+1) return
deltn=ep10

do j=2,jml

do i=2,iml
j=ind(i,j)
volume=jac(ij)
cons=volume*cfl
c=ssqrt(gamma*rgas*t(ij))
ubar=unxr(ij) *u(ij)+unyr(ij)*v(ij)
vbar=unxt(ij)*u(ij)tunyt(ij)*v(ij)
eigxim=sabs(ubar)+c
eigetm=sabs(vbar)+c
dtcxi=cons/eigxim/(arer(ij)+em10)
dtcet=cons/eigetm/(aret(ij}+em10)
dt(ij)=dtcxi*dtcet/(dtcxi+dtcet)
deltn=smin1(deltn,dt(ij))

if (invisd.lt.1 .and. implct.1t.1) then
diff=smax 1 (mu(ij),ku(ij)/cvg)
aresq=arer(ij)*arer(ij)+aret(ij ) *aret(ij)
dtvis=0.2*q1(ij)*cons*volume/diff/aresq
dt(ij)=smin1(dt(ij),dtvis)
deltn=smin1(deltn,dtvis)
endif
enddo
enddo

deltn=smin1(deltn,pltdt)
if (deltn.lt.delt) delt=deltn
if (autot.gt.0.0) delt=deltn

if (.not.steady) then
do j=2,jml
do =2,im1
ij=ind(i,j)
dt(ij)=delt
enddo
enddo
endif

return
end

subroutine convrg (dqldql,dq2dq2,dq3dq3,dq4dq4,dqtdqt)
!
!******************************************************************************

I check for convergence to steady state soluiton.
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!******************************************************************************
!

include 'params.cmd’

include 'precs.cmd'

include 'arrays.cmd’

include ‘param.cmd'

include 'beon.cmd'

include 'aindex.cmd'
real*8 dqldql, dq2dq2, dq3dq3, dgd4dq4, dqtdqt
iflag=0

delql=em20
delq2=em20
delq3=em20
delgd=em20

dqldgl=em20
dq2dq2=em20
dq3dq3=em20
dgq4dq4=em20
dqtdqt=em20

qlgql=em20
q2q2=em20
q3q3=em20
q4q4=em20
qtqt=em20

if (cycle.le.feycle) return

do j=2,jml

do i=2,im1
ij=ind(i,j)
dl=dql(ij)
d2=dq2(ij)
d3=dq3(ij)
d4=dq4(ij)
qi=q1(ij)
qii=q2(ij)
qiii=q3(ij)
qiv=q4(ij)

dqldql=dqldql+dI*d1*jac(ij)*jac(ij)
dq2dq2=dq2dq2+d2*d2*jac(ij)*jac(ij)
dq3dq3=dq3dq3+d3*d3*jac(ij)*jac(ij)
dqddqd=dqddad-+d4*dd*jac(ii)jac(ii)

qlql=qlql+qi*qi*jac(ij)*jac(ij)
q2q2=q2q2+qir*qii*jac(ij)*jac(ij)
q3q3=q3q3+qiii*qiii*jac(ij)*jac(ij)
q4q4=qdqd-+qiv*qiv¥jac(ij)*jacij)

delql=delql+sabs(d1*jac(ij))
delq2=delq2-+sabs(d2*jac(ij))
delq3=delq3+sabs(d3*jac(ij))
delqd=delqd+sabs(d4*jac(ij))
enddo
enddo
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dqtdqt=dqldql+dq2dq2+dq3dq3+dq4dq4
qtqt=qlql+q2q2+q3g3+qdqs

if (mod(cycle,ifreq).eq.0) then
dgqlmax=em20
dq2max=em20
dq3max=em20
dq4max=em20
dgqtmax=em20

i1 max=1000
i2max=1000
i3max=1000
i4max=1000
itmax=1000

j1max=1000
j2max=1000
j3max=1000
j4max=1000
jtmax=1000

do j=2,jml

do i=2,im1
ij=ind(ij)
d1=dq1(j)
d2=dq2(ij)
d3=dq3(ij)
d4=dq4(ij)
dqlabs=dabs(d1)*jac(ij)
dq2abs=dabs(d2)*jac(ij)
dq3abs=dabs(d3)*jac(ij)
dg4abs=dabs(d4)*jac(ij)
dqtabs=dqlabs+dq2abs+dq3abs+dq4abs

if (dqlabs.gt.dql max) then
dglmax=dqlabs
ilmax=i
jlmax=j

endif

if (dq2abs.gt.dq2max) then
dg2max=dq2abs
i2max=i
j2max=j

endif

if (dq3abs.gt.dq3max) then
dg3max=dq3abs
i3max=i
j3max=j

endif

if (dq4abs.gt.dg4max) then
dg4max=dq4abs
i4max=i
j4max=j

endif

if (dqtabs.gt.dqtmax) then
dqtmax=dqtabs
itmax=i
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jtmax=j
endif
enddo
enddo

dqlmax=ssqrt(sfloat(im2jm2))*dql max/ssqrt(qlql)
dq2max=ssqrt(sfloat(im2jm2))*dq2max/ssqrt(q2q2)
dq3max=ssqrt(sfloat(im2jm2))*dq3max/ssqrt(q3q3)
dq4max=ssqrt(sfloat(im2jm2))*dq4max/ssqrt(q4q4)
dqtmax=ssqrt(sfloat(im2jm2))*dqtmax/ssqrt(qtqt)

write(luscn,'(a,lpel1.3,a,2i4)) &

'dqlmax =", dqlmax,' ati,j='ilmax,jlmax
write(luscn,'(a,1pel1.3,a,2i4)") &

'dq2max = ',dq2max,' ati,j ='\i2max,j2max
write(luscn,'(a,1pel1.3,a,2i4)") &

' dq3max =',dq3max,’ ati,j='\i3max,j3max
write(luscn,'(a,1pel1.3,a,2i4)") &

'dgq4max =',dq4max," ati,j="i4max,j4max
write(luscn,'(a,1pell.3,a,2i4)) &

' dqtmax ="', dqtmax,’ ati,j =',itmax,jtmax

endif

dqldql=ssqrt(dqldql/qlql)
dq2dq2=ssqrt(dq2dq2/q2q2)
dq3dq3=ssqrt(dq3dq3/q3q3)
dq4dq4=ssqrt(dq4dq4/q4q4)
dqtdqt=ssqrt(dqtdqt/qtqt)

delql=terr(1)/delql
delq2=terr(2)/delq2
delq3=terr(3)/delq3
delq4=terr(4)/delq4

if (delql.le.epsi .and. delq?2.le.epsi .and. delq3.le.epsi .and. &
delqg4.1e.epsi) iflag=1

return
end

subroutine calvis
!
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! calculate the viscous flux vector ev at the right face and vector fv at the

! top face of cell (1,j) using central differencing.
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]
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd'
include 'param.cmd’
include beon.cmd'

real*8 kur, kut
ev]=0.0
ev2=0.0
ev3=0.0
ev4=0.0

fv1=0.0
fv2=0.0
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fv3=0.0
fv4=0.0

ipj=ij+1
1jp=ij+imax
ipjp=ijp+*1
jjm=ij-imax
ipjm=ijm+1
imj=ij-1
imjp=imj+imax
]
! calculate ev vector
!
if (j.eq.1 .or. j.eq.jmax) go to 1
if (i.eq.1 .and. wtlb(j).le.1) go to 1
if (i.eq.iml .and. wtrb(j).le.1) go to 1

mur=2.0*mu(ij)*mu(ipj)/(mu(ij +mu(ipj))
kur=2.0*ku(ij)*ku(ipj)/(ku(ijyHku(ip}))
uc=u(ij)

ve=v(ij)

te=t(ij)
ur=(u(ij)+u(ipj))/2.0
vr=(v(ij)+v(ipj))/2.0
urr=u(ipj)

vir=v(ipj)

tr=t(ipj)
urt=(u(ijp)+u(ipjp))/2.0
vrt=(v(ijp)+v(ipjp))/2.0
trt=(t(ijp)*t(ipjp))/2.0
urbs=(u(ijm)+u(ipjm))/2.0
vrbs=(v(ijm)+v(ipjm))/2.0
trb=(t(iym)+t(ipjm))/2.0
dudx=(urr-uc)
dude=(urt-urbs)/2.0
dvdx=(vrr-vc)
dvde=(vrt-vrbs)/2.0
dtdx=(trr-tc)
dtde=(trt-trb)/2.0

ev1=0.0

ev2=mur*(al(ij)*dudx+a5(ij)*dude+a2(ij)*dvdx-+a6(ij)*dvde+a7(ij)*vr)
ev3=mur*(a2(ij)*dudx+a8(ij)*dude+a3(ij)*dvdx+a9(ij) *dvde+al 0(ij)*vr)

evd=kur*(ad(ij)*dtdx+al1(j)*dtde)}tur*ev2+vr*evl

1 continue
1

! calculate fv vector

!
if (i.eq.1 .or. i.eq.imax) return
if (j.eq.1 .and. wtbb(i).le.1) return
if (j.eqjml .and. wttb(i).le.1) return

mut=2.0*mu(ij)*mu(ijp)/(mu(ij)+mu(ijp))
kut=2.0*ku(ij)*ku(iip)/ (ku(ij)+ku(ijp))
uc=u(ij)

ve=v(ij)

te=t(ij)

ut=(u(ij)+u(ijp))/2.0

vi=(v(ij)tv(ijp))/2.0

utt=u(ijp)

vit=v(ijp)
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tt=t(ijp)
utr=(u(ipj)+u(ipjp))/2.0
vtr=(v(ipj)+v(ipjp))/2.0
ttr=(1(ipj)+(ipjp))/2.0
utl=(u(imj)+u(imjp))/2.0
vtl=(v(imj)+v(imjp))/2.0
ttl=(t(imj)+t(imjp))/2.0
dudx=(utr-utl)/2.0
dude=(utt uc)
dvdx=(vtr-vtl)/2.0
dvde=(vtt-vc)
dtdx=(ttr-1t1)/2.0
dtde=(ttt-tc)

fv1=0.0

fv2=mut*(b5(ij)*dudx-+b1(ij)*dude+b6(ij)*dvdx-+b2(ij y*dvde+b7(ij*vt)
fv3=mut*(b8(ij)*dudx +b2(ijy*dude+b9(ij)*dvdx+b3(ij*dvde-+b 10(ij)*vt)
frd=kut*(b11(ij)*dtdx+bA(ij)*dtde) tut*fv2+vi+fv3

return
end

subroutine calstd
!
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! call on other subroutines to get the necessary arrays for calculation of

! steady state part of the solution which is put into array omg.
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!
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd'
include 'param.cmd’
include 'beon.cmd'

include 'aindex.cmd'

do j=2,jml

do i=2,im]
ij=ind(i,j)
omgl(ij)=0.0
omg2(ij)=0.0
omg3(ij)=0.0
omg4(ij)=0.0

enddo

enddo

doj=1,jml
do i=1,iml
ij=ind(i,)
ipj=ij+1
ijp=ij+timax
!

! get the flux at the right face

]
call calepm

omgl (ij)=omg] (ij)-eil
omg2(ij)=omg2(ij)-ei2
omg3(ij)=omg3(ij)-ei3
omg4(ij)=omg4(ij)-ei4
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omgl (ipj)=omgl (ipj)+eil
omg2(ipj)=omg2(ipj)+ei2
omg3(ipj)=omg3(ipj)+ei3
omg4(ipj)=omg4(ipj)+ei4

if (icheck .and. iflux.eq.3) then
do kj=1,4
do ki=1,4
kikj=ki+(kj-1)*4
indx=kikj+(ij-1)*16
ap(indx)=ap(indx)+avea(kikj)
am(indx)=am(indx)-avea(kikj)
enddo
enddo
endif
!
! get the flux at the top face
1
call calfpm

omgl (ij)=omg1(ij)-fil
omg2(ij)=omg2(ij)-fi2
omg3(ij)=omg3(ij)-fi3
omg4(ij)=omg4(ij)-fi4

omgl(ijp)=omgl(ijp)+fil
omg2(ijp)=omg2(ijp)+fi2
omg3(ijp)=omg3(ijp)+fi3
omg4(ijp)=omga(ijp)*+fi4

if (icheck .and. iflux.eq.3) then
do kj=1,4
do ki=1,4
kikj=ki+(kj-1)*4
indx=kikj+(ij-1)*16
bp(indx)=bp(indx)+avea(kikj)
bm(indx)=bm(indx)-avea(kikj)
enddo .
enddo

endif
!

! get the source term h due to gravity and axisymmetry

!
call calsrc

omgl(ij)=omg1(ijj)+hl
omg?2(ij)=omg2(ij)+h2
omg3(ij)=omg3(ij)+h3
omg4(ij)=omg4(ij)+h4
!
! get the viscous fluxes ev and fv
!
if (invisd.eq.0) then
call calvis

omgl(ij)=omgl(ij)tevi+fvl
omg2(ij)=omg2(ijjtev2+fv2
omg3(ij)=omg3(ij)tev3+fv3
omg4(ij)=omgd(ij)rev+fvd

omg1(ipj)=omg!(ipj)-evl
omg2(ipj)=omg2(ipj)-ev2
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omg3(ipj)=omg3(ipj)-ev3
omg4(ipj)=omg4(ipj)-ev4

omgl(ijp)=omgl(ijp)-fvl
omg2(ijp)=omg2(ijp)-fv2
omg3(ijp)=omg3(ijp)-fv3
omg4(ijp)=omga(ijp)-fv4
endif
enddo
enddo
!
! call on additional sources
!
if (source) call addsrc
if (wshear .and. invisd.lt.1) call wallsh
!
! print omg for each cell
!
if (iprint.eq.5) then
do j=2,jm1
do i=2,im1
ij=ind(ij)

write(luscn,'(315,1p4e15.4)') i,j,ij,omg1({j),omg2(ij),omg3(ij),omg4(ij)
enddo
enddo
endif

return
end

subroutine calsrc
!
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! compute the source term associated with gravity and axisymmetry.
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{
include ‘params.cmd’
include 'precs.cmd’
inclide ‘arrays.cmd'
include 'param.cmd'
include 'beon.cmd’

real*8 jacc

h1=0.0

h2=0.0

h3=0.0

h4=0.0

if (i.eq.1 .or. i.eq.imax .or. j.eq.l .or. j.eq.jmax) return
jacc=jac(ij)

if (cyl.gt.0.0) then
call geom (2,0,unx,uny,area,volt1,volt2)

Jjacc=voltl+volt2
endif

pe=p(ij)
uc=u(ij)
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ve=v(ij)
tathth=0.0

if (invisd.eq.0 .and. cyl.eq.1.0) then
imj=ij-1
ijjm=ij-imax
imjm=ijm-1
ipj=ij+1
ijp=ij+imax
xr=(x(ij)+x(ijm))/2.0
xI=(x(imj)+x(imjm))/2.0
xt=(x(ij)+x(imj))/2.0
xb=(x(ijm)+x(imjm))/2.0
yr=(y(ijyy(ijm))2.0
yi=(y(imj)+yGmim))/2.0
yi=(y(ij)Hy(imj) /2.0
yo=(y(iim)+y(imjm))/2.0
xixc=(yt-yb)/jacc
xiyc=-(xt-xb)/jacc
etxc=-(yr-yl)/jacc
etyc=(xr-xl)/jacc
muc=mu(ij)
urr=u{ipj)
vir=v(ipj)
ull=u(imj)
vil=v(imj)
utt=u(ijp)
vit=v(ijp)
ubbs=u(ijm)
vbbs=v(ijm)
dudx=(urr-ull)/2.0
dude=(utt-ubbs)/2.0
dvdx=(vrr-vil)/2.0
dvde=(vit-vbbs)/2.0
tathth=muc*c2*(2.0*vc/yc(ij)-xixc *dudx-etxc *dude-xiyc*dvdx-etyc*dvde)
endif

h1=0.0

h2=jac(ij)*q1(ij)*gx
h3=cyl*jacc*(pc-tathth)+jac(ij)*ql(ij)*gy
h4=jac(ij)*q1(ij)*(uc*gx+tve*gy)

return
end

subroutine calqpm (wall,iord)
!
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! find the values of't, u, v, and p or ql, q2, q3, and q4 at a specified cell
! wall based on the minmod property.
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!
include ‘params.cmd’
include 'precs.cmd’
include ’arrays.cmd'
include ‘param.cmd’
include 'beon.cmd’

character*1 wall
!
! primitive variable interpolation
!
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! right wall
!
if (wall.eq.'r') then
imj=ij-1
ipj=ij+1
ip2j=ij+2

if (i.eq.1 .or. i.eq.iml .or. iord.eq.1) then
m=q1(j)
um=u(ij)
vm=v(ij)
pm=p(ij)
else
dm=q1(ij)-q1 (imj)
dp=q1(ipj)-q1(ij)
rm=q1(ij)+grad(dm,dp,iord,limit,dlim)

dm=u(ij)-u(imj)
dp=u(ipj)-u(ij)
um=u(ij)+grad(dm,dp,iord,limit,dlim)

dm=v(ij)-v(imy)
dp=v(ipj)-v(ij)
vm=v(ij)+grad(dm,dp,iord,limit,dlim)

dm=p(ij}-p(imj)

dp=p(ipj)-p(ij)

pm=p(ij)+grad(dm,dp,iord,limit,dlim)
endif

if (i.eq.1 .or. i.eq.iml .or. iord.eq.1) then
p=ql(ipj)
up=u(ipj)
vp=v(ip))
pp=p(ip))

else
dm=ql('ipj.)—q1(ij:).
dp=q1(ip2j)-q1(ipj)
rp=q1(ipj}-grad(dp,dm,iord,limit,dlim)

dm=u(ipj )-u(ij) .
dp=u(ip2j)-u(ipj)
up=u(ipj)-grad(dp,dm,iord,limit,dlim)

dm=v(ipj)-v(ij) '
dp=v(ip2j)-v(ipj)
vp=v(ipj)-grad(dp,dm,iord,limit,dlim)

dm=p(ipj)-p(ij)
dp=p(ip2j)-p(ipj)
pp=p(ipj)-grad(dp,dm,iord,limit,dlim)
endif
endif
t
! top wall
!
if (wall.eq.'t) then
ijm=ij-imax
ijp=ij+timax
ijp2=ijp+rimax

if (j.eq.1 .or. j.eqjml .or. iord.eq.1) then
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rm=q1(ij)
um=u(ij)
vm=v(ij)
pm=p(i})
else
dm=q1(if)-q1 (ijm)
dp=q1(ijp)-q1(ij)
rm=q1(ij)+grad(dm,dp,iord,limit,dlim)

dm=u(ij)-u(ijm)
dp=u(ijp)-u(ij)
um=u(ij)+grad(dm,dp,iord,limit,dlim)

dm=v(ij)-v(ijm)
dp=v(ijp)-v(ij)
vm=v(ij)+grad(dm,dp,iord,limit,dlim)

dm=p(ij)-p(ijm)

dp=p(ijp)-p(ij)

pm=p(ij)+grad(dm,dp,iord,limit,dlim)
endif

if (j.eq.1 .or. j.eqjml .or. iord.eq.1) then
p=q1(ijp)
up=u(ijp)
vp=v(ijp)
pp=p(ijp)
else
dm=q1(ijp)-q1(ij)
dp=q1(ijp2)-q1(ijp)
rp=q1(ijp)-grad(dp,dm,iord,limit,dlim)

dm=u(.?jp)-u(ij.")
dp=u(ijp2)-u(ijp)
up=u(ijp)-grad(dp,dm,iord,limit,dlim)

dm=v(ijp)-()
dp=v(ijp2)-v(ijp)
vp=v(ijp)-grad(dp,dm,iord,limit,dlim)

dm=p(ijp)-p(ij)
dp=p(ijp2)-p(ijp)
pp=p(ijp)-grad(dp,dm,iord,limit,dlim)
endif
endif

tm=pnyrgas/rm

rum=rm*um

rvm=rm*vm
em=pm/gm1+0.5*rm*(um*um+vm*vm)
hm=(em+pm)/rm

tp=pp/1gas/p

rup=rp*up

TVp=Ip*vp
ep=pp/gm1+0.5*rp*(up*up+vp*vp)
hp=(ep+pp)/rp

return

end
]

function grad (dm,dp,iord,minmod,cons)
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!
i******************************************************************************
! this function controls the amount and type of upwinding that is

! used in the interpolation routine.

!

! minmod=0 is the straight extrapolation without limiter.

I minmod=1 is the famous minmod-type limiter.

! minmod=2 is the van-leer's universal limiter.

! minmod=3 is the van-leer's second order upwind scheme that uses

! harmonic mean of two gradients.

! minmod=4 is the van-albada's second order limiter,

! minmod=S5 is the Koren third order limiter.

! minmod=6 is the second order upwind scheme that uses minimum of

! two gradients.
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1
implicit real*§ (a-h,0-z)
external sminl, smax1, ssign, sabs

real*8 grad
integer iord, minmod

dimension rk(4), dw(4)

data rk /-1.0d0, 1.0d0, 0.3333333340, 0.0d0/
data dw /2.0d0, 3.0d0, 4.0d0, 3.0d0/
data eps /1.0d 10/

if (minmod.eq.0) then
if (cons.1t.0.0d0) grad=0.25d0*((1.0d0-rk(iord))*dm+(1.0d0+rk(iord))*dp)
if (cons.le.1.0d0 .and. cons.ge.0.0d0) grad=0.5d0*dm
if (cons.gt.1.0d0) grad=(dm+3.0d0*dp)/8.0d0

return
endif

5 if (minmod.eq.1) then
dws=1.0d0+(dw(iord)-1.0d0)*cons
sgnx=ssign(1.0d0,dm)
absx=sabs(dm)
dwy=dp*dws
dmqg=smin1 (absx,dwy*sgnx)
dmqg=sgnx*smax1(0.0d0,dmq)
sgnx=ssign(1.0d0,dp)
absx=sabs(dp)
dwy=dm*dws
dpg=sminl (absx,dwy*sgnx)
dpq=sgnx*smax 1(0.0d0,dpq)
grad=0.25d0*((1.0d0-rk(iord))*dmq+(1.0d0+rk(iord))*dpq)

elseif (minmod.eq.2) then
s1=2.0d0*dm*dp/(dm*dm+dp*dp+eps)
ft=(1.0d0-rk(iord)*sl)*dm+(1.0d0+rk(iord)*sl)*dp
grad=0.25d0*sI*ft
elseif (minmod.eq.3) then
grad=smax 1(dm*dp,0.0d0)/(dm+dp-+eps)
elseif (minmod.eq.4) then
dmg=dm*dm+1.0d-2
dpq=dp*dp+1.0d-2
grad=(dp*dmq+dm*dpq)/(dmq+dpq)
elseif (minmod.eq.5) then
sl=dp/(dm+eps)
ft=2.0d0*sl*sl
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sl=(s1+1t)/(2.0d0-sl+{t)

grad=0.5d0*sl*dm
elseif (minmod.eq.6) then

grad=0.0d0

if (dm*dp.le.eps) return

absdm=sabs(dm)

absdp=sabs(dp)

grad=0.5d0*sminl (absdm,absdp)*dnvabsdm
endif

return
end

subroutine calprm
!
'******************************************************************************

! calculate the primitive variables.
!******************************************************************************

!
include 'params.cmd’
include 'precs.cmd'
include 'arrays.cmd'
include 'param.cmd'
include 'beon.cmd'

include 'aindex.cmd'
1

! find the primitive values in the interior of mesh
]
doj=2,jml
do i=2,iml
ij=ind(i,j)
u(i)=q2(ij)/q1(ij)
v(ij)=q3(ij)/q1 (i)
velsq=u(ij)*u(ij)+v(ij)*v(ij)
p(ij))=gm1*(q4(ij)-0.5*ql (ij)*velsq)
to(ij)=t(ij)
t(ij)=p(ij)/rgas/q1(ij)

if (p(ij).1e.0.0) write(luscn,'(a,i3,a,i3,a,1pel 4.4)) &
=t =", p="p()

if (t(ij).1e.0.0) write(luscn,'(a,i3,3,13,a,1pel4.4)") &
1 i = I’i’lj = IJ’I p = "t(ij)

if (q1(ij).1e.0.0) write(lusen,'(a,i3,a,i3,a,1pe14.4)) &
1= =0 = 1)

if (q4(ij).1e.0.0) write(luscn,'(a,i3,a,i3,a,1pe14.4)) &
' i = I’i,lj = IJ,' p = l’q4(ij)

c=ssqrt(gamma*rgas*t(ij))
vel=ssqrt(velsq+em20)
mach(ij)=vel/c
enddo
enddo
!
! find the primitive values at the corners of mesh
!
ij=ind(1,1)
ic=ind(2,2)
u(ij)=u(ic)
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v(ij)=v(ic)
p(ij)=p(ic)
to(ij)=t(1j)
t(ij)=t(ic)

mach(ij)=mach(ic)

ijj=ind(1 jmax)
ic=ind(2,jm1)
u(ij)=u(ic)
v(ij)=v(ic)
p(i)=p(ic)
to(i))=t(ij)
t(ij)=t(ic)

mach(ij)=mach(ic)

1j=ind(imax,1)
ic=ind(im1,2)
u(ij)=u(ic)
v(ij)=v(ic)
p(ij)=p(ic)
to(ij)=t(ij)
t(ij)=t(ic)

mach(ij)=mach(ic)

ijj=ind(imax jmax)
ic=ind(im1,jm1)
u(ij)=u(ic)
v(ij)=v(ic)
p(ij)=p(ic)
to(ij)=t(ij)
t(ij)=t(ic)

mach(ij)=mach(ic)

retum
end

subroutine caljac
!
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! calculate the jacobian of fluxes.
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!
include 'params.cmd’
include ‘precs.cmd’
include 'arrays.cmd'
include 'param.cmd’
include 'beon.cmd'

include 'aindex.cmd'
icheck=.false.

if ((cycle-1.le.feycle .or. mod(cycle 1,jupdat).eq.0) .and. implct.eq.1) &
icheck=.true.

if (.not.icheck) return

do j=1,jml
do =1,im1
j=ind(i,j)
!
! find dedq and devdg
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call caldei

if (invisd.lt.1) call caldev
!
! find dfdq and dfvdq
!

call caldfi

if (invisd.lt.1) call caldfv
1

! find dhdq
!
call caldhq

enddo
enddo

return
end

subroutine calisp
!
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! this subroutine find the specific impulse.
!******************************************************************************

!
include 'params.cmd’
include 'precs.cmd'
include "arrays.cmd'
include 'param.cmd’
include 'beon.cmd’

character*10 wtype

include 'aindex.cmd'
]

! right wall

]
i=iml
smass=em20
simpx=em20
simpy=emZ20
wtype="right wall'

do j=2,jml
ij=ind(i,))
vnorm=u(ij)*unxr(ij)+v(ij) *unyr(ij)
smass=smass+tarer(ij)*q1(ij)*vnorm
simpx=simpx+arer(ij)*(q1(ij) *vnorm™*u(ij)+unxr(ij) *p(ij))
simpy=simpy-+arer(ij)*(q 1 (ij)*vnorm*v(ij)unyr(ij)*p(ij))
enddo

tmass=sabs(smass*(1.0+cyl*5.283185308))
thrst=sabs(simpx*(1.0+cyl*5.283185308))
simpx=simpx/smass/9.81

write(lusen,'(/,2a,/,a,1pel2.5,/,a,1pel2.5,/,a,1pe12.5)) " at the ',wtype, &
' mass flow rate = 'tmass,' x-direction thrust =" thrst, &
' x-direction Isp ="',simpx

write(luout,'(/,2a,/ ,a,1pel2.5,/,a,1pel2.5,/,a,1pel2.5)") ' at the ‘,wtype, &
'mass flow rate = 'tmass,’ x-direction thrust = 'thrst, &
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" x-direction Isp =',simpx

retum
end

subroutine calfpm
!
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! calculate the positive and negative portion of the split convective flux in
! eta-direction based on a variety of schemes.
I
! iflux=1 does the van leer scheme
! iflux=2 does the steger-warming scheme

! iflux=3 does the roe scheme
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!
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmd’
include 'param.cmd’
include beon.cmd’

data dell /1.0d-10/

fi1=0.0
fi2=0.0
fi3=0.0
fi4=0.0

if (i.eq.1 .or. i.eq.imax) return

unxw=unxt(ij)

unyw=unyt(ij)

arew=aret(ij)
!
! find cell wall interpolated values
!

call calgpm ('t',inoret)

vbp=unxw*up+unyw*vp
vbm=unxw*um+unyw*vm

if (iflux.eq.1) then
!

! evaluate the flux based on van leer’s flux-splitting
! calculate fp
!

cm=ssqrt(gamma*rgas*tm)

met=vbm/cm

if (met.le.-clone) then
f1p=0.0
2p=0.0
f3p=0.0
f4p=0.0

elseif (met.gt.-clone .and. met.lt.clone) then
metp=met+1.0
fl1p=0.25*rm*cm*metp*metp
f2p=f1p*(unxw/gamma*(-vbm+2.0*cm)+um)
3p=flp*(unyw/gamma*(-vbm+2.0*cm)+vm)
fAp=flp*(em+pm)/rm

else
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flp=rm*vbm
f2p=rum*vbm+unxw*pm
f3p=rvm*vbm+tunyw*pm
fdp=vbm*(em+pm)
endif
!
! calculate fm
!
cp=ssqrt(gamma*rgas*tp)
met=vbp/cp

if (met.le.-clone) then
flm=rp*vbp
f2m=rup*vbptunxw*pp
B3m=rvp*vbp+unyw*pp
f4m=vbp*(ep+pp)
elseif (met.gt.-clone .and. met.lt.clone) then
metm=met-1.0
flm=-0.25*rp*cp*metm*metm
f2m=f1 m*(unxw/gamma*(-vbp-2.0*cp)+up)
Bm=flm*(unyw/gamma*(-vbp-2.0*cp)+vp)
f4m=f1m*(ep+pp)/tp
else
flm=0.0
f2m=0.0
f3m=0.0
f4m=0.0
endif
!
! compute total flux
!
fil=arew*(f1p+flm)
fi2=arew*(f2p+f2m)
fi3=arew*(f3p+f3m)
fid=arew*(fdp+f4m)
elseif (iflux.eq.2) then
!

! evaluate the flux based on eigen value splitting (steger-warming
! flux-splitting)
! calculate fp
!
cm=ssqrt(gamma*rgas*tm)
met=vbm/cm

if (met.le.-clone) then
f1p=0.0
2p=0.0
f3p=0.0
f4p=0.0
elseif (met.gt.-clone .and. met.le.zero) then
ev3=vbm+tcm
ev3=(ev3+ssqrt(ev3*ev3+dell))/2.0
cons=ev3*rm/gamma/2.0
flp=cons
f2p=cons*(um+cm*unxw)
f3p=cons*(vm+cm*unyw)
f4p=cons*(cm*vbm+(um*um+vm*vm)/2.0+cm*cm/gm1)
elseif (met.gt.zero .and. met.lt.clone) then
evl=vbm-cm
evl=(evl-ssqrt(evl*evl+dell))/2.0
cons=ev ] *rm/gamma/2.0
flp=rm*vbm-cons




2p=rum*vbm+unxw*pm-cons*(um-cm*unxw)
f3p=rvm*vbm+unyw*pm-cons*(vm-cm*unyw)
fAp=vbm*(em+pm)-cons*(-cm*vbm+(um*um+vm*vm)/2.0+cm*cm/gm]1)
else
flp=rm*vbm
f2p=rum*vbm+unxw*pm
f3p=rvm*vbm+unyw*pm
fAp=vbm*(em+pm)
endif
1
! calculate fin
!
cp=ssqrt(gamma*rgas*tp)
met=vbp/cp

if (met.le.-clone) then
flm=rp*vbp
f2m=rup*vbp+unxw*pp
f3m=rvp*vbp+unyw*pp
fAm=vbp*(ep+tpp)
elseif (met.gt.-clone .and. met.le.zero) then
ev3=vbp+cp
ev3=(ev3+ssqrt(ev3*ev3+dell))/2.0
cons=ev3*rp/gamma/2.0
flm=rp*vbp-cons
f2m=rup*vbp+unxw*pp-cons*(up+cp*unxw)
f3m=rvp*vbptunyw*pp-cons*(vp+cp*unyw)
f4m=vbp*(ep+pp)-cons*(cp*vbp+(up*up+vp*vp)/2.0+cp*cp/gml)
elseif (met.gt.zero .and. met.lt.clone) then
evl=vbp-cp
evl=(evl-ssqrt(evl*evl+dell))/2.0
cons=ev1*rp/gamma/2.0
flm=cons
f2m=cons*(up-cp*unxw)
f3m=cons*(vp-cp*unyw)
fAm=cons*(-cp*vbp+(up*up+vp*vp)/2.0+cp*cp/gml)
else
flm=0.0
2m=0.0
f3m=0.0
f4m=0.0
endif
!
! compute total flux
!
fil=arew*(f1p+flm)
fi2=arew*(f2p+{2m)
fi3=arew*(f3p+f3m)
fid=arew*(f4p+f4m)
elseif (iflux.eq.3) then
!

! evaluate the flux based on roe's flux-difference splitting
!
hare=0.5*arew

call dflux (unxw,unyw,hare,fla,f2a,f3a,f4a)

if ((.eq.1 .and. wtbb(i).le.2) .or. (j.eqjm1 .and. witb(i).le.2)) then
ph=pptpm
fil=-damp*fla
fi2=hare*unxw*ph-damp*{2a
fi3=hare*unyw*ph-damp*{3a

Y




fid=-damp*fda

do kj=1,4
do ki=1,4
kikj=ki+(kj-1)*4
avea(kikj)=dampi*avea(kikj)
enddo
enddo

return

endif

1

! calculate fp

!
flp=rm*vbm
f2p=rum*vbm+unxw*pm
B3p=rvm*vbm+unyw*pm
f4p=vbm*(em+pm)

!

! calculate fm

!
flm=rp*vbp
f2m=rup*vbp+unxw*pp
f3m=rvp*vbprunyw*pp
f4m=vbp*(ep+pp)

!

! compute total flux

!
fil=hare*(f1p+flm)-fla
fi2=hare*(f2p+f2m)-f2a
fi3=hare*(f3p+f3m)-f3a
fid=hare*(f4p+fdm)-fda

endif

retum
end

subroutine calepm
!
!******************************************************************************
! calculate the positive and negative portion of the split convective flux in
! xi-direction based on a variety of schemes.
!
! iflux=1 does the van leer scheme
! iflux=2 does the steger-warming scheme

! iflux=3 does the roe scheme
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!
include 'params.cmd’
include 'precs.cmd’
include ‘arrays.cmd’
include 'param.cmd’
include 'beon.cmd’

data dell /1.0d-10/
eil=0.0
€i2=0.0
ei3=0.0
ei4=0.0

if (j.eq.1 .or. j.eq.jmax) return
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unxw=unxr(ij)
nyw=unyr(ij)
arew=arer(ij)

!

! find cell wall interpolated values
!

call calgpm ('r',inorxi)

ubp=unxw*up+unyw*vp
ubm=unxw*um+unyw*vm

if (iflux.eq.1) then
!

! evaluate the flux based on van leer's flux-splitting
! calculate ep
!

crm—ssqrt(gamma*rgas*tm)

mxi=ubm/cm

if (mxi.le.-clone) then
elp=0.0
e2p=0.0
e3p=0.0
e4p=0.0
elseif (mxi.gt.-clone .and. mxi.lt.clone) then
mxip=mxi+1.0
elp=0.25*m*cm*mxip*mxip
e2p=elp*(unxw/gamma*(-ubm+2.0*cm)+um)
e3p=elp*(unyw/gamma*(-ubm+2.0*cm)+vm)
e4p=elp*(em+pm)/rm
else
elp=rm*ubm
e2p=rum*ubm+unxw*pm
e3p=rvm*ubm+unyw*pm
edp=ubm*(em+pm)
endif
!
! calculate em
!
cp=ssqrt(gamma*rgas*tp)
mxi=ubp/cp

if (mxi.le.-clone) then
elm=rp*ubp
e2m=rup*ubp+tunxw*pp
e3m=rvp*ubptunyw*pp
eAm=ubp*(ep+pp)

elseif (mxi.gt.-clone .and. mxi.lt.clone) then
mxim=mxi-1.0
elm=-0.25*p*cp*mxim*mxim
e2m=el m*(unxw/gamma*(-ubp-2.0*cp)+up)
e3m=elm*(unyw/gamma*(-ubp-2.0*cp)+vp)
e4m=elm*(ep+pp)/rp

else
elm=0.0
e2m=0.0
e3m=0.0
e4m=0.0

endif

]

! compute total flux
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eil=arew*(elp+elm)
ei2=arew*(e2p+e2m)
ei3=arew*(e3p+e3m)
eid=arew*(edp+edm)
elseif (iflux.eq.2) then
!

! evaluate the flux based on eigen value splitting (steger-warming
! flux-splitting)
! calculate ep
!
cm=ssqrt(gamma*rgas*tm)
mxi=ubm/cm

if (mxi.le.-clone) then
elp=0.0
€2p=0.0
e3p=0.0
e4p=0.0
elseif (mxi.gt.-clone .and. mxi.le.zero) then
ev3=ubmtcm
ev3=(ev3+ssqrt(ev3*ev3+dell))/2.0
cons=ev3*rm/gamma/2.0
elp=cons
e2p=cons*(um+cm*unxw)
e3p=cons*(vm+cm*unyw)
edp=cons*(cm*ubm+(um*um+vm*vm)/2.0+cm*cm/gm1)
elseif (mxi.gt.zero .and. mxi.lt.clone) then
evl=ubm-cm
evl=(evl-ssqrt(evl*evl+del1))/2.0
cons=ev1*rm/gamma/2.0
elp=rm*ubm-cons
e2p=rum*ubm+unxw*pm-cons*(um-cm*unxw)
e3p=rvim*ubm+tunyw*pm-cons*(vm-cm*unyw)
e4p=ubm*(em+pm)-cons*(-cm*ubm+(um*um+vm*vm)/2.0+cm*cm/gm1)
else
elp=rm*ubm
e2p=rum*ubm+unxw*pm
e3p=rvm*ubm+unyw*pm
e4p=ubm*(em+pm)
endif
!
! calculate em
!
cp=ssqrt(gamma*rgas*tp)
mxi=ubp/cp

if (mxi.le.-clone) then
elm=rp*ubp
e2m=rup*ubp-+unxw*pp
e3m=rvp*ubp+unyw*pp
e4m=ubp*(ep-+pp)

elseif (mxi.gt.-clone .and. mxi.le.zero) then
ev3=ubp+cp
ev3=(ev3+ssqrt(ev3*ev3+dell))/2.0
cons=ev3*rp/gamma/2.0
el m=rp*ubp-cons
e2m=rup*ubp+unxw*pp-cons*(up+cp*unxw)
e3m=rvp*ubp+tunyw*pp-cons*(vptcp*unyw)
e4m=ubp*(ep+pp)-cons*(cp*ubp+(up*up+vp*vp)/2.0+cp*cp/gml)

elseif (mxi.gt.zero .and. mxi.lt.clone) then
ev]=ubp-cp
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evl=(evl-ssqrt(evl*evl+dell))/2.0
cons=ev1*rp/gamma/2.0
el m=cons
e2m=cons*(up-cp*unxw)
e3m=cons*(vp-cp*unyw)
e4m=cons*(-cp*ubp+(up*up+vp*vp)/2.0+cp*cp/gml)
else
elm=0.0
e2m=0.0
e3m=0.0
e4m=0.0
endif
!
! compute total flux
!
eil=arew*(elp+elm)
ei2=arew*(e2pte2m)
ei3=arew*(e3p+e3m)
ei4=arew*(edp+edm)
elseif (iflux.eq.3) then
!
! evaluate the flux based on roe's flux-difference splitting
1
hare=0.5*arew

call dflux (unxw,unyw,hare,¢la,e2a,e3a,eda)

if ((i.eq.1 .and. wtlb(j).Ie.2) .or. (i.eq.im] .and. wtrb(j).le.2)) then
ph=pp+pm
eil=-damp*ela
ei2=hare*unxw*ph-damp*e2a
ei3=hare*unyw*ph-damp*e3a
ei4=-damp*eda

do kj=1,4
do ki=1,4
kikj=ki+(kj-1)*4
avea(kikj)=dampi*avea(kikj)
enddo
enddo

return

endif

!

! calculate ep

!
elp=rm*ubm
e2p=rum*ubm+unxw*pm
e3p=rvm*ubm-+unyw*pm
e4p=ubm*(em+pm)

]

! calculate em

!
elm=rp*ubp
e2m=rup*ubp+unxw*pp
e3m=rvp*ubp+unyw*pp
e4m=ubp*(ep+pp)

!

! compute total flux

!
eil=hare*(elp+elm)-ela
ei2=hare*(e2p+e2m)-e2a
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ei3=hare*(e3p+e3m)-e3a
ei4=hare*(ed4ptedm)-eda
endif

return
end

subroutine caldhq
1
!******************************************************************************
! form jacobian matrix dh/dq of the source term due to gravity and axisymmetry
! for cell (1,§).

!******************************************************************************
!

include 'params.cmd’

include "precs.cmd’

include 'arrays.cmd'

include 'param.cmd’

include beon.cmd'

real*8 jacc
ind(ki,kj)=ki+(kj-1)*4+(ij-1)*16
if (i.eq.1 .or. i.eq.imax .or. j.eq.l .or. j.eq.jmax) return
jacc=jac(ij)
if (cyl.gt.0.0) then
call geom (2,0,unx,uny,area,voltl,volt2)

jacc=voltl+volt2
endif

w=u(ij)
ve=v(ij)

dpdql=0.5*gm] *(uc*uctvc*vc)
dpdq2=-gml*uc
dpdq3=-gml*vc

dpdq4=gml

dhdq(ind(2,1))=jac(ij)*gx

dhdq(ind(3,1))=cyl*jacc*dpdql+jac(ij) *gy
dhdq(ind(3,2))=cyl*jacc*dpdq2
dhdq(ind(3,3))=cyl*jacc*dpdq3
dhdq(ind(3,4))=cyl*jacc*dpdq4

dhdq(ind(4,2))=jac(ij)*gx
dhdq(ind(4,3))=jac(ij)*gy

return
end

subroutine caldfv
!
!******************************************************************************
! form the jacobian matrix dfv/dq of the viscous flux in eta-direction at top
!'wall of cell (i,j).
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include ‘params.cmd’
include 'precs.cmd’
include ‘arrays.cmd’
include 'param.cmd’
include beon.cmd'

real*8 kut
dimension dfvm(4,4), dfvp(4,4)
ind(ki,kj)=ki+(kj-1)*4+(ij-1)*16

if (invisd.gt.0) return

if (i.eq.1 .or. i.eq.imax) return

if (j.eq.1 .and. wtbb(i).ne.2) return
if (j.eq.jml .and. wttb(i).ne.2) return

do kj=14

do ki=1,4
dfvp(ki,kj)=0.0
dfvm(ki,kj)6.0

enddo

enddo

ipj=ij+1
ijp=ij+imax
ipjp=ijp+1
imj=ij-1
imjp=imj+imax

mut=2.0*mu(ij)*mu(ijp)/(mu(ij)+mu(ijp))
kut=2.0*ku(ij)*ku(ijp)/(ku(ij) +ku(ijp))
uc=u(ij)

ve=v(ij)

ut=(uij)+u(ijp))/2.0
Vi=(V(ijHv(ijp)y2.0

utt=u(ijp)

vit=v(ijp)

utr=(u(ipj)+u(ipjp))/2.0
vtr=(v(ipj)+v(ipjp))/2.0

utl=(u(imj y+u(imjp))/2.0
vtl=(v(imj)+v(imjp))/2.0
dudx=(utr-utl)/2.0

dude=(utt uc)

dvdx=(vtr-vtl)/2.0

dvde=(vtt-vc)

fv2=mut*(b5(ij)*dudx+b1(jj)*dude+b6(ij)*dvdx+b2(ij)*dvde+b7 (ij) *vt)
fv3=mut*(b8(ij)*dudx+b2(ij)*dude+b9(ij)*dvdx+b3(ij)*dvde+b10(ij) *vt)

dudglp=-u(ij)/q1(ij)
dudq2p=1.0/q1(jj)
dvdqlp=-v(ij)/q1(ij)
dvdq3p=1.0/q1(ij)
dpdq1=0.5*gm1*(u(ij)*u(ij)y+v(ij)*v(ii))
dpdq2=-gm1*u(ij)

dpdq3=-gm1*v(ij)

dpdgq4=gml
dtdq1p=(dpdql-p(ij)/q1(ij))/ql (ijyrgas
dtdg2p=dpdq2/ql(ij)/rgas
dtdq3p=dpdq3/q1(ij)/rgas
dtdq4p=dpdq4/q1(ij)/rgas
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dudqlm=-u(ijp)/ql(ijp)
dudq2m=1.0/q1(ijp)
dvdqlm=-v(ijp)/ql(ijp)
dvdq3m=1.0/q1(ijp)

dpdq1=0.5*gm! *(u(ijp)*u(ijp)+v(ijp)*v(ijp))
dpdq2=-gm1*u(ijp)

dpdq3=-gm1*v(ijp)

dpdgq4=gm!
didqlm=(dpdql-p(ijp)q!(ijp))/ql (iip)/rgas
dtdg2m=dpdq2/q1(ijp)/rgas
dtdq3m=dpdq3/ql(ijp)/rgas
dtdg4m=dpdq4/q1(ijp)/tgas

dfvp(2,1)=-mut*(b1(ij)*dudql p+b2(ijy*dvdqlp b7(ij)*dvdqlp/2.0)
dfvp(2,2)=-mut*bl (ij)*dudq2p
dfvp(2,3)=-mut*(b2(ij)*dvdq3p-b7(ij)*dvdq3p/2.0)

dfvp(3,1)=-mut*(b2(ij)*dudq1p+b3(ij)*dvdqlp bl0(ij)*dvdqlp/2.0)
dfvp(3,2)=-mut*b2(ij)*dudq2p
dfvp(3,3)=-mut*(b3(ij)*dvdq3p-b10(ij)*dvdq3p/2.0)

dfvp(4,1)=kut*bd(ij)*dtdq1 p+fv2*dudql p/2.0+ut*dfvp(2,1 ) +fv3*dvdqlp/2.0 &

+vt*dfvp(3,1)
dfvp(4,2)=-kut*ba(ij) *dtdq2p+fv2 *dudq2p/2.0+ut*dfvp(2,2)+vt*dfvp(3,2)
dfvp(4,3)=-kut*b4(ij)*dtdq3 p+ut*dfvp(2,3)+fv3*dvdq3p/2.0+vt*dfvp(3,3)
dfvp(4,4)=-kut*ba(ij)*dtdq4p

dfvm(2,1)=mut*(b1(ij)*dudq m+b2(ij)*dvdq 1 m+b7(ij)*dvdq 1 m/2.0)
dfvm(2,2)=mut*b1(ij)*dudg2m
dfvm(2,3)=mut*(b2(ij)*dvdq3m+b7(ij)*dvdq3m/2.0)

dfvm(3,1)=mut*(b2(ij)*dudql m+b3(ij)*dvdq Im+b10(ij)*dvdql m/2.0)
dfvm(3,2)=mut*b2(ij)*dudq2m
dfvm(3,3)=mut*(b3(ij)*dvdq3m+b10(ij)*dvdq3m/2.0)

dfvm(4, 1)=kut*b4(ij)*dtdql m+fv2*dudqlm/2.0+ut*dfvm(2, 1) +v3*dvdqlm/2.0 &

+vt*dfvm(3,1)
dfvm(4,2)=kut*b4(ij)*dtdq2m+fv2*dudq2m/2.0-+ut*dfvm(2,2)+vt*dfvm(3,2)
dfvm(4,3)=kut*bd(ij)*dtdg3m+ur*dfvm(2,3)+fv3 *dvdq3m/2.0+vt*dfvm(3,3)
dfvm(4,4)=kut*b4(ij) *dtdqdm

do kj=1,4

do ki=1,4
bp(ind(ki,kj))=bp(ind(ki,kj))-dfvp(ki,kj)
bm(ind(ki,kj))=bm(ind(ki,kj))-dfvm(ki,kj)

enddo

enddo

return
end

subroutine caldfi
!
!******************************************************************************
! form the jacobian matrices b+ = df+/dq and b- = df-/dq for the split flux in
! eta-direction at specified cell wall based on a variety of schemes.
!
! iflux=1 does the van leer scheme
!iflux=2 does the steger-warming scheme

! iflux=3 does the roe scheme
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include 'params.cmd'
include "precs.cmd’
include ‘arrays.cmd’
include ‘param.cmd’
include beon.cmd'

data dell /1.0d-10/
ind(ki kj)=ki+(kj-1)*4+(ij-1)*16
if (i.eq.1 .or. i.eq.imax) return

unxw=unxt(ij)

unyw=unyt(ij)

arew=aret(ij)
!
! find cell wall interpolated values
!

call calgpm ('t',inoret)

vbm=unxw*um+unyw*vm
vbp=unxw*up+unyw*vp

if ((j.eq.1 .and. wtbb(i).le.2) .or. (j.eq.jm1 .and. wttb(i).le.2)) then
vbm=dampi*vbm
vbp=dampi*vbp

endif

if (iflux.eq.1) then
!

! evaluate the flux jacobian based on van leer's flux-vector splitting scheme
!
qsqm=0.5*(um*um+vm*vm)
qsqp=0.5*(up*up+vp*vp)
gqsqm=gm1 *qsqm
' gqsqp=gml *qsqp
! calculate bp based on fp
!
cm=ssqrt(gamma*rgas*tm)
met=vbm/cm

if (sabs(met).It.clone) then
metp=met+1.0 .
flp=arew*0.25*rm*cm*metp*metp
dfl1pdr=f1p/rm
dflpdu=arew*0.5*rm*unxw*metp
dflpdv=arew*0.5*rm*unyw*metp
dflpdc=arew*0.25*rm*(1.0-met)*metp

dudql=-um/rm
dudq2=1.0/rm

dvdql=-vin/rm
dvdq3=1.0/rm

fact=0.5*gm] *cm/pm
dedgql=fact*(-em/rm+tum*um+vm*vm)
dedq2=-fact*um

dedq3=-fact*vm

dedqd=fact
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b2p=unxw/gamma*(-vbm+2.0*cm)+um
db2pdu=-unxw*unxw/gamma-+1.0
db2pdv=-unxw*unyw/gamma
db2pdc=2.0/gamma*unxw

b3p=unyw/gamma*(-vbm+2.0*cm)+vm
db3pdu=-unxw*unyw/gamma
db3pdv=-unyw*unyw/gamma+1.0
db3pdc=2.0/gamma*unyw

b4p=hm
db4pdu=um
db4pdv=vm
db4pdc=2.0*cm/gml

bp(ind(1,1))=dfl pdr+dfl pdu*dudql+dfl pdv*dvdql+dfl pdc*dedgl
bp(ind(1,2))=dflpdu*dudq2+dflpdc*dcdq2

bp(ind(1,3))=dfl pdv*dvdq3+dflpdc*dcdq3
bp(ind(1,4))=dflpdc*dcdq4

bp(ind(2,1))=b2p*bp(ind(1,1))+flp*(db2pdu*dudql +db2pdv*dvdql &
+db2pdc*dedql)
bp(ind(2,2))=b2p*bp(ind(1,2))+f1p*(db2pdu*dudq2+db2pdc*dcdq2)
bp(ind(2,3))=b2p*bp(ind(1,3))+f1p*(db2pdv*dvdq3+db2pdc*dcdq3)
bp(ind(2,4))=b2p*bp(ind(1,4))+f1p*(db2pdc*dcdq4)

bp(ind(3,1))=b3p*bp(ind(1,1))+f1p*(db3pdu*dudql+db3pdv*dvdql &
+db3pdc*dedql)
bp(ind(3,2))=b3p*bp(ind(1,2))+fl1p*(db3pdu*dudq2+db3pdc*dcdq2)
bp(ind(3,3))=b3p*bp(ind(1,3))+fl1p*(db3pdv*dvdq3+db3pdc*dcdq3)
bp(ind(3,4))=b3p*bp(ind(1,4))+fl1p*(db3pdc*dcdq4)

bp(ind(4,1))=b4p*bp(ind(1,1))+f1 p*(db4pdu*dudql+dbdpdv*dvdql &
+db4pdc*dedql)

bp(ind(4,2))=b4p*bp(ind(1,2))+f1p*(db4pdu*dudq2+db4pdc*dcdq2)
bp(ind(4,3))=b4p*bp(ind(1,3))+f1p*(db4pdv*dvdq3+dbdpdc*dcdq3)
bp(ind(4,4))=b4p*bp(ind(1,4))+f1p*(db4pdc*dcdg4)

elseif (met.ge.clone) then
unxw=arew*unxw
unyw=arew*unyw
vbm=arew*vbm

bp(ind(1,1))=0.0
bp(ind(1,2))=unxw
bp(ind(1,3))=unyw
bp(ind(1,4))=0.0

bp(ind(2,1))=unxw*gqsqm-um*vbm
bp(ind(2,2))=vbm-gm2*unxw*um
bp(ind(2,3))=unyw*um-gm1 *unxw*vm
bp(ind(2,4))=unxw*gml

bp(ind(3,1))=unyw*ggsqm-vm*vbm
bp(ind(3,2))=unxw*vm-gm1 *unyw*um
bp(ind(3,3))=vbm-gm2*unyw*vm
bp(ind(3,4))=unyw*gml

bp(ind(4,1))=vbm*(ggsqm-hm)
bp(ind(4,2))=unxw*hm-gm1 *um*vbm
bp(ind(4,3))=unyw*hm-gml*vm*vbm
bp(ind(4,4))=gamma*vbm
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unxw=unxt(ij)
unyw=unyt(ij)
else
do kj=1,4
do ki=1,4
bp(ind(ki,kj))=0.0
enddo
enddo
endif
!
! calculate bm based on fm
!
cp=ssqrt(gamma*rgas*tp)
met=vbp/cp

if (sabs(met).It.clone) then
metm=met-1.0
flm=-arew*0.25*rp*cp*metm*metm
dflmdr=flmv/rp
dflmdu=-arew*0.5*rp*unxw*metm
dfimdv=-arew*0.5*rp*unyw*metm
dflmdc=-arew*0.25*rp*(1.0-met)*(1.0+met)

dudql=-up/rp
dudqg2=1.0/rp

dvdql=-vp/rp
dvdq3=1.0/rp

fact=0.5*gm1*cp/pp
dedgl=fact*(-ep/rptup*up+vp*vp)
dcdg2=-fact*up

dedg3=-fact*vp

dcdg4=fact

b2m=unxw/gamma*(-vbp-2.0*cp)+up
db2mdu=-unxw*unxw/gamma-+1.0
db2mdv=-unxw*unyw/gamma
db2mdc=-2.0/gamma*unxw

b3m=unyw/gamma*(-vbp-2.0*cp)+vp
db3mdu=-unxw*unyw/gamma
db3mdv=-unyw*unyw/gamma-+1.0
db3mdc=-2.0/gamma*unyw

bdm=hp

db4mdu=up
db4mdv=vp
db4mdc=2.0*cp/gml

bm(ind(1,1))=df1mdr+dfl mdu*dudql+dfl mdv*dvdql+dflmdc*dcdql
bm(ind(1,2))=df1mdu*dudq2+dfimdc*decdq2
bm(ind(1,3))=dflmdv*dvdq3+dflmdc*dcdq3
bm(ind(1,4))=dflmdc*dcdq4

bm(ind(2,1))=b2m*bm(ind(1,1))+flm*(db2mdu*dudql+db2mdv*dvdql &
+db2mdc*dcdql)

bm(ind(2,2))=b2m*bm(ind(1,2))+f1 m*(db2mdu*dudq2+db2mdc*dcdq?2)

bm(ind(2,3))=b2m*bm(ind(1,3))+f1m*(db2mdv*dvdq3+db2mdc*dcdg3)

bm(ind(2,4))=b2m*bm(ind(1,4))+flm*(db2mdc*dcdq4)
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!

bm(ind(3,1))=b3m*bm(ind(1,1))+fIm*(db3mdu*dudql+db3mdv*dvdql &
+db3mdc*dedql)
bm(ind(3,2))=b3m*bm(ind(1,2))+fIm*(db3mdu*dudq2+db3Imdc*dcdq2)
bm(ind(3,3))=b3m*bm(ind(1,3))+flm*(db3mdv*dvdq3+db3mdc*dcdq3)
bm(ind(3,4))=b3m*bm(ind(1,4))+{f1m*(db3mdc*dcdq4)

bm(ind(4,1))=b4m*bm(ind(1,1))+flm*(db4mdu*dudql+dbdmdv*dvdql &
+db4mdc*dedql)

bm(ind(4,2))=b4m*bm(ind(1,2))+f1m*(db4mdu*dudq2+db4mdc*dcdq2)
bm(ind(4,3))=b4m*bm(ind(1,3))+f1m*(db4mdv*dvdq3+db4mdc*dcdq3)
bm(ind(4,4))=b4m*bm(ind(1,4))+f1m*(db4mdc*dcdq4)

elseif (met.le- clone) then
unxw=arew*unxw
unyw=arew*unyw
vbp=arew*vbp

bm(ind(1,1))=0.0
bm(ind(1,2))=unxw
bm(ind(1,3))=unyw
bm(ind(1,4))=0.0

bm(ind(2,1))=unxw*gqsqp-up*vbp
bm(ind(2,2))=vbp-gm2*unxw*up
bm(ind(2,3))=unyw*up-gm1 *unxw*vp
bm(ind(2,4))=unxw*gml

bm(ind(3,1))=unyw*gqsqp-vp*vbp
bm(ind(3,2))=unxw*vp-gml *unyw*up
bm(ind(3,3))=vbp-gm2*unyw*vp
bm(ind(3,4))=unyw*gml

bm(ind(4,1))=vbp*(gqsqp-hp)
bm(ind(4,2))=unxw*hp-gm1 *up*vbp
bm(ind(4,3))=unyw*hp-gm] *vp*vbp
bm(ind(4,4))=gamma*vbp
else
do kj=1,4
do ki=1,4
bm(ind(ki,kj))=0.0
enddo
enddo
endif

elseif (iflux.eq.2) then

! evaluate the flux jacobian based on eigen-value (steger-warming) flux-vector
! splitting scheme

1

qsqm=0.5*(um*um+vm*vm)
qsqp=0.5*(up*up+vp*vp)
ggsqm=gm! *qsqm
gasqp=gml*qsqp

! calculate bp based on fp

t

cm=ssqri(gamma*rgas*tm)
met=vbm/cm

if (met.le.-clone) then
dokj=1,4
do ki=1,4
bp(ind(ki,kj))=0.0
enddo
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enddo

elseif (met.gt.-clone .and. met.le.zero) then
dudql=-unyrm

dudq2=1.0/rm

dvdql=-vm/rm
dvdq3=1.0/rm

fact=0.5*gmI *cm/pm
dedql=fact*(-em/rm+um*um+vm*vm)
dedg2=-fact*um

dedq3=-fact*vm

dedgd=fact

ev3=vbm+cm
ev3=(ev3+ssqrt(ev3*ev3+dell))2.0
fact=arew*ev3*rm/2.0/gamma
dfdql=arew*(cm+trm*dcdql)/2.0/gamma
dfdq2=arew*(unxw+rm*dcdq2)/2.0/gamma
dfdq3=arew*(unyw+rm*dcdq3)/2.0/gamma
dfdq4=arew*(rm*dcdq4)/2.0/gamma

terml=um+cm*unxw
term2=vm+cm*unyw
term3=vbm*cm+qsqm+cm*cny/gml

bp(ind(1,1))=dfdql
bp(ind(1,2))=dfdq2
bp(ind(1,3))=dfdq3
bp(ind(1,4))=dfdq4

bp(ind(2,1))=fact*(dudql+dcdql *unxw)+term1*dfdql
bp(ind(2,2))=fact*(dudq2+dcdq2*unxw)tterm1 *dfdq2
bp(ind(2,3))=fact*dcdq3 *unxw-+terml *dfdq3
bp(ind(2,4))=fact*dcdq4*unxwtterml *dfdq4

bp(ind(3,1))=fact*(dvdql+dcdql *unyw)+term2*dfdql
bp(ind(3,2))=fact*dcdq2*unyw+term2*dfdq2
bp(ind(3,3))=fact*(dvdq3+dcdq3*unyw)+term2*dfdq3
bp(ind(3,4))=fact*dcdqd*unyw+term2 *dfdq4

bp(ind(4,1))=fact*((dudql *unxw+dvdql *unyw)*cm+vbm*dcdql tum*dudql &
+vm*dvdq1+2.0*cm*dedql/gml)+term3*dfdql

bp(ind(4,2))=fact*(dudq2*unxw*cm+vbm*dcdq2+um*dudq2+2.0*cm*dcdq2/gml) &
+term3*dfdq2

bp(ind(4,3))=fact*(dvdg3*unyw*cm+vbm*dcdq3+vm*dvdq3+2.0*cm*dcdq3/gml) &
+term3*dfdq3

bp(ind(4,4))=fact*(vbm*dcdq4+2.0*cm*dcdq4/gm1 y+term3 *dfdq4

elseif (met.gt.zero .and. met.lt.clone) then

unxw=arew*unxw

unyw=arew*unyw

vbm=arew*vbm

bp(ind(1,1))=0.0
bp(ind(1,2))=unxw
bp(ind(1,3))=unyw
bp(ind(1,4))=0.0

bp(ind(2,1))=unxw*gqsqm-um*vbm
bp(ind(2,2))=vbm-gm2*unxw*um
bp(ind(2,3))=unyw*um-gml *unxw*vm
bp(ind(2,4))=unxw*gm1
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bp(ind(3,1))=unyw*gqsqm-vm*vbm
bp(ind(3,2))=unxw*vm-gm1 *unyw*um
bp(ind(3,3))=vbm-gm2 *unyw*vm
bp(ind(3,4))=unyw*gml

bp(ind(4,1))=vbm*(gqsqm-hm)
bp(ind(4,2))=unxw*hm-gm1*um*vbm
bp(ind(4,3))=unyw*hm-gm1*vm*vbm
bp(ind(4,4))=gamma*vbm

unxw=unxt(ij)
unyw=unyt(ij)
vbm=unxw*umtunyw*vm

dudql=-um/rm
dudq2=1.0/rm

dvdql=-vin/rm
dvdq3=1.0/rm

fact=0.5*gml *cm/pm
dcdgl=fact*(-em/rmtum*um+vm*vm)
dcdg2=-fact*um

dcdqg3=-fact*vm

dcdg4=fact

evl=vbm-cm
evl=(evl-ssqrt(ev]1*evl+del1))/2.0
fact=arew*ev1*rm/2.0/gamma
dfdql=-arew*(cm+rm*dcdql)/2.0/gamma
dfdg2=arew*(unxw-rm*dcdq2)/2.0/gamma
dfdq3=arew*(unyw-rm*dcdq3)/2.0/gamma
dfdq4=-arew*(rm*dcdq4)/2.0/gamma

terml=um-cm*unxw
term2=vm-cm*unyw
term3=-vbm*cm+gqsqm+cm*cm/gml

bp(ind(1,1))=bp(ind(1,1))-dfdg1
bp(ind(1,2))=bp(ind(1,2))-dfdq2
bp(ind(1,3))=bp(ind(1,3))-dfdq3
bp(ind(1,4))=bp(ind(1,4))-dfdg4

bp(ind(2,1))=bp(ind(2,1))-(fact*(dudql-dcdql *unxw)+terml1*dfdql)
bp(ind(2,2))=bp(ind(2,2))-(fact*(dudq2-dcdq2*unxw)+term1*dfdq2)
bp(ind(2,3))=bp(ind(2,3))-(-fact*dcdq3 *unxw+term1*dfdq3)
bp(ind(2,4))=bp(ind(2,4))-(-fact*dcdq4 *unxw+term1 *dfdq4)

bp(ind(3,1))=bp(ind(3,1))-(fact*(dvdq1-dcdq 1 *unyw)+term2*dfdql)
bp(ind(3,2))=bp(ind(3,2))-(-fact*dcdq2 *unyw+term2*dfdq2)
bp(ind(3,3))=bp(ind(3,3))-(fact*(dvdq3-dcdq3 *unyw)+term2*dfdq3)
bp(ind(3,4))=bp(ind(3,4))-(-fact*dcdg4*unyw+term2 *dfdq4)

bp(ind(4,1))=bp(ind(4,1))-(fact*(-(dudql *unxw+dvdql *unyw)*cm &
-vbm*dcdql+um*dudql+vm*dvdql+2.0*cm*dedql/gm1)+term3*dfdql)

bp(ind(4,2))=bp(ind(4,2))-(fact*(-dudg2*unxw*cm-vbm*dcdg2+um*dudq2 &
+2.0*cm*dcdq2/gml)+term3*dfdq2)

bp(ind(4,3))=bp(ind(4,3))-(fact*(-dvdq3 *unyw*cm-vbm*dcdq3+vm*dvdq3 &
+2.0*¢cm*dcdq3/gml)+term3*dfdq3)

bp(ind(4,4))=bp(ind(4,4))-(fact*(-vbm*dcdgq4+2.0*cm*dcdqd/gml) &
+term3*dfdq4)
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else
unxw=arew*unxw
unyw=arew *unyw
vbm=arew*vbm

bp(ind(1,1))=0.0
bp(ind(1,2))=unxw
bp(ind(1,3))=unyw
bp(ind(1,4))=0.0

bp(ind(2,1))=unxw*gqsqm-um*vbm
bp(ind(2,2))=vbm-gm2*unxw*um
bp(ind(2,3))=unyw*um-gm1 *unxw*vm
bp(ind(2,4))=unxw*gm]l

bp(ind(3,1))=unyw*gqsqm-vm*vbm
bp(ind(3,2))=unxw*vm-gml *unyw*um
bp(ind(3,3))=vbm-gm2*unyw*vm
bp(ind(3,4))=unyw*gml

bp(ind(4,1))=vbm*(gqsqm-hm)
bp(ind(4,2))=unxw*hm-gm1*um*vbm
bp(ind(4,3))=unyw*hm-gmI1*vm*vbm
bp(ind(4,4))=gamma*vbm

unxw=unxt(ij)
unyw=uny(ij)
endif
!
! calculate bm based on fm
1
cp=ssqrt(gamma*rgas*tp)
met=vbp/cp
if (met.le.-clone) then
unxw=arew *unxw
unyw=arew*unyw
vbp=arew*vbp’

bm(ind(1,1))=0.0
bm(ind(1,2))=unxw
bm(ind(1,3))=unyw
bm(ind(1,4))=0.0

bm(ind(2,1))=unxw*gqsqp-up*vbp
bm(ind(2,2))=vbp-gm2*unxw*up
bm(ind(2,3))=unyw*up-gmI *unxw*vp
bm(ind(2,4))=unxw*gm]l

bm(ind(3,1))=unyw*gqsqp-vp *vbp
bm(ind(3,2))=unxw*vp-gml *unyw*up
bm(ind(3,3))=vbp-gm2*unyw*vp
bm(ind(3,4))=unyw*gml

bm(ind(4,1))=vbp*(gqsqp-hp)
bm(ind(4,2))=unxw*hp-gm] *up*vbp
bm(ind(4,3))=unyw*hp-gm1 *vp*vbp
bm(ind(4,4))=gamma*vbp

elseif (met.gt.-clone .and. met.le.zero) then
unxw=arew*unxw
unyw=arew*unyw
vbp=arew*vbp
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bm(ind(1,1))=0.0
bm(ind(1,2))=unxw
bm(ind(1,3))=unyw
bm(ind(1,4))=0.0

bm(ind(2,1))=unxw*gqsqp-up*vbp
bm(ind(2,2))=vbp-gm2*unxw*up
bm(ind(2,3))=unyw*up-gml *unxw*vp
bm(ind(2,4))=unxw*gml

bm(ind(3,1))=unyw*gqsqp-vp*vbp
bm(ind(3,2))=unxw*vp-gm1*unyw*up
bm(ind(3,3))=vbp-gm2*unyw*vp
bm(ind(3,4))=unyw*gml

bm(ind(4,1))=vbp*(gqsqp-hp)
bm(ind(4,2))=unxw*hp-gm1 *up*vbp
bm(ind(4,3))=unyw*hp-gm1*vp*vbp
bm(ind(4,4))=gamma*vbp

unxw=unxt(ij)
unyw=unyt(ij)
vbp=unxw*up+unyw*vp

dudql=-up/rp
dudq2=1.0/rp

dvdql=-vp/rp
dvdq3=1.0/rp

fact=0.5*gm1*cp/pp
dcdql=fact*(-ep/rptup*up+vp*vp)
dcdg2=-fact*up

dcdg3=-fact*vp

dcdgd=fact

ev3=vbp+cp
ev3=(ev3+ssqrt(ev3*ev3+dell))/2.0
fact=ev3*rp/2.0/gamma
dfdqi=arew*(cp+rp*dcdql)/2.0/gamma
dfdq2=arew*(unxw-+rp*dcdqg2)/2.0/gamma
dfdq3=arew*(unyw+rp*dcdq3)/2.0/gamma
dfdq4=arew*(rp*dcdq4)/2.0/gamma

terml=up+cp*unxw
term2=vp+cp*unyw
term3=vbp*cp+qsqp+cp*cp/gml

bm(ind(1,1))=bm(ind(1,1))-dfdq1
bm(ind(1,2))=bm(ind(1,2))-dfdq2
bm(ind(1,3))=bm(ind(1,3))-dfdq3
bm(ind(1,4))=bm(ind(1,4))-dfdq4

bm(ind(2,1))=bm(ind(2,1))-(fact*(dudql +dcdq! *unxw)+term1*dfdql)
bm(ind(2,2))=bm(ind(2,2))-(fact*(dudq2+dcdq2*unxw)+term1*dfdq2)
bm(ind(2,3))=bm(ind(2,3))-(fact*dcdq3 *unxw+term1 *dfdq3)
bm(ind(2,4))=bin(ind(2,4))-(fact*dcdq4 *unxw+term1*dfdq4)

bm(ind(3,1))=bm(ind(3,1))-(fact*(dvdql+dcdq ! *unyw)+term2*dfdql)
bm(ind(3,2))=bm(ind(3,2))-(fact*dcdq2 *unyw-+term2*dfdq2)
bm(ind(3,3))=bm(ind(3,3))-(fact*(dvdq3+dcdq3 *unyw)+term2*dfdq3)
bm(ind(3,4))=bm(ind(3,4))-(fact *dcdq4*unyw-+term2 *dfdq4)
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bm(ind(4,1))=bm(ind(4,1))-(fact*((dudql *unxw-+dvdql *unyw)*cp+vbp*dcdql &
+up*dudql+vp*dvdql+2.0*cp*dcdql/gml)+term3*dfdql)

bm(ind(4,2))=bm(ind(4,2))-(fact*(dudq2 *unxw*cp+vbp*dcdq2+up*dudq? &
+2.0*cp*dcdq2/gml)+term3*dfdq2)

bm(ind(4,3))=bm(ind(4,3))-(fact*(dvdq3*unyw*cp+vbp*dcdq3+vp*dvdq3 &
+2.0*cp*dedq3/gml)+term3 *dfdq3)

bm(ind(4,4))=bm(ind(4,4))-(fact*(vbp*dcdq4+2.0*cp*dcdqd4/gml) &
+term3*dfdq4)

elseif (met.gt.zero .and. met.lt.clone) then
dudql=-up/rp
dudq2=1.0/1p

dvdql=-vp/rp
dvdq3=1.0/rp

fact=0.5*gm1*cp/pp
dcdql=fact*(-ep/rp+up*up+vp*vp)
dedq2=-fact*up

dcdg3=-fact*vp

dcdgd=fact

ev1=vbp-cp
evl=(evl-ssqrt(ev]*evl+dell))/2.0
fact=arew*ev] *rp/2.0/gamma
dfdql=-arew*(cp+rp*dcdq1)/2.0/gamma
dfdg2=arew*(unxw-rp*dcdq2)/2.0/gamma
dfdq3=arew*(unyw-rp*dcdq3)/2.0/gamma
dfdqd4=-arew*(rp*dcdq4)/2.0/gamma

terml=up-cp*unxw
term2=vp-cp*unyw
term3=-vbp*cp+qsqp+cp*cp/gml

bm(ind(1,1))=dfdq1
bm(ind(1,2))=dfdq2
bm(ind(1,3))=dfdq3
bm(ind(1,4))=dfdq4

bm(ind(2,1))=fact*(dudql-dedql *unxw)+term1*dfdql
bm(ind(2,2))=fact*(dudq2-dcdgq2*unxw)+term1*dfdq2
bm(ind(2,3))=-fact*dcdq3 *unxw+term1*dfdq3
bm(ind(2,4))=-fact*dcdqd4*unxw+term1 *dfdq4

bm(ind(3,1))=fact*(dvdql-dcdql *unyw)+term2*dfdql
bm(ind(3,2))=-fact*dcdq2*unyw-tterm2*dfdq2
bm(ind(3,3))=fact*(dvdq3-dcdq3 *unyw)+term2 *dfdq3
bm(ind(3,4))=-fact*dcdg4*unyw+term2 *dfdq4

bm(ind(4,1))=fact*(-(dudql *unxw+dvdql*unyw)*cp-vbp*dcdgl+up*dudql &
+vp*dvdql+2.0*cp*dedql/gml)+term3*dfdql

bm(ind(4,2))=fact*(-dudq2*unxw*cp-vbp*dcdq2+up*dudq2 &
+2.0*cp*dcdq2/gml)+term3*dfdq2

bm(ind(4,3))=fact*(-dvdq3*unyw*cp-vbp*dcdq3+vp*dvdq3 &
+2.0*cp*dcdq3/gml)+term3*dfdq3

bm(ind(4,4))=fact*(-vbp*dcdqd+2.0*cp*dcdqd/gm1)+term3 *dfdq4

else
do kj=1,4
do ki=1,4
bm(ind(ki,kj))=0.0
enddo
enddo
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endif
elseif (iflux.eq.3) then

!

! evaluate the flux jacobian based on roe's flux-difference splitting scheme

!
gqsqm=0.5*gm1 *(um*um+vm*vm)
8qsqp=0.5*gm1*(up*up+vp*vp)
hare=0.5*arew
unxw=hare*unxw
unyw=hare*unyw
vbm=hare*vbm
vbp=hare*vbp

!

! calculate bp based on fp

!
bp(ind(1,1))=0.0
bp(ind(1,2))=unxw
bp(ind(1,3))=unyw
bp(ind(1,4))=0.0

bp(ind(2,1))=unxw*gqsqm-um*vbm
bp(ind(2,2))=vbm-gm?2 *unxw*um
bp(ind(2,3))=unyw*um-gm1 *unxw*vm
bp(ind(2,4))=unxw*gml

bp(ind(3,1))=unyw*ggqsqm-vm*vbm
bp(ind(3,2))=unxw*vm-gm 1 *unyw*um
bp(ind(3,3))=vbm-gm2*unyw*vm
bp(ind(3,4))=unyw*gml

bp(ind(4,1))=vbm*(gqsqm-hm)
bp(ind(4,2))=unxw*hm-gml1 *um*vbm
bp(ind(4,3))=unyw*hm-gml*vm*vbm
bp(ind(4,4))=gamma*vbm

!

! calculate bm based on fm

!
bm(ind(1,1))=0.0
bm(ind(1,2))=unxw
bm(ind(1,3))=unyw
bm(ind(1,4))=0.0

bm(ind(2,1))=unxw*gqsqp-up*vbp
bm(ind(2,2))=vbp-gm2 *unxw*up
bm(ind(2,3))=unyw*up-gm1 *unxw*vp
bm(ind(2,4))=unxw*gml

bm(ind(3,1))=unyw*gqsqp-vp*vbp
bm(ind(3,2))=unxw*vp-gm1 *unyw*up
bm(ind(3,3))=vbp-gm2*unyw*vp
bm(ind(3,4))=unyw*gml

bm(ind(4,1))=vbp*(gqsqp-hp)
bm(ind(4,2))=unxw*hp-gm1*up*vbp
bm(ind(4,3))=unyw*hp-gm1 *vp*vbp
bm(ind(4,4))=gamma*vbp

endif

return
end

subroutine caldev
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!
!******************************************************************************
! form the jacobian matrix dev/dq of the viscous flux in xi-direction at right

I wall of cell (i,j).

!******************************************************************************
!

include ‘params.cmd’

include 'precs.cmd’

include 'arrays.cmd'

include 'param.cmd’

include 'bcon.cmd’

real*8 kur
dimension devm(4,4), devp(4,4)
ind(ki,kj)=ki+(kj-1)*4+(ij-1)*16

if (invisd.gt.0) return

if (j.eq.1 .or. j.eqjmax) return

if (i.eq.1 .and. wtlb(j).ne.2) return

if (i.eq.iml .and. wirb(j).ne.2) return

do kj=1,4

do ki=1,4
devp(ki,kj)=0.0
devm(ki,kj)=0.0

enddo

enddo

ipj=ij+1
ijp=ij+imax
ipjp=ijp1
jm=ij-imax
ipjm=ijm+1

mur=2.0*mu(ij)*mu(ip;j)/(mu(ij)+mu(ipj))
kur=2.0*ku(ij)*ku(ipj)/(ku(ij)tku(ipj))
uc=u(ij)

ve=v(ij)

ur=(u(ij)+u(ipj))/2.0
vr=(v(ij)+v(ipj))/2.0

urr=u(ipj)

vrr=v(ipj)

urt=(u(ijp)+u(ipjp))/2.0
vrt=(v(ijp)*+v(ipjp))/2.0
urbs=(u(ijm)+u(ipjm))/2.0
vrbs=(v(ijm)+v(ipjm))/2.0
dudx=(urr-uc)

dude=(urt urbs)/2.0

dvdx=(vrr-vc)

dvde=(vrt-vrbs)/2.0.

ev2=mur*(al(ij)*dudx+a5(ij)*dude+a2(ij)*dvdx+aé(ij) *dvde+a7(ij) *vr)
ev3=mur*(a2(ij)*dudx+a8(ij)*dude+a3(ij)*dvdx+a9(ij)*dvde+al 0(ij) *vr)

dudqlp=-u(ij)/q1(ij)

dudq2p=1.0/q1(ij)

dvdqlp=-v(ij)/q1(ij)

dvdq3p=1.0/q1(1j)
dpdq1=0.5*gm1*(u(ij)*u(ij)+v{yy*v(ij))
dpdq2=-gm1*u(yj)
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dpdg3=-gm1*v(ij)

dpdqd4=gml
dtdq1p=(dpdql-p(ij)/q1(ij))/ql(ij}rgas
dtdg2p=dpdq2/q1(ij)/rgas
dtdq3p=dpdq3/q1(ij)/rgas
dtdq4p=dpdq4/ql(ij)/rgas

dudqlm=-u(ipj)/q1(ipj)
dudq2m=1.0/q1(ipj)
dvdqlm=-v(ipj)/q1(ipj)
dvdq3m=1.0/q1(ipj)
dpdq[=0.5*gm1*(u(ipj)*u(ipj)+v(ipj)*v(ipj))
dpdg2=-gmI*u(ipj)

dpdg3=-gm1*v(ipj)

dpdgd=gml
dtdqlm=(dpdq1-p(ipj)/q1(ipj))/q1 (ipjy/rgas
dtdq2m=dpdq2/q1(ipj)/rgas
dtdq3m=dpdq3/q1(ipj)/rgas
dtdg4m=dpdq4/q1(ipj)/rgas

devp(2,1)=-mur*(al(ij)*dudql p+a2(ij)*dvdq1p-a7(ij) *dvdq1 p/2.0)
devp(2,2)=-mur*al(ij)*dudq2p
devp(2,3)=-mur*(a2(ij)*dvdq3p-a7(ij)*dvdq3p/2.0)

devp(3,1)=-mur*(a2(ij)*dudglp+a3(ij)*dvdqlp-al0(ij)*dvdq1p/2.0)
devp(3,2)=-mur*a2(ij)*dudq2p
devp(3,3)=-mur*(a3(ij)*dvdq3p-al0(ij)*dvdq3p/2.0)

devp(4,1)=-kur*ad(ij) *dtdql p+ev2*dudqlp/2.0+ur*devp(2,1)+ev3*dvdqlp/2.0 &
+vr*devp(3,1)

devp(4,2)=-kur*ad(ij)*dtdq2p+ev2 *dudq2p/2.0+ur*devp(2,2}tvr*devp(3,2)

devp(4,3)=-kur*a4(ij) *dtdq3p+ur*devp(2,3)+ev3*dvdq3p/2.0+vr*devp(3,3)

devp(4,4)=-kur*ad(ij)*dtdqdp

devm(2,1)=mur*(al(ij)*dudqlm+a2(ijy*dvdqim+a7(ij)*dvdq 1 m/2.0)
devmn(2,2)=mur*al(ij)*dudq2m
devm(2,3)=mur*(a2(ij)*dvdq3m+a7(ij)*dvdq3m/2.0)

devm(3,1)=mur*(a2(ij)*dudql m+a3(ijy*dvdq lm+al 0(ij)*dvdq 1 m/2.0)
devm(3,2)=mur*a2(ij)*dudq2m
devm(3,3)=mur*(a3(ij)*dvdq3m+al0(ij)*dvdq3m/2.0)

devm(4,1)=kur*a4(ij)*dtdq lm+ev2*dudqlm/2.0+ur*devin(2,1 }+ev3*dvdqlm/2.0 &

+vr*devm(3,1)
devm(4,2)=kur*a4(ij)*dtdq2m+ev2*dudq2m/2.0+ur*devm(2,2)+vr*devn(3,2)
devm(4,3)=kur*ad(ij)*dtdg3m+ur*devm(2,3)+ev3*dvdq3m/2.0+vr*devm(3,3)
devm(4,4)=kur*a4(ij)*dtdq4m

do kj=1,4

doki=14
ap(ind(ki,kj))=ap(ind(ki,kj))-devp(ki,kj)
am(ind(ki,kj))=am(ind(ki,kj))-devm(ki,kj)

enddo

enddo

return
end

subroutine caldei
!
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! form the jacobian matrices a+ = det/dq and a- = de-/dq for the split flux in
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! xi-direction at specified cell wall based on a variety of schemes.
!

! iflux=1 does the van leer scheme

! iflux=2 does the steger-warming scheme

!iflux=3 does the roe scheme
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]
include ‘params.cmd’
include 'precs.cmd’
include 'arrays.cmd'
include 'param.cmd'
include becon.cmd'

data dell /1.0d-10/
ind(ki,kj)=ki+(kj-1)*4+(ij-1)*16
if (j.eq.1 .or. j.eq.jmax) return

unxw=unxr(ij)

unyw=unyi(ij)

arew=arer(ij)
!
! find cell wall interpolated values
!

call calgpm ('r',inorxi)

ubm=unxw*unrtunyw*vm
ubp=unxw*up+tunyw*vp

if ((i.eq.1 .and. witlb(j).le.2) .or. (i.eq.iml .and. wtrb(j).le.2)) then
ubm=dampi*ubm
ubp=dampi*ubp

endif

if (iflux.eq.1) then
!

! evaluate the flux jacobian based on van leer's flux-vector splitting scheme
!
qsqm=0.5*(um*um+vm*vm)
qsqp=0.5*(up*up+vp*vp)
gqsqm=gm]*qsqm
I gasqp=gml *qsqp
! calculate ap based on ep
!
cm=ssqrt(gamma*rgas*tm)
mxi=ubm/cm

if (sabs(mxi).lt.clone) then
mxip=mxi+1.0
elp=arew*0.25*rm*cm*mxip*mxip
delpdr=elp/rm
delpdu=arew*0.5*rm*unxw*mxip
delpdv=arew*0.5*rm*unyw*mxip
delpdc=arew*0.25*rm*(1.0-mxi)*mxip

dudql=-unyrm
dudq2=1.0/rm

dvdql=-vimy/rm
dvdq3=1.0/rm
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fact=0.5*gm1*cm/pm
dcdql=fact*(-em/rm+um*um+vm*vm)
dcdg2=-fact*um

dcdgq3=-fact*vm

dedgd=fact

a2p=unxw/gamma*(-ubm+2.0*cm)+um
da2pdu=-unxw*unxw/gamma+1.0
da2pdv=-unxw*unyw/gamma
da2pdc=2.0/gamma*unxw

a3p=unyw/gamma*(-ubm+2.0*cm)+vm
da3pdu=-unxw*unyw/gamma
da3pdv=-unyw*unyw/gamma+1.0
da3pdc=2.0/gamma*unyw

a4p=hm

dadpdu=um
dadpdv=vm
dadpdc=2.0*cm/gml

ap(ind(1,1))=delpdr+del pdu*dudql+delpdv*dvdql+del pdc*dcdql
ap(ind(1,2))=delpdu*dudq2+del pdc*dcdq2

ap(ind(1,3))=del pdv*dvdq3+delpdc*dcdq3
ap(ind(1,4))=delpdc*dcdq4

ap(ind(2,1))=a2p*ap(ind(1,1))+elp*(da2pdu*dudql+da2pdv*dvdql &
+da2pdc*dedql)
ap(ind(2,2))=a2p*ap(ind(1,2))+elp*(da2pdu*dudq2+da2pdc*dcdq2)
ap(ind(2,3))=a2p*ap(ind(1,3))+elp*(da2pdv*dvdq3+da2pdc*dcdq3)
ap(ind(2,4))=a2p*ap(ind(1,4))+elp*(da2pdc*dcdq4)

ap(ind(3,1))=a3p*ap(ind(1,1))+elp*(da3pdu*dudql+dadpdv*dvdql &
+da3pdc*dedql)
ap(ind(3,2))=a3p*ap(ind(1,2))+elp*(da3pdu*dudq2+da3pdc*dcdq?)
ap(ind(3,3))=a3p*ap(ind(1,3))+elp*(da3pdv*dvdq3+da3pdc*dcdq3)
ap(ind(3,4))=a3p*ap(ind(1,4))+elp*(da3pdc*dcdq4)

ap(ind(4,1))=a4p*ap(ind(1,1))+elp*(da4pdu*dudql+dadpdv*dvdql &
+dadpdc*dcdql)

ap(ind(4,2))=a4p*ap(ind(1,2))+elp*(dadpdu*dudq2+dadpdc*dcdq2)
ap(ind(4,3))=adp*ap(ind(1,3))+elp*(dadpdv*dvdq3+dadpdc*dcdq3)
ap(ind(4,4))=adp*ap(ind(1,4))+elp*(dad4pdc*dcdq4)

elseif (mxi.ge.clone) then
unxw=arew*unxw
unyw=arew*unyw
ubm=arew*ubm

ap(ind(1,1))=0.0
ap(ind(1,2))=unxw
ap(ind(1,3))=unyw
ap(ind(1,4))=0.0

ap(ind(2,1))=unxw*ggsqm-um*ubm
ap(ind(2,2))=ubm-gm2*unxw*um
ap(ind(2,3))=unyw*um-gm1 *unxw*vm
ap(ind(2,4))=unxw*gm]l

ap(ind(3,1))=unyw*ggqsqm-vm*ubm

ap(ind(3,2))=unxw*vm-gml *unyw*um
ap(ind(3,3))=ubm-gm2*unyw*vm
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ap(ind(3,4))=unyw*gml

ap(ind(4,1))=ubm*(gqsqm-hm)
ap(ind(4,2))=unxw*hm-gml *um*ubm
ap(ind(4,3))=unyw*hm-gml *vm*ubm
ap(ind(4,4))=gamma*ubm

unxw=unxr(ij)
unyw=unyr(ij)
else
do kj=1,4
do ki=1,4
ap(ind(ki,kj))=0.0
enddo
enddo
endif
1
I calculate am based on em
!
cp=ssqrt(gamma*rgas*tp)
mxi=ubp/cp

if (sabs(mxi).lt.clone) then
mxim=mxi-1.0
elm=-arew*0.25*rp*cp*mxim*mxim
delmdr=elm/rp
del mdu=-arew*0.5*rp*unxw*mxim
delmdv=-arew*0.5*rp*unyw*mxim
delmdce=-arew*0.25*rp*(1.0-mxi)*(1.0+mxi)

dudql=-up/rp
dudq2=1.0/rp

dvdql=-vp/rp
dvdq3=1.0/tp

fact=0.5*gm1*cp/pp
dcdql=fact*(-ep/rprup*up+vp*vp)
dedq2=-fact*up

dcdq3=-fact*vp

dcdqd4=fact

a2m=unxw/gamma*(-ubp-2.0*cp)+up
da2mdu=-unxw*unxw/gamma-+1.0
da2mdv=-unxw*unyw/gamma
da2mdc=-2.0/gamma*unxw

a3m=unyw/gamma*(-ubp-2.0*cp)+vp
da3mdu=-unxw*unyw/gamma
da3mdv=-unyw*unyw/gamma+1.0
da3mdc=-2.0/gamma*unyw

a4m=hp

dadmdu=up
da4mdv=vp
dadmde=2.0*cp/gm!

am(ind(1,1))=delmdr+delmdu*dudql+del mdv*dvdql+delmdc*dedql
am(ind(1,2))=delmdu*dudq2+delmdc*dcdq2
am(ind(1,3))=delmdv*dvdq3+delmdc*dcdq3
am(ind(1,4))=delmdc*dcdqg4
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am(ind(2,1))=a2m*am(ind(1,1))+elm*(da2mdu*dudql+da2mdv*dvdql &
+da2mdc*dcdql)

am(ind(2,2))=a2m*am(ind(1,2))+el m*(da2mdu*dudq2+da2mdc*dcdq2)

am(ind(2,3))=a2m*am(ind(1,3))+elm*(da2mdv*dvdq3+da2mdc*dcdq3)

am(ind(2,4))=a2m*am(ind(1,4))+elm*(da2mdc*dcdq4)

am(ind(3,1))=a3m*am(ind(1,1))+elm*(da3mdu*dudql+da3mdv*dvdql &
+da3mdc*dcdql)

am(ind(3,2))=a3m*am(ind(1,2))+el m*(da3mdu*dudq2+da3mdc*dcdq?2)

am(ind(3,3))=a3m*am(ind(1,3))+elm*(da3mdv*dvdq3+da3mdc*dcdq3)

am(ind(3,4))=a3m*am(ind(1,4))+elm*(da3mdc*dcdq4)

am(ind(4,1))=a4m*am(ind(1,1))+elm*(dad4mdu*dudql+dadmdv*dvdql &
+da4mdc*dcdql)
am(ind(4,2))=ad4m*am(ind(1,2))+el m*(da4mdu*dudq2+da4mdc*dcdq2)
am(ind(4,3))=a4m*am(ind(1,3))+e 1 m*(dadmdv*dvdq3+dadmdc*dcdq3)
am(ind(4,4))=a4m*am(ind(1,4))+elm*(dadmdc*dcdq4)
elseif (mxi.le.-clone) then
unxw=arew*unxw
unyw=arew *unyw
ubp=arew*ubp

am(ind(1,1))=0.0
am(ind(1,2))=unxw
am(ind(1,3))=unyw
am(ind(1,4))=0.0

am(ind(2,1))=unxw*gqsqp-up*ubp
am(ind(2,2))=ubp-gm2*unxw*up
am(ind(2,3))=unyw*up-gm1 *unxw*vp
am(ind(2,4))=unxw*gm1

am(ind(3,1))=unyw*gqsqp-vp*ubp
am(ind(3,2))=unxw*vp-gml *unyw*up
am(ind(3,3))=ubp-gm2*unyw*vp
am(ind(3,4))=unyw*gml

am(ind(4,1))=ubp*(gqsqp-hp)
am(ind(4,2))=unxw*hp-gm1*up*ubp
am(ind(4,3))=unyw*hp-gml*vp*ubp
am(ind(4,4))=gamma*ubp
else
do kj=1,4
do ki=1,4
am(ind(ki,kj))=0.0
enddo
enddo
endif
elseif (iflux.eq.2) then

! evaluate the flux jacobian based on eigen-value

! (steger-warming) flux-vector splitting scheme

gsqm=0.5*(um*um+vm*vm)
qsqp=0.5*(up*up+vp*vp)
gqsqm=gml*qsqm
gdsqp=gml*gsqp

! calculate ap based on ep

cm=ssqrt(gamma*rgas*tm)
mxi=ubm/cm
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if (mxi.le.-clone) then
do kj=1,4
do ki=1,4
ap(ind(ki,kj))=0.0
enddo
enddo
elseif (mxi.gt.-clone .and. mxi.le.zero) then
dudql=-um/rm
dudq2=1.0/rm

dvdql=-vm/rm
dvdq3=1.0/rm

fact=0.5*gm1 *cm/pm
dedql=fact*(-em/rm+um*um+vm*vm)
dedq2=-fact*um

dcdq3=-fact*vm

dcdq4=fact

ev3=ubmtcm
ev3=(ev3+ssqrt(ev3*ev3+dell))/2.0
fact=arew*ev3*rmy/2.0/gamma
dfdql=arew*(cm+rm*dcdql)/2.0/gamma
dfdq2=arew*(unxw+rm*dcdq2)/2.0/gamma
dfdq3=arew*(unyw+rm*dcdqg3)/2.0/gamma
dfdq4=arew*(rm*dcdq4)/2.0/gamma

terml=um+cm*unxw
term2=vm+cm*unyw
term3=ubm*cm+qgsqm+cm*cm/gml

ap(ind(1,1))=dfdql
ap(ind(1,2))=dfdq2
ap(ind(1,3))=dfdq3
ap(ind(1,4))=dfdq4

ap(ind(2,1))=fact*(dudql+dedql *unxw)+term1*dfdql
ap(ind(2,2))=fact*(dudq2+dcdq2*unxw)+term1 *dfdq2
ap(ind(2,3))=fact*dcdq3*unxw+terml *dfdq3
ap(ind(2,4))=fat*dcdq4 *unxw+term1 *dfdq4

ap(ind(3,1))=fact*(dvdql+dcdql *unyw)+term2*dfdql
ap(ind(3,2))=fact*dcdq2*unyw+term2*dfdq2
ap(ind(3,3))=fact*(dvdq3+dcdq3*unyw)+term2*dfdq3
ap(ind(3,4))=fact*dcdq4*unyw+term2 *dfdq4

ap(ind(4,1))=fact*((dudql*unxw-+dvdql *unyw)*cm+ubm*dcdql+um*dudql &
+vm*dvdq1+2.0*cm*dcdql/gml)+term3*dfdql

ap(ind(4,2))=fact*(dudq2 *unxw*cm+ubm*dcdq2+um*dudq2+2.0*cm*dcdq2/gml) &
+term3 *dfdq2

ap(ind(4,3))=fact*(dvdq3 *unyw*cm+ubm*dcdq3+vm*dvdq3+2.0 *cm*dcdq3/gml) &
+term3*dfdq3

ap(ind(4,4))=fact*(ubm*dcdqd+2.0*cm*dcdqd/gm!)+term3 *dfdq4

elseif (mxi.gt.zero .and. mxi.lt.clone) then

unxw=arew*unxw ’

unyw=arew*unyw

ubm=arew*ubm

ap(ind(1,1))=0.0

ap(ind(1,2))=unxw
ap(ind(1,3))=unyw
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ap(ind(1,4))=0.0

ap(ind(2,1))=unxw*gqsqm-um*ubm
ap(ind(2,2))=ubm-gm2*unxw*um
ap(ind(2,3))=unyw*um-gml *unxw*vm
ap(ind(2,4))=unxw*gml

ap(ind(3,1))=unyw*gqsqm-vm*ubm
ap(ind(3,2))=unxw*vm-gml *unyw*um
ap(ind(3,3))=ubm-gm2*unyw*vm
ap(ind(3,4))=unyw*gml

ap(ind(4,1))=ubm*(gqsqm-hm)
ap(ind(4,2))=unxw*hm-gml *um*ubm
ap(ind(4,3))=unyw*hm-gm1*vm*ubm
ap(ind(4,4))=gamma*ubm

unxw=unxr(ij)
unyw=unyr(ij)
ubm=unxw*um+unyw*vm

dudql=-um/rm
dudq2=1.0/rm

dvdql=-vm/rm
dvdq3=1.0/rm

fact=0.5*gm1 *cm/pm
dedql=fact*(-em/rm+um*um+vm*vm)
dedq2=-fact*um

dedq3=-fact*vm

dcdgd=fact

evl=ubm-cm
evl=(evl-ssqrt(evl*evl+dell))/2.0
fact=arew *ev1*rm/2.0/gamma
dfdql=-arew*(cm+rm*dcdql)/2.0/gamma
dfdg2=arew*(unxw-rm*dcdq2)/2.0/gamma
dfdg3=arew*(unyw-rm*dcdq3)/2.0/gamma
dfdg4=-arew*(rm*dcdq4)/2.0/gamma

term]1=um-cm*unxw
term2=vm-cm*unyw
term3=-ubm*cm+qsqmtcm*cm/gml

ap(ind(1,1))=ap(ind(1,1))-dfdql
ap(ind(1,2))=ap(ind(1,2))-dfdq2
ap(ind(1,3))=ap(ind(1,3))-dfdq3
ap(ind(1,4))=ap(ind(1,4))-dfdq4

ap(ind(2,1))=ap(ind(2,1))-(fact*(dudql-dedql *unxw)+term1 *dfdql)
ap(ind(2,2))=ap(ind(2,2))-(fact*(dudq2-dcdq2*unxw)+term1 *dfdq2)
ap(ind(2,3))=ap(ind(2,3))-(-fact*dcdg3 *unxw+term1 *dfdq3)
ap(ind(2,4))=ap(ind(2,4))-(-fact*dcdg4*unxw+term1 *dfdq4)

ap(ind(3,1))=ap(ind(3,1))-(fact*(dvdql-dcdql *unyw)+term2*dfdql)
ap(ind(3,2))=ap(ind(3,2))-(-fact*dcdg2 *unyw-+term2 *dfdq2)
ap(ind(3,3))=ap(ind(3,3))-(fact*(dvdq3-dcdq3 *unyw)+term2*dfdq3)
ap(ind(3,4))=ap(ind(3,4))-(-fact*dcdq4 *unyw-+term2 *dfdq4)

ap(ind(4,1))=ap(ind(4,1))-(fact*(-(dudq! *unxw-+dvdq! *unyw)*cm &
-ubm*dedql+um*dudql+vm*dvdq1+2.0*cm*dedql/gml y+term3*dfdql)
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ap(ind(4,2))=ap(ind(4,2))-(fact*(-dudq2 *unxw*cm-ubm*dcdq2+um*dudq2 &
+2.0*cm*dcdq2/gml)+term3*dfdq2)

ap(ind(4,3))=ap(ind(4,3))-(fact*(-dvdq3 *unyw*cm-ubm*dcdq3+vm*dvdq3 &
+2.0*cm*dcdq3/gm1)+term3*dfdq3)

ap(ind(4,4))=ap(ind(4,4))-(fact*(-ubm*dcdq4+2.0*cm*dcdqd/gml) &
+term3*dfdq4)

else

unxw=arew*unxw

unyw=arew*unyw

ubm=arew*ubm

ap(ind(1,1))=0.0
ap(ind(1,2))y=unxw
ap(ind(1,3))=unyw
ap(ind(1,4))=0.0

ap(ind(2,1))=unxw*ggsqm-um*ubm
ap(ind(2,2))=ubm-gm2*unxw*um
ap(ind(2,3))=unyw*um-gml1 *unxw*vm
ap(ind(2,4))=unxw*gml

ap(ind(3,1))=unyw*ggsqm-vm*ubm
ap(ind(3,2))=unxw*vm-gml *unyw*um
ap(ind(3,3))=ubm-gm2*unyw*vm
ap(ind(3,4))=unyw*gml

ap(ind(4,1))=ubm*(gqsqm-hm)
ap(ind(4,2))=unxw*hm-gm1*um*ubm
ap(ind(4,3))=unyw*hm-gml*vm*ubm
ap(ind(4,4))=gamma*ubm

unxw=unxr(ij)
unyw=unyr(ij)
endif
!
! calculate am based on em
!
cp=ssqrt(gamma*rgas*tp)
mxi=ubp/cp

if (mxi.le.-clone) then
unxw=arew*unxw
unyw=arew*unyw
ubp=arew*ubp

am(ind(1,1))=0.0
am(ind(1,2))=unxw
am(ind(1,3))=unyw
am(ind(1,4))=0.0

am(ind(2,1))=unxw*gqgsqp-up*ubp
am(ind(2,2))=ubp-gm2*unxw*up
am(ind(2,3))=unyw*up-gm1 *unxw*vp
am(ind(2,4))=unxw*gm1

am(ind(3,1))=unyw*gqsqp-vp*ubp
am(ind(3,2))=unxw*vp-gml *unyw*up
am(ind(3,3))=ubp-gm2*unyw*vp
am(ind(3,4))=unyw*gml

am(ind(4,1))=ubp*(gqsqp-hp)
am(ind(4,2))y=unxw*hp-gm1 *up*ubp
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am(ind(4,3))=unyw*hp-gml *vp*ubp
am(ind(4,4))=gamma*ubp

elseif (mxi.gt.-clone .and. mxi.le.zero) then
unxw=arew*unxw
unyw=arew*unyw
ubp=arew*ubp

am(ind(1,1))=0.0
am(ind(1,2))=unxw
am(ind(1,3))=unyw
am(ind(1,4))=0.0

am(ind(2,1))=unxw*gqsqp-up*ubp
am(ind(2,2))=ubp-gm2*unxw*up
am(ind(2,3))=unyw*up-gml *unxw*vp
am(ind(2,4))=unxw*gml

am(ind(3,1))=unyw*gqsqp-vp*ubp
am(ind(3,2))=unxw*vp-gm1 *unyw*up
am(ind(3,3))=ubp-gm2*unyw*vp
am(ind(3,4))=unyw*gml

am(ind(4,1))=ubp*(gqsqp-hp)
am(ind(4,2))=unxw*hp-gm1 *up*ubp
am(ind(4,3))=unyw*hp-gm1*vp*ubp
am(ind(4,4))=gamma*ubp

unxw=unxr(ij)
unyw=unyr(ij)
ubp=unxw*up-tunyw*vp

dudql=-up/rp
dudq2=1.0/rp

dvdql=-vp/rp
dvdq3=1.0/rp

fact=0.5*gml *cp/pp
dcdql=fact*(-ep/rp+up*up+vp*vp)
dcdq2=-fact*up

dcdq3=-fact*vp

dcdg4=fact

ev3=ubp+cp
ev3=(ev3+ssqri(ev3*ev3+dell))/2.0
fact=arew*ev3*rp/2.0/gamma
dfdgl=arew*(cp+rp*dcdql)/2.0/gamma
dfdg2=arew*(unxw+rp*dcdq2)/2.0/gamma
dfdq3=arew*(unyw+rp*dcdq3)/2.0/gamma
dfdq4=arew*(rp*dcdq4)/2.0/gamma

terml=up+cp*unxw
term2=vp+cp*unyw
term3=ubp*cp+qsqp+cp*cp/gml

am(ind(1,!))=am(ind(1,1))-dfdql
am(ind(1,2))=am(ind(1,2))-dfdq2
am(ind(1,3))=am(ind(1,3))-dfdq3
am(ind(1,4))=am(ind(1,4))-dfdq4

am(ind(2,1))=am(ind(2,1))-(fact*(dudql+dcdql *unxw)+term1*dfdql)
am(ind(2,2))=am(ind(2,2))-(fact*(dudq2+dcdq2 *unxw)+term1 *dfdq2)
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am(ind(2,3))=am(ind(2,3))-(fact*dcdq3 *unxw+term1*dfdq3)
am(ind(2,4))=am(ind(2,4))-(fact*dcdq4 *unxw+term1 *dfdq4)

am(ind(3,1))=am(ind(3,1))-(fact*(dvdql+dcdql *unyw)+term2*dfdq1)
am(ind(3,2))=am(ind(3,2))-(fact*dcdq2 *unyw+term2 *dfdq2)
am(ind(3,3))=am(ind(3,3))-(fact*(dvdq3+dcdq3 *unyw)+term2 *dfdq3)
am(ind(3,4))=am(ind(3,4))-(fact*dcdq4*unyw+term2*dfdq4)

am(ind(4,1))=am(ind(4,1))-(fact*((dudql *unxw+dvdql *unyw)*cp+ubp*dcdql &
+up*dudql+vp*dvdql+2.0*cp*dedql/gm1)+term3*dfdql)

am(ind(4,2))=am(ind(4,2))-(fact*(dudg2*unxw*cp+ubp*dedq2+up*dudq2 &
+2.0*cp*dcdq2/gm1)+term3 *dfdq2)

am(ind(4,3))=am(ind(4,3))-(fact*(dvdq3 *unyw*cp+ubp*dcdq3+vp*dvdq3 &
+2.0*cp*dcdq3/gm[)+term3*dfdq3)

am(ind(4,4))=am(ind(4,4))-(fact*(ubp*dcdqd+2.0*cp*dcdqd/gml) &
+term3 *dfdq4) ‘

elseif (mxi.gt.zero .and. mxi.lt.clone) then
dudql=-up/rp
dudq2=1.0/rp

dvdql=-vp/rp
dvdq3=1.0/rp

fact=0.5*gm1 *cp/pp
dcdql=fact*(-ep/rptup*up+vp*vp)
dedq2=-fact*up

dcdg3=-fact*vp

dcdgd=fact

ev]=ubp-cp
evl=(ev1-ssqrt(evl*evl+dell))/2.0
fact=arew*ev1*rp/2.0/gamma
dfdql=-arew*(cp+rp*dcdql)/2.0/gamma
dfdg2=arew*(unxw-rp*dcdq2)/2.0/gamma
dfdq3=arew*(unyw-rp*dcdq3)/2.0/gamma
dfdg4=-arew*(rp*dcdg4)/2.0/gamma

terml=up-cp*unxw
term2=vp-cp*unyw
term3=-ubp*cp+gsqp+cp*cp/gml

am(ind(1,1))=dfdql
am(ind(1,2))=dfdq2
am(ind(1,3))=dfdq3
am(ind(1,4))=dfdq4

am(ind(2,1))=fact*(dudql-dcdql*unxw)+term1*dfdql
am(ind(2,2))=fact*(dudq2-dcdq2*unxw)+term1*dfdq2
am(ind(2,3))=-fact*dcdq3*unxw+term1*dfdq3
am(ind(2,4))=-fact*dcdq4 *unxw+term1*dfdq4

am(ind(3,1))=fact*(dvdql-dcdql *unyw)+term2 *dfdql
am(ind(3,2))=-fact*dcdq2*unyw+term2*dfdq2
am(ind(3,3))=fact*(dvdq3-dcdq3*unyw)+term2*dfdq3
am(ind(3,4))=-fact*dcdq4 *unyw+term2*dfdq4

am(ind(4,1))=fact*(-(dudq1*unxw+dvdql *unyw)*cp-ubp*dcdql+up*dudql &
+vp*dvdql+2.0*cp*dcdql/gml)+term3*dfdql

am(ind(4,2))=fact*(-dudq2 *unxw*cp-ubp*dcdq2+up*dudq2+2.0*cp*dcdq2/gm1)&
+term3 *dfdq2

am(ind(4,3))=fact*(-dvdq3*unyw*cp-ubp*dcdq3+vp*dvdq3+2.0*cp*dcdq3/gm1)&
+term3*dfdq3
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am(ind(4,4))=fact*(-ubp*dcdq4+2.0*cp*dcdqd/gm1 y+term3 *dfdq4
else

do kj=1,4

do ki=1,4

am(ind(ki kj))=0.0

enddo

enddo
endif

elseif (iflux.eq.3) then

! evaluate the flux jacobian based on
! roe's flux-difference splitting scheme

ggqsqm=0.5*gm1 *(um*um-+vm*vm)
£9sqp=0.5*gm1*(up*up-+vp*vp)
hare=0.5*arew

unxw=hare*unxw
unyw=hare*unyw

ubm=hare*ubm

ubp=hare*ubp

! calculate ap based on ep

!

ap(ind(1,1))=0.0
ap(ind(1,2))=unxw
ap(ind(1,3))=unyw
ap(ind(1,4))=0.0

ap(ind(2,1))=unxw*ggsqm-um*ubm
ap(ind(2,2))=ubm-gm2*unxw*um
ap(ind(2,3))=unyw*um-gm1 *unxw*vm
ap(ind(2,4))=unxw*gml

ap(ind(3,1))=unyw*gqsqm-vm*ubm
ap(ind(3,2))=unxw*vm-gm1 *unyw*um
ap(ind(3,3))=ubm-gm2*unyw*vm
ap(ind(3,4))=unyw*gml

ap(ind(4,1))=ubm*(gqsqm-hm)
ap(ind(4,2))=unxw*hm-gm1*um*ubm
ap(ind(4,3))=unyw*hm-gm1*vm*ubm
ap(ind(4,4))=gamma*ubm

! calculate am based on em

am(ind(1,1))=0.0
am(ind(1,2))=unxw
am(ind(1,3))=unyw
am(ind(1,4))=0.0

am(ind(2,1))=unxw*gqsqp-up*ubp
am(ind(2,2))=ubp-gm2 *unxw*up
am(ind(2,3))=unyw*up-gm1 *unxw*vp
am(ind(2,4))=unxw*gml

am(ind(3,1))=unyw*gqsqp-vp*ubp
am(ind(3,2))=unxw*vp-gml*unyw*up
am(ind(3,3))=ubp-gm2*unyw*vp
am(ind(3,4))=unyw*gm!

am(ind(4,1))=ubp*(gqsqp-hp)
am(ind(4,2))=unxw*hp-gml *up*ubp
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am(ind(4,3))=unyw*hp-gm [ *vp*ubp
am(ind(4,4))=gamma*ubp
endif

return
end

block data bikdat
1
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! block dat file

!******************************************************************************
!
include 'params.cmd’
include 'precs.cmd’
include 'arrays.cmnd'
include ‘param.cmd’
include "beon.cmd'
!
! set initial values for parameters
!
data autot/1.0/, cycle/0/, cyl/0.0/, delt/1.0e-10/, itcon/0/, ttime/0.0/, &
prtdt/1.0e10/, twprt/0.0/, pltdt/1.0e 10/, twplt/0.0/, twfin/0.0/, &
twsta/0.0/, gx/0.0/, gy/0.0/, vi/0.0/, vi/0.0/, pi/1.0/, ti/1.0/, &
velmx/1.0/, isympl/0/, feycle/0/, rdxi/1.0/, rdet/1.0/, ivisc/0/, &
invisd/1/, iplot/0/, ianim/0/, iprint/0/, implct/0/, epsi/0.001/, &
rstdt/1.0e10/, isplit/2/, scaleg/1.0/, limit/1/, 1gs/0/, epsig/1.0/, &
rlxm/0.0/, rix/1.0/, jupdat/1/, r1xq/0.95/, inorxi/1/, inoret/1/, &
iflux/3/, iflip/2/, itord/1/, isavfm/0/, irstfim/0/, ifreq/25/, &
Ispeed/1/, iturb/0/, isweep/0/, iflag/0/, damp/0.0/, dampi/1.0/, &
dlim/0.95/
!
! set initial values for boundary conditions
!
data wtlb/jdim*1/, ptIb/jdim*1.0/, ttlb/jdim*1.0/, uxib4dim*1.0/, &
uylb/jdim*0.0/, psib/jdim*1.0/, tslb/jdim*1.0/, ulb/jdim*0.0/, &
vIb/jdim*0.0/, rplb/jdim*0.0/, brib/4jdim*0.0/, wtrb/jdim*1/, &
ptrb/jdim*1.0/, ttrb/jdim*1.0/, uxrb/jdim* 1.0/, uyrb/jdim*0.0/, &
pstb/jdim*1.0/, tsrb/jdim* 1.0/, urb/jdim*0.0/, vrb/jdim*0.0/, &
1prb/jdim*0.0/, brrb/jdim*0.0/, wtbb/idim*1/, ptbb/idim*1.0/, &
ttbb/idim* 1.0/, uxbb/idim*0.0/, uybb/idim* 1.0/, psbb/idim*1.0/, &
tsbb/idim* 1.0/, ubb/idim*0.0/, vbb/idim*0.0/, rpbb/idim*0.0/, &
brbb/idim*0.0/, wttb/idim* 1/, pttb/idim*1.0/, ittb/idim*1.0/, &
uxtb/idim*0.0/, uytb/idim* 1.0/, pstb/idim*1.0/, tstb/idim*1.0/, &
utb/idim*0.0/, vtb/idim*0.0/, rptb/idim*0.0/, brtb/idim*0.0/, impbc/0/
!
! set initial values for constants
!
data emé6/1.0e-6/, em10/1.0e-10/, em20/1.0e-20/, ep10/1.0e10/, ep20/1.0e20/, &
¢1/0.333333/, ¢2/0.666667/, zero/0.0/, one/1.0/, clone/0.999999/, &
cfl/5.0/
!
! set physical properties of the gas
!
data rgas/1.0/, gamma/1.4/, cmu/0.0/, cku/0.0/, sc1/0.0/, s¢2/0.0/, &
evg/1.0/, epg/1.0/, prt/1.0/, mulny/ijdim*0.0/, mu/ijdim*0.0/, &
kulimy/ijdim*0.0/, kw/ijdim*0.0/
!
t set logical variables
!
data restrt/.false./, savers/.false./, steady/.false./, icheck/ false./, &
source/.false./, wshear/.false./
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!
! set the names
!
data name/'flow simulation using the << sharp >> program'/
data fngrd/'sharp.grd'/, fninp/'sharp.inp'/, fnout/sharp.out'/
data fnplt/'sharp.dat’/, fnrst/sharp.rst/, fnsav/sharp.sav'/
data fndlt/'delta.dat"/, fars1/'dnrsd.dat'/, fnrs2/'xmrsd.dat"/
data fors3/'ymrsd.dat'/, fnrs4/'enrsd.dat’/, fars5/ttrsd.dat/
data dfgrd/" /, dfinp/' '/, dfout/' '/, dfplt/' '/, dfrst/* '/, dfsav/' '/
data dfdlt/' V/, dfrs1/' Y, dfrs2/'/, dfrs3/' Y/, dfrs4/' Y, dfrs5/ Y
!
! zero all primitive variables
!
data p/ijdim*1.0/, v/ijdim*0.0/, v/ijdim*0.0/, t/ijdim*1.0/, &
dv/ijdim*1.0e-10/, mach/ijdim*0.0/, rm/0.0/, rum/0.0/, rvm/0.0/, &
em/0.0/, um/0.0/, vi/0.0/, pm/0.0/, tm/0.0/, rp/0.0/, rup/0.0/, &
rvp/0.0/, ep/0.0/, up/0.0/, vp/0.0/, pp/0.0/, tp/0.0/
!
! zero all conserved variables
!
data q1/ijdim*1.0/, q2/ijdim*0.0/, q3/ijdim*0.0/, q4/ijdim*1.0/, &
dq1/ijdim*0.0/,dq2/ijdim*0.0/, dq3/ijdim*0.0/, dq4/ijdim*0.0/, &
dqnl1/ijdim*0.0/, dgqn2/ijdim*0.0/, dqn3/ijdim*0.0/, dgn4/ijdim*0.0/
!
! zero all coefficients needed in viscous flux terms
!
data al/ijdim*0.0/, a2/ijdim*0.0/, a3/ijdim*0.0/, a4/ijdim*0.0/, &
a5/ijdim*0.0/, a6/ijdim*0.0/, a7/ijdim*0.0/, a8/ijdim*0.0/, &
a9/1jdim*0.0/, a10/ijdim*0.0/, a1 1/ijdim*0.0/, b1/ijdim*0.0/, &
b2/ijdim*0.0/, b3/ijdim*0.0/, b4/ijdim*0.0/, b53/ijdim*0.0/, &
b6/ijdim*0.0/, b7/ijdim*0.0/, b8/ijdim*0.0/, b9/ijdim*0.0/, &
b10/ijdim*0.0/, b11/ijdim*0.0/
!
! zero all geometry
!
data x/ijdim*0.0/, y/ijdim*0.0/, yc/ijdim*1.0/, unxr/ijdim*0.0/, &
unyr/ijdim*0.0/, arer/ijdim*0.0/, unxt/ijdim*0.0/, unyt/ijdim*0.0/, &
aret/ijdim*0.0/, jac/ijdim*0.0/
!
! zero all sources
!
data omg1/ijdim*0.0/, omg2/ijdim*0.0/, omg3/ijdim*0.0/, omg4/ijdim*0.0/, &
avea/nvsq*0.0/, terr/nvar*0.0/, errl/nvar*0.0/
!
! zero all jacobians
!
data ap/ijnvs*0.0/, amv/ijnvs*0.0/, bp/ijnvs*0.0/, bnv/ijnvs*0.0/, &
dhdq/ijnvs*0.0/
!
! zero all other stuff
!
datai/2/,j/2/, ij/2/, im1/3/, jm1/3/, im2/2/, jm2/2/, im2jm2/4/, imax/4/, &
jmax/4/, €i1/0.0/, 12/0.0/, €i3/0.0/, €i4/0.0/, ev1/0.0/, ev2/0.0/, &
ev3/0.0/, ev4/0.0/, £11/0.0/, £12/0.0/, £13/0.0/, £i4/0.0/, fv1/0.0/, &
£v2/0.0/, fv3/0.0/, fv4/0.0/, h1/0.0/, h2/0.0/, h3/0.0/, h4/0.0/, &
ilow/2/, jlow/2/, ihgh/3/, jhgh/3/

end

subroutine beimp
!
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! set boundary conditions

! option 1 : rigid free-slip boundary condition.

! option 2 : rigid no-slip boundary condition.

! option 3 : subsonic inlet boundary condition.

! option 4 : supersonic inlet boundary condition.
! option 5 : outlet boundary condition.

! option 6 : mass injection boundary condition.
P AR AR AR AR AR AR AR AR F AR oA KR KA R ORK R KRRk oK

1
include ‘params.cmd'’
include precs.cmd’
include 'arrays.cmd'
include 'param.cmd'
include bcon.cmd’

e

return
end
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1. Abstract 3. Introduction

The major objective of this research work is to study Natural draft dry cooling towers are a type of cooling
the impact of special type of wind break walls on towers which are used under certain conditions such as
performance improvement of natural draft dry cooling high water temperature and insufficient water supplies.
towers under cross wind condition. Using the finite Dry cooling towers that depend on convection and use
volume method, the fluid flow and temperature air as the transport medium may be preferable under
distribution around and in a tower are simulated. k—& aforementioned conditions.
model was employed for turbulent flow modeling. A The performance of all air-cooled heat exchangers
new parameter called “mass efficiency” was introduced and cooling towers are affected by changes in ambient
to compare different cases. The results have indicated conditions. Changes in temperature, humidity, winds,
improvement in the performance of cooling tower when inversions and rain all influence the performance of
wind break walls are used. Losses due to the cross wind cooling towers.
is reduced and electricity production is increased. The In summer and wind seasons, the cooling efficiency
predicted numerical results were validated in forced of the tower is evidently reduced and the electricity
convection case with Su et al. results. produced by the power plant is decreased. Because of

importance of wind effect on dry cooling towers
performance, many investigations have been done either
numerically and experimentally.

Bergstom et al. [4] did the first 2D simulation of
fluid flow in cooling tower. Demoren and Rodi [5]

2. Nomenclature

14 locit t ) .
T :/eerr?;;thz:: o modeled the cooling tower as an empty tube with heat
L fluid from its bottom. Using PHOENICS software, Du
K turbulent kinetic energy . :
o : Preez and Kroger (7] studied the effect of wind on the
P kinetic energy production due to turbulence .
homon type cooling tower performance. They used a
porous wall at the center of tower as wind break wall for
Greek Letters reducing the wind effect.
g stress tensor Su et al. [8] numerically studied the performance of
B vF)lu.me cxpansion coeff. ‘ the Heller dry cooling tower under cross wind. Using
3 dissipation rate FLUENT, Al-Waked and Behnia [9] studied the effect
Y7 viscosity of the cross wind on thermal performance of Homon-
n mass efficiency type cooling towers and employed wind break walls to

reduce this effect.
The aim of this research work is to study the impact

Subscripts
of wind break walls on the performance of towers under

t turbulence
k due to kinetic energy cross wind condition. Finite volume method is used to
£ due to dissipation rate simulate the fluid flow and temperature distribution

around and in a Heller type dry cooling tower. In
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absence of high circulating, k—¢ method was employed
for turbulent flow modeling. A new parameter, “mass
efficiency” or “hydrodynamic efficiency” was
introduced to compare different cases. The fluid flow in
three phases was considered.

In the first phase, a CFD code was developed by
authors to simulate natural convection in dry cooling
tower in the absence of wind. In the second phase,
forced convection due to cross wind effect was studied
by utilizing FLUENT.

At the last phase, the effect of a special type of wind
break wall on the performance improvement of cooling
towers was studied.

4. Governing Equations

The following assumptions were considered to derive
the governing equations:

The flow 1is steady, three dimensional and
incompressible. The variation of density due to pressure
can be neglected and thus the density varies only with
temperature and the buoyancy term is considered. The
principal equations in a vector form are:

VV=0 0y

(V-V)V=—1VP+V-(3)—ﬂ(T—T,,)g+F 2)
P P

p(V V)T =-V-[T+T,)VT]+Q 3)

When air flows through the radiators, heat is added
to air from the radiators and therefore a heat source term
is added in the energy equation. In the k—¢ turbulence
model the dynamic viscous coefficient is written as:

i k?
v, = ;',U, =C,

4)

£
Where equations for turbulence kinetic energy, k, and
dissipation rate,e are:

¥V -Vk=V[v+v,/o,)Vk]+P+G-¢
)

V-V)e=V[v+v,[o,)Vk]+

Cis %(P +G)—c,, % (©)

5. Numerical Models

yY¥»

In this study the fluid flow was studied numerically in
three models: natural convection (nominal condition),
forced convection due to wind and a model including
wind break walls.

5.1 Natural Cenvection Model

In natural convection case, the fluid flow in the
cooling tower is simulated by using a CFD code which
has been developed by authors. The code has ability to
generate 2D and 3D meshes and ability to solve 2D and
axisymmetric continuity, momentum and energy
equations. The flow and temperature fields in natural
convection case are axially symmetric.

In this case, firstly, the grid is generated by
isoparametric  coordinates = method. This two
dimensional grid generation method was introduced by
Zienkiewicz & Philips [2].

The generated grid cell number using this technique
for current geometry is 11x36 which depicted in fig. 1.
In this case, the atmospheric pressure was considered to
define the inlet pressure.

S
100

Fig. 1: Grid for natural convection model.

5.2 Forced Convection Model

In the forced convection model the algebraic
equations of discredited governing equations are
discrete and solved by an implicit method and a
segregated solver. The SIMPLE algorithm is used for
the calculation of the pressure and therefore the velocity
field.

The wind velocity was used to define the inlet
boundary condition and the air static pressure at the
flow outlet boundary for forced convection case (windy
condition). Three dimensional fluid flow has a
symmetric plane, parallel to the wind direction.

5.3 Wind Break Walls Model

Wind break walls first were introduced by du Preez
and Kroger [7], and they applied a porous wall in the
centre of a Homon-type cooling tower (inside the tower)
as a wind break wall.



Another type of wind break walls was applied by Al-
Waked & Behnia [9]. They used eight rectangular
shaped walls on the outside of the tower. Their work
shows the good improvement in the performance of the
tower under cross wind condition.

In this paper, two types of wind break walls are
introduced. First type as shown in fig. 2 is two curve
shaped walls and another (fig. 3) is four curve shaped
walls.

Fig. 2: Using two curved wind break walls.

Fig. 3: Using four curved wind break walls.

The no slip principle was used for solid regions such
as wind break walls, tower shell and ground. The
pressure drop through radiators is assumed to be
proportional to the dynamic head of air and for
modeling radiators; a porous zone with thermal source
term is selected at the inlet boundary of the tower.

AP=KL%pv2 (7)

6. Results and Discussions

To investigate the performance of cooling towers in
aforementioned models a real industrial scale cooling
tower was used with following specifications is used.
Bottom diameter: 110 m
Tower height: 130 m
Throat diameter: 62 m
Radiator height: 20 m

YYY

Ejected heat: 404 MW

Fig. 4 shows the calculation domain dimensions and
boundary types. Domain is consists of a rectangular
parallelepiped with 700x400x400 m dimensions,
around the tower.

inlet boundary

’ cutiet. boundary]
It

Fig. 4: Physical domain.

Figs 5 and 6 show the velocity vectors, contours of
temperature respectively for natural convection model.

'In this model the flow field and temperature distribution

are axisymmetric and so a half of the tower was
considered.
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Fig. 5: Velocity vectors for natural convection model.

Fig. 7 shows the velocity vectors in symmetric plane for
5 m/s wind velocity for forced convection model. Contours
of temperature in symmetric plane are shown in fig. 8. Fig.
9 shows the velocity vectors in the horizontal plane at the
level of 10 m and in this fig. there is a couple of vortexes

in the tower, which are formed due to the convergence of

two flows through the front part and back part of the tower
with different intensities.
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Fig. 6: Contours of temperature for natural
convection model.

Fig. 7: Velocity vectors in symmetry plane for
5 m/s wind speed.

The flux of entering air into the tower is reduced
greatly in the side part of the tower (outside the
radiators) and so the cooling efficiency decreases
because the air tangential velocity is lower similar to
flow over a cylinder. According to fig. 6, the flux of air
entering the radiators increases in the front part of the
tower (facing the wind).

Fig. 10 shows the velocity vectors in the symmetric
plane for wind velocity equal to 10 m/s and it is clear
that there is a “wind-cover” over the tower. This
phenomenon is occurred because the air exit velocity of
tower is less than the wind velocity moving over the
tower. Wind-cover acts as a cap over the tower. With
increasing wind velocity, this phenomenon becomes
more and more strong.

YYA
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plane at thé »

I Fig. 9: Velocity vectors in horizontal
level of 10 m.

To validate the predicted numerical results, these
results were compared with Su et al. [4] work and
comparison was showed good agreement for these
results.

The flux of air moving through radiators can be an
important factor for heat transfer from radiators and thus
cooling efficiency. So the new parameter, v, named
“mass efficiency” or “hydrodynamic efficiency” that is
the ratio of air flux at different conditions such as
different wind speeds and high ambient temperature to
nominal condition air flux (natural convection), is a

suitable ~ parameter  for  cooling  performance
investigation.

m
7= ®

M nat .convection



Fig. 10: Velocity vectors in symmetry plane for
10 m/s wind speed.

Fig. 11 shows the value of m in different wind
velocities for two cases without and with using wind
break walls. Without using wind break walls, it can be
seen that n decreases when the wind velocity increases.
When the value of 1 decreases, the air flux moving
through radiators decreases and the radiators can not
work in nominal condition, so the cooling efficiency
and finally the electricity production reduces.
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Mass Efficiency
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Wind Velocity(m/s)

L—o—wilhoul wind break wall ~ - ~with wind break wall

Value of Mass Efficiency in Different
Wind Velocities.

Fig. 11:

As mentioned in forced convection part, the air flux
decreases in the side part of the tower and thus the walls
located at the 8 = 120° where 0 measured from wind
direction. We introduce a new parameter to compare the
performance of tower at different conditions such as
with or without wind break walls.

Table 1 shows the value of mass efficiency for
different cases at 10 m/s wind velocity. As seen in table
1, using both types of wind break walls improve the
tower performance because the value of m shows
increasing in comparison with no wind break walil
condition.

Table 1: Values of Mass Efficiency for Different Cases.

vya

Mass Efficiency
State
M)
Natural Convection 1
10 m/s Wind Speed 0.8
Using Two Wind Break
Walls 0.86
Using Four Wind Break
Walls 0.89

Velocity vectors in horizontal plane for 10 m/s wind
velocity was shown in fig. 12, when four wind break
walls was used. It is clear that the effect of vortexes
‘mentioned in forced convection case is weaker.

2

Fig. 12: Velocity Vectors in Horizontal Plane
m/s Wind Speed..

For 10

Increasing in value of 1 and so the radiators air flux
can also improve the wind-cover effect because the air
exit velocity at the top of tower will increase. This
effect is shown in fig. 13 for 10 m/s wind speed.

Also fig.11 shows increasing the value of n for all
wind velocities with using wind break walls and thus
increasing in 1 causes the performance improvement of
tower. Therefore using wind break walls improve the
tower performance in different wind velocities.

Comparison between fig. 13 and fig. 8 shows that the
wind-cover without using wind break walls is stronger
than using them.



Fig. 13:  Velocity Vectors in symmetric Plane for
10 m/s Wind Speed with Wind Break Walls.

7. Conclusion

According to the predicted numerical results
mentioned in this study the reasons for loss in
performance of natural draft dry cooling towers are:

1) Vortex production in the bottom of tower.

2) Decreasing in flux of air entering the tower from side
part.

3) Difference between intensities of the air flow exits
from cooling tower and wind flow at top of the tower
that causes “wind-cover”.

As mentioned in last section, change in the external
shape of the tower such as installing wind break walls
can improve the cooling efficiency under cross wind
condition.
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ABSTRACT

The purpose of this paper is to study the effect of wind,
different types of wind break walls and ambient temperature on
the performance of natural draft dry cooling towers. The
performance of cooling towers under above mentioned cases
was investigated numerically. Using a general purpose CFD
code, a three dimensional fluid flow and temperature
distribution around and in a cooling tower were simulated. In
absence of high circulating, k- turbulence model was used for
turbulent flow modeling. The performance losses reasons was
discussed in brief and then, the performance of cooling tower
under cross wind with using different types of wind break walls
was investigated. The results have indicated a good
improvement in reducing the performance losses due to cross
wind. Finally, the effect of high ambient temperature was
discussed.

INTRODUCTION

Natural draft dry cooling towers are known for their
advantages as water resource saving, protecting the
environment, pollution free. But it is found that the

performance and cooling efficiency of cooling towers are
seriously dependent on the environmental conditions, such as
ambient temperature, cross wind speed, humidity, inversions
and rain.

In summer and wind seasons the cooling efficiency of the
tower is evidently reduced and the electricity production by
power plant reduced to a large extent due to condenser vacuum
decreasing. Because of importance of wind effect on dry
cooling towers performance, many investigations have been
done either numerically and experimentally.

Bergstom et al. [1] did the first 2D simulation of fluid flow
in cooling tower. Demoren and Rodi [2] modeled the cooling
tower as an empty tube with heat fluid from its bottom. Using
PHOENICS software, Du Preez and Kroger [4] studied the
effect of wind on the homon type cooling tower performance.
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They used a porous wall at the center of tower as wind break
wall for reducing the wind effect.

Su et al. [5] numerically studied the performance of the
Heller dry cooling tower under cross wind. Using FLUENT,
Al-Waked and Behnia [6] studied the effect of the cross wind
on thermal performance of Homon-type cooling towers and
employed wind break walls to reduce this effect.

The aim of this research work is to study the impact of wind
break walls on the performance of towers under cross wind
condition. Finite volume method is used to simulate the fluid
flow and temperature distribution around and in a Heller type
dry cooling tower. In absence of high circulating, k-&¢ method
was employed for turbulent flow modeling. A new parameter,
“mass efficiency” or “hydrodynamic efficiency” was
introduced to compare different cases.

The major objective of this research work is to study the
impact of different types of wind break walls on the natural
draft dry cooling tower performance under cross wind.

Firstly the reasons for performance losses were discussed
briefly and then different arrangements of wind break walls and
advantages and disadvantages were studied. Then the

performance improvement using these walls was discussed.
Finally the effect of ambient temperature was studied.

NOMENCLATURE

|14 velocity vector

T temperature

K turbulent kinetic energy

P kinetic energy production due to turbulence
Greek Letters

o stress tensor

B volume expansion coeff.

£ dissipation rate



viscosity
mass efficiency

H
n

Subscripts
t turbulence

w windy condition

wo water outlet

a ambient

ai air inlet

k due to kinetic energy
£ due to dissipation rate

GOVERNING EQUATIONS

The following assumptions were considered to derive the
governing equations:

The flow is steady, three dimensional and incompressible.
The variation of density due to pressure can be neglected and
thus the density varies only with temperature and the buoyancy
term is considered. The principal equations in a vector form
are:

V-V=0 Y]

VW =-LvP+v.(&)- BT -T)g+F @
P P

p(V-V)T ==V -[C+T)VT]+Q 3)

When air flows through the radiators, heat add to air from
the radiators and therefore a heat source term is added in the

energy equation. In the A—¢ turbulence model the dynamic
viscous coefficient is written as:

“)

Where equations for turbulence kinetic energy, k, and
dissipation rate,e are:

V- VYk=V[w+v, /o )VE]+ P+G-& )
V-V)e=V]v+v,[o,)Vk]|+

2 (6)
cl£ %(P+G)_c2£ %
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EFFECT OF WIND

Measurements performed on natural draft cooling towers
subject to cross winds indicate a rise in outlet water
temperature with increasing wind speed for a given heat
rejection rate. In a dry cooling tower change in approach
temperature (difference between outlet water temperature and
air entering the tower) expressed as follows:

ATyo =AMTiyo—T.) = To — _Tai)W ~Tyo—T,) @)

Fig 1 shows the rise in cooling water temperature (approach
temperature) for six power plants.
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Figure 1: Rise in Cooling Temperature for different power
plants: 1) Lazdain in Russia; 2) Ibenbiron in Germany; 3)
Kakalin in Hungary; 4) Grud fry No.5 in South Africa; 5)

Grud fry No.6 in South Africa.

It is clear that for all aforementioned power plants, the
approach temperature increases with wind speed increasing.
Kroger [7] mentioned that cooling towers with horizontally
heat exchanger arrangement are less sensitive to wind.

For determining the tower performance losses under cross
wind condition, using FLUENT the fluid flow of a tower
simulated numerically. In this case the algebraic equations of
discredited governing equations are discrete and solved by an
implicit method and a segregated solver. The SIMPLE
algorithm is used for the calculation of the pressure and
therefore the velocity field.

Fig. 2 shows the velocity vectors in symmetric plane for 10
m/s wind velocity for forced convection model. Contours of
temperature in symmetry plane are shown in fig. 3. Fig. 4
shows the velocity vectors in the horizontal plane at the level
of 10 m and in this fig. there is a couple of vortexes in the
tower, which are formed due to the convergence of two flows
through the front part and back part of the tower with different
intensities.




Figure 2: Velocity Vectors in Symmetry Plane.
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Figure 3: Contours of Temperature in Symmetry Plane,

The flux of entering air into the tower is reduced greatly in
the side part of the tower (outside the radiators) and so the
cooling efficiency decreases because the air tangential velocity
is lower similar to flow over a cylinder. Fig. 5 shows the
pressure contours in horizontal plane at the level of 10 m.
Distribution of static pressure at the tower inlet is shown in Fig.
6. According to Figs 5, 6 it is clear that pressure distribution at
the tower inlet is similar to the flow over a cylinder.

According to fig. 4, the flux of air entering the radiators
increases in the front part of the tower (facing the wind).

From fig. 2 it is clear that there is a “wind-cover” over the
tower. This phenomenon is occurred because the air exit
velocity of tower is less than the wind velocity moving over the
tower. Wind-cover acts as a cap over the tower. With
increasing wind velocity, this phenomenon becomes more and
more strong.

YYY

Figure 4:Velocity Vectors in Horizontal Plane at the Level of
10 m.

The flux of air moving through radiators can be an
important factor for heat transfer from radiators and thus
cooling efficiency. So the new parameter, 1, named “mass
efficiency” or “hydrodynamic efficiency” that is the ratio of air
flux at different conditions such as different wind speeds and
high ambient temperature to nominal condition air flux (natural
convection and 288 K ambient temperature), is a suitable
parameter for cooling performance investigation.

” @®)

M nat.convection

Figure 5: Contours of Static Pressure in Horizontal Plane.
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Figure 6: Distribution of Static Pressure at the Tower Inlet.

Fig. 7 indicates the values of nj for different wind velocities.
It can be seen that 1 decreases when the wind velocity
increases. When the value of 1 decreases, the air flux moving
through radiators decreases and the radiators can not work in
nominal condition, so the cooling efficiency and finally the
electricity production reduces.

According to the predicted numerical results the reasons for
loss in performance of natural draft dry cooling towers are:
1) Vortex production in the bottom of tower.
2) Decreasing in flux of air entering the tower from side part.
3) Difference between intensities of the air flow exits from
cooling tower and wind flow at top of the tower that causes
“wind-cover”.
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Figure 7: Mass Efficiency Values in Different Wind Velocities
(Ta=288 K).

WIND BREAK WALL TYPES
Wind break walls first were introduced by du Preez and
Kroger [4], and they applied a porous wall in the centre of a

Y¥Y

Homon-type cooling tower (inside the tower) as a wind break
wall.

Another type of wind break walls was applied by Al-Waked
& Behnia [6]. They used eight rectangular shaped walls on the
outside of the Homon type cooling tower. Their work shows the
good improvement in the performance of the tower under cross
wind condition.

In this paper five different types of wind break walls were
introduced and employed for cooling tower performance
improvement these wind break wall types are shown in figs § to
12. Figures 8 and 9 show using two and four curve shaped wind
break walls. As mentioned in last part, the air flux decreases in
the side part of the tower and thus the walls located at the 8 =
120° where 6 measured from wind direction. So the walls were
considered in 6=120°.

In fig. 10 the walls are normal to the inlet boundary of the
tower. All aforementioned walls are dependent to wind

.direction. But we apply other two wall types that are not

dependent on wind direction. Fig. 11 shows two walls which
installed at 6=90.

As shown in fig 12 eight wind break walls are located
radially at the tower inlet. This walls arrangement is not depend
on wind direction and it is an advantage for this arrangement.

Figure 8: Two Curve Shaped Wind Break Walls.

Figure 9: Four Curve Shaped Wind Break Walls.



Figure 19: Two Curve Shaped Wind Break Walls (normal to
tower inlet).

Figure 11: Two Radial Wind Break Walls.

Figure 12: Eight Radial Wind Break Walls.

RESULTS AND DISCUSSIONS

To investigate the performance of cooling towers in
aforementioned models a real industrial scale cooling tower
was used with following specifications is used.

Bottom diameter: 110 m

A

Tower height: 130 m

Throat diameter: 62 m

Radiator height: 20 m

Ejected heat: 404 MW

Domain is consists of a rectangular parallelepiped with
700400400 m dimensions, around the tower. The wind
velocity was used to define the inlet boundary condition and the
air static pressure at the flow outlet boundary for forced
convection case (windy condition).

The no slip principle was used for solid regions such as
wind break walls, tower shell and ground. The pressure drop
through radiators is assumed to be proportional to the dynamic
head of air and for modelling radiators; a porous zone with
thermal source term is selected at the inlet boundary of the
tower. Three dimensional fluid flow has a symmetric plane,

parallel to the wind direction.
The velocity vectors in horizontal plane at the level of 10 m

.were shown in figures 13 to 16. According to these figs, it is

clear that the aforementioned couple of vortexes become
weaker, so the air flux entering the tower and moving through
radiators increases at the side part of the tower.

Fig. 17 shows the velocity vectors in symmetry plane when
eight radial wind break walls were used. It can be seen that the
wind cover effect is weaker too.

Therefore the air flux entering the tower and moving
through radiators increases and then the value of 1 increases.
Different values of n were shown in figs 18 and 19 for two
types of wind break walls.

According to these figs the tower performance improves
with using wind break walls.

Figure 13: Velocity Vectors in Horizontal Plane Using Four
Curved Wind Break Walls.



Figure 14: Velocity Vectors in Horizontal Plane Using Two

Figure 15: Velocity Vectors in Horizontal Plane Using Two

Normal Wind Break Walls.

Radial Wind Break Walls.
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Figure 16: Velocity Vectors in Horizontal Plane Using Eight

Radial Wind Break Walls.
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Figure 17: Velocity Vectors in Symmetry Plane Using Eight
Radial Wind Break Walls
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Figure 18: Mass Efficiency Values Using Four Curved Walls
(Ta=300 K).
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Figure 19; Mass Efficiency Values Using Eight Radial Walls
(Ta=300 K).

For all wind velocities the mass efficiency was increased
and so the tower performance was improved using any wind



break walls. But using eight radial wind break walls is
recommended because these walls are not sensitive to wind
orientation.

HIGH AMBIENT TEMPERATURE

Another parameter that influence on the cooling tower
performance is the ambient dry bulb temperature, because the
heat transfer across the heat exchangers occurs via sensible heat
transfer only.

As expected, when the air temperature increases the
thermal performance and so mass efficiency decreases. Fig. 20
shows the decrement in mass efficiency for natural convection
case (no wind) at different ambient temperatures.

As it is shown in Fig. 21 for different wind velocities and-

ambient temperatures, the mass efficiency follows the same
trend at the different wind speeds.
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Figure 20: Mass Efficiency Values at Different Ambient
Temperatures.
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Figure 21: Mass Efficiency Values at Different Wind
Velocities and Ambient Temperature.

CONCLUSION

According to the predicted numerical results, changes in the
external shape of natural draft dry cooling towers will improve
their performance under cross wind condition by removing the
vortexes at the tower bottom and increasing the air flux moving
through radiators.

Five types of wind break walls were considered and
showed that using all of them has a positive impact on tower
performance subjected to cross wind. But some of these walls
are wind direction dependent and useful for power plants
located in regions that have one wind orientation. For regions
with different wind orientation using eight radial walls is
recommended because this arrangement is not depend on wind
direction.

Using wind break walls improved the wind-cover effect too,
but already this phenomenon exists at tower outlet. Also our
researches showed that changes in the shape of tower outlet or
installing special devices at the top of the tower will improve

‘the wind-cover effect and so the cooling efficiency.

As predicted, numerical results showed that when the
ambient temperature increases, the cooling tower efficiency
decreases. To improve this effect, redundant heat exchangers
called “peak cooler” are used in dry cooling towers with water
spray systems.
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Abstract
The purpose of this paper is to study the effect of different types of wind break walls on the

performance of natural draft dry cooling towers. The performance of cooling towers under cross wind
was investigated numerically. Using a general purpose CFD code, a three dimensional fluid flow and
temperature distribution around and in a cooling tower were simulated. In absence of high circulating,
k-¢ turbulence model was used for turbulent flow modeling. The performance losses reasons was
discussed in brief and then, the performance of cooling tower under cross wind with using different
types of wind break walls was investigated. The results have indicated a good improvement in
reducing the performance losses due to cross wind.

1 Introduction

Natural draft dry cooling towers are known for their advantages as water resource saving, protecting
the environment, pollution free. But it is found that the performance and cooling efficiency of cooling
towers are seriously dependent on the environmental conditions, such as ambient temperature, cross
wind speed, humidity, inversions and rain.

In summer and wind seasons the cooling efficiency of the tower is evidently reduced and the
electricity production by power plant reduced to a large extent due to condenser vacuum decrease.
Because of importance of wind effect on dry cooling towers performance, many investigations have
been done either numerically and experimentally.

Bergstom et al. [1] did the first 2D simulation of fluid flow in cooling tower. Demoren and Rodi [2]
modeled the cooling tower as an empty tube with injecting heated fluid from its bottom. Using
PHOENICS software, Du Preez and Kroger [4] studied the effect of wind on the homon type cooling
tower performance. They used a porous wall at the center of tower as wind break wall for reducing the
unfavorable wind effect.
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Su et al. [5] numerically studied the performance of the Heller dry cooling tower under cross wind.
Al-Waked and Behnia [6] studied the effect of the cross wind on thermal performance of Homon-type
cooling towers, using FLUENT code. They employed wind break walls to improve the cooling tower
performance under cross wind condition.

The aim of this research work is to study the impact of wind break walls on the performance of towers
under cross wind condition. Finite volume method is used to simulate the fluid flow and temperature
distribution around and in a Heller type dry cooling tower. In absence of high swirling flow, k-¢ model
was employed for turbulent flow modeling. A new parameter, “mass efficiency” or “hydrodynamic
efficiency” was introduced to compare different cases.

The major objective of this research is to study the impact of different types of wind break walls on
the natural draft dry cooling tower performance under cross wind. Firstly the reasons of performance
losses are discussed briefly and then different arrangements of wind break walls and their advantages
and disadvantages were studied. Finally the performance improvement using these walls is discussed.

2 Effect of Wind

Measurements performed on natural draft cooling towers subjected to cross winds indicate a rise in
outlet water temperature with increasing wind speed for a given heat rejection rate. In a dry cooling
tower change in approach temperature (difference between outlet water temperature and air entering

the tower) reads:
ATy =ANTyo~T,) =G0~ T )y ~To—T,) (O

Fig 1 shows the rise in cooling water temperature (approach temperature) versus cross wind speed for
six power plants.
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Figure 1: Rise in Cooling Temperature for different power plants: 1) Lazdain in Russia; 2) Ibenbiron
in Germany, 3) Kakalin in Hungary; 4) Grud fry No.5 in South Africa; 5) Grud fry No.6 in South
Africa.

It is clear that for all above mentioned power plants, the approach temperature increases with
increasing wind speed. Kroger [7] mentioned that cooling towers with horizontally heat exchanger
arrangement are less sensitive to wind.

For determining the tower performance losses under cross wind condition, numerical simulation of
the fluid flow has been performed, using FLUENT code. In this case the algebraic equations of
physical phenomena are discretized and solved by an implicit method and a segregated solver. The
SIMPLE algorithm is used for the calculation of the pressure and therefore the velocity field.
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To investigate the performance of cooling towers in aforementioned models a real industrial scale
cooling tower was used with following specifications is used.

Domain is consists of a rectangular parallelepiped with 700x400%400 m dimensions, around the
tower. The geometry is shown in Fig. 2.

Fig. 3 shows the velocity vectors in symmetric plane for 10 m/s cross wind velocity for forced
convection model. Contours of temperature in symmetry plane are shown in Fig. 4. Fig. 5 shows the
velocity vectors in the horizontal plane at the level of 10 m and in this Fig. there is a couple of
vortexes in the tower, which are formed due to the convergence of two flows through the front part
and back part of the tower with different intensities.

inlet boundary

{ outlet bounder
H
i

= N

Figure 2: Geometry of Analyzed Tower.

e
BT

'/\r !

Figure 3: Velocity Vectors in Symmetry Plane.

The flux of the air entering into the tower is reduced greatly in the side part of the tower (outside the
radiators) and so the cooling efficiency decreases because the air tangential velocity is lower similar
to flow over a cylinder. According to Fig. 5, the flux of air entering the radiators increases in the front
part of the tower (facing the wind).

From Fig. 3 it is clear that there is a “wind-cover” over the tower. This phenomenon is occurred
because the air exit velocity of tower is less than the wind velocity moving over the tower. Wind-
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cover acts as a cap over the tower. With increasing wind velocity, this phenomenon becomes more
and more strong.

Figure 5: Velocity Vectors in Horizontal Plane at the Level of 10 m.

The flux of air moving through radiators can be an important factor for heat transfer from radiators
and thus cooling efficiency. So the new parameter, 1, named “mass efficiency” or “hydrodynamic
efficiency” that is the ratio of air flux at different conditions such as different wind speeds and high
ambient temperature to nominal condition air flux (natural convection), is a suitable parameter for
cooling performance investigation.

m
n=——"—"" )
M nat .convection
Fig. 6 indicates the values of n for different wind velocities. It can be seen that n decreases when the

wind velocity increases. When the value of 7 decreases, the air flux moving through radiators
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decreases and the radiators can not work in nominal condition, so the cooling efficiency and finally

the electricity production reduces.

According to the predicted numerical results the reasons for loss in performance of natural draft dry
cooling towers are:

1) Vortex production in the bottom of tower.

2) Decreasing in flux of air entering the tower from side part.

3) Difference between intensities of the air flow exits from cooling tower and wind flow at top of the

tower that causes “wind-cover”.

3 Wind Break Walls

Wind break walls first were introduced by du Preez and Kroger [4], and they applied a porous wall in
the centre of a Homon-type cooling tower (inside the tower) as a wind break wall.

1,05
14
0,95 5

Rt
©

0,85 -

Mass Efficiency
o
[»<]

0,75 A
0,7 -

0.65 T T T — T
0 2 4 6 8 10 12

Wind Velocity(m/s)

Figure 6: Mass Efficiency Values in Different Wind Velocities.

Another type of wind break walls was applied by Al-Waked & Behnia [6]. They used eight
rectangular shaped walls on the outside of the Homon type cooling tower. Their work shows the good
improvement in the performance of the tower under cross wind condition.

In this paper five different types of wind break walls were introduced and employed for cooling tower
performance improvement these wind break wall types are shown in Figs 7 to 11. Figures 7 and 8
show using two and four curve shaped wind break walls. As mentioned in last part, the air flux
decreases in the side part of the tower and thus the walls located at the 6 = 120° where 6 measured
from wind direction. So the walls were considered in 8=120°.

In Fig. 9 the walls are normal to the inlet boundary of the tower. All aforementioned walls are
dependent to wind direction. But we apply other two wall types that are not dependent on wind
direction. Fig. 10 shows two walls which installed at 6=90.

As shown in Fig 11 eight wind break walls are located radially at the tower inlet. This walls
arrangement is not depend on wind direction and it is an advantage for this arrangement.
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Figure 7: Two Curve Shaped Wind Break Walls.

Figure 8: Four Curve Shaped Wind Break Walls.

Figure 9: Two Curve Shaped Wind Break Walls (normal to tower inlet).
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Figure 10: Two Radial Wind Break Walls.

4 Results and Discussions

To investigate the performance of cooling towers in aforementioned models a real industrial scale
cooling tower was used with following specifications is used.

Bottom diameter: 110 m

Tower height: 130 m

Throat diameter: 62 m

Radiator height: 20 m

Ejected heat: 404 MW

Figure 11: Eight Radial Wind Break Walls

Domain is consists of a rectangular parallelepiped with 700x400%400 m dimensions, around the
tower. The wind velocity was used to define the inlet boundary condition and the air static pressure at
the flow outlet boundary for forced convection case (windy condition).

The no slip principle was used for solid regions such as wind break walls, tower shell and ground. The
pressure drop through radiators is assumed to be proportional to the dynamic head of air and for
modelling radiators; a porous zone with thermal source term is selected at the inlet boundary of the
tower. Three dimensional fluid flow has a symmetric plane, parallel to the wind direction.
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The velocity vectors in horizontal plane at the level of 10 m were shown in Fig. 12. According to this
Fig., it is clear that the aforementioned couple of vortexes become weaker, so the air flux entering the
tower and moving through radiators increases at the side part of the tower.

Fig. 13 shows the velocity vectors in symmetry plane when eight radial wind break walls were used. It
can be seen that the wind cover effect is weaker too.

Therefore the air flux entering the tower and moving through radiators increases and then the value of
7 increases. Different values of n were shown in Fig. 14 and Fig. 15 for twotype s of wind break
walls.

According to these Figs the tower performance improves with using wind break walls.

For all wind velocities the mass efficiency was increased and so the tower performance was improved
using any wind break walls. But using eight radial wind break walls is recommended because these
walls are not sensitive to wind orientation.

5 Conclusion

According to the predicted numerical results, changes in the external shape of natural draft dry
cooling towers will improve their performance under cross wind condition by removing the vortexes
at the tower bottom and increasing the air flux moving through radiators.

Five types of wind break walls were considered and showed that using all of them has a positive
impact on tower performance subjected to cross wind. But some of these walls are wind direction
dependent and useful for power plants located in regions that have one wind orientation. For regions
with different wind orientation using eight radial walls is recommended because this arrangement is
not depend on wind direction.

Using wind break walls improved the wind-cover effect too, but already this phenomenon exists at
tower outlet. Also our researches showed that changes in the shape of tower outlet or installing special
devices at the top of the tower will improve the wind-cover effect and so the cooling efficiency.

Figure 12: Velocity Vectors in Horizontal Plane Using Eight Radial Wind Break Walls..
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Mass Efficiency

0,65 T T T T 1
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Figure 14: Mass Efficiency Values Using Eight Radial Walls.

Mass Efficiency

0,65 T y T T T |
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Figure 15: Mass Efficiency Values Using Four Curved Walls.
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Abstract

Natural draft dry cooling towers are a type of cooling towers which are
used under certain conditions such as insufficient water supplies. But it is
found that the cooling efficiency is seriously dependent on the
environmental conditions, such as ambient temperature, speed of cross
winds, etc.

In present dissertation, firstly the power plants problems under cross
wind and high ambient temperature is introduced. Then using forward finite
difference for time derivatives and upwind scheme for spatial derivatives,
the governing equations in natural convection case (no cross wind) are
solved numerically. The governing equations in 3D case (presence of cross
wind), are simulated numerically using FLUENT software and the
performance losses reasons due to wind speed and ambient temperature are
discussed.

Finally, changes in external shape of cooling tower (using wind break
walls) are introduced to improve the tower performance and effects of
different wind break walls are studied. The results show that using wind
break walls at the inlet and outlet of the tower will improve the tower

performance under cross wind condition.
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