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TYPE 60: STRATIFIED FLUID STORAGE TANK
(WITH OPTIONAL INTERNAL HEATERYS)

General Description

The therma performance of afluid-filled sensble energy storage tank, subject to thermd dratification,
can be modded by assuming that the tank consstsof N (N [ 100) fully-mixed equa volume ssgments,
asshownin Fg. 4.3.1.1. The degree of dratification is determined by the value of N. If N isequa to 1,
the storage tank is modeled as a fully-mixed tank and no sratification effects are possible. Options of
fixed or variable inlets, unequal Sze nodes, temperature deadband on heater thermogtats, incremental
loss coefficients, internd submersed heat exchangers, non-circular tanks, horizontal tanks, and losses to
the flue of agas auxiliary hegter are dl avallable.



Figure4.3.1.1. Stratified Fluid Storage Tank

To make it smple to change the number of nodes, tank component locations are entered as
heights, measured from the floor up, rather than node numbers. These componentsinclude: inlet and
outlet flows, auxiliary heaters, thermostats, and heat exchangers.

There are two inlet modes available. In mode 1, the flow stream enters the node that is closest to
it in temperature. With sufficient nodes, this permits a maximum degree of dratification. In mode 2, flow
streams enter the tank at fixed positions, as gpecified by the user. At the end of each time interva, any
temperature inversons that exist are diminated by mixing of the appropriate adjacent nodes.

The user may specify the height of each node using the last set parameters. Optiondly, equd size
nodes may be specified quite Smply by setting parameter 31 to zero. The modd will automatically
divide the tank into equal segments. In this case, no additiona node size specifications are required.

The volume of the tank used by the mode is assumed to be the actud volume of the tank. A
Sears 80 galon hot water heater does not necessarily hold 80 gallons of water. It is recommended to
the user that a tape measure and calculator be used to determine the tank volume, not the sticker on the
outside.

The mode optiondly includes two dectric resistance heeting € ements, subject to temperature
and/or time control. The control option alows the addition of eectrica energy to the tank during
selected periods of each day (e.g., off-peak hours). The electric resistance heaters may operate in one
of two modes. Mode 1 isamasgter/dave reationship. It dlows the bottom heating element to be



enabled only when the top dement is satisfied. In this control mode, it isimpossible for both eectric
heaters to be on smultaneoudy. However, it is possible for both heaters to be on during the same
TRNSY Stime step (upper heater may be on during first haf of the time step and lower heater may be
on during the second half of the time step). Mode 1 is common to most domestic hot water
goplications.

In mode 2, both heaters may be on smultaneoudy. Thisdlowsfor quicker heating of the Sorage
tank, but at aggnificantly higher eectric demand. If no eectric heating el ements are present in the tank
to be modded, the user may set the control switch (inputs 8 and 9) to have a constant value of zero, or
specify the heater power as zero.

The auxiliary heaters employ atemperature deadband. The heater is enabled if the temperature of
the node containing the thermodtat isless than (Tt - DTyp) Or if it was on for the previous time step

and the thermodtat temperature islessthan Tgg. If the lower hester meets these criteriaand the

master/dave reationship is employed, a check will be made to seeif the upper eectric heater is off
before enabling the second heating element.

In many circumstances, the tank may not be uniformly insulated or users may wish to account for
pipe entrances on the storage tank. With verson 14, it is possible for users to incrementdly insulate
certain nodes of dratified storage tanks by the specification of additiona parameters. To utilize the
incrementa |oss coefficients, the user must set the parameter 32 to 1 and specify the incrementa loss
coefficients. (This must be done for every node in the tank, even if some nodes have an additiona loss
coefficient of zero). The loss coefficient for the ith node is then:

Uj = Utank + DU

DU can be positive or negative, just aslong as U; > 0.

A pressure relief valve has been added to the storage tank to account for boiling effects. The user
must specify the boiling temperature of the fluid; venting will release sufficient energy to keep the tank at
the boiling temperature. The loss of mass due to venting is neglected. Energy lost to boiling will be
added to the energy lost to the environment. (Output 7)

The modd dlows for tanks with a gas auxiliary heater. The modd treats gas auxiliary energy the
same as dectric energy, S0 the heat rate when the burner isfiring isthe same asif it was dectric power.
When the burner is on, no energy islost to the flue. When the burner is off, energy islost to theflue a a
temperature Tflue, which is entered as a parameter. The user specifies the overdl conductance for heat
loss to the flue and the flue temperature.



Because atank could have a gas flue but be heated dtrictly with dectric, the user must differentiate
between eectric and gas auxiliary heat. If gas heat isto be used, (only one heater may be gas) it must
be auxiliary heater #2, and parameter 29 (GasAux Mode) must be set to 1. If both dements are
electric, paramter 29 isset to 0.

The modd is capable of modding tanks of any shape aslong as the cross-sectiond arealis
uniform.  The user must enter the tank’ s height, volume and perimeter. If the tank is a cylinder, the user
may enter aperimeter of -1 and the modd will compute the perimeter automatically.

The Type 60 tank can aso model horizonta cylindrica tanks. The user must enter a perimeter of
-2. The mode automaticaly dividesthetank into N equa volume segments. If the user desires nodes
of equa height, they must be entered manudly (Hmode=1). Keep in mind that with this option, the
tank’s height will aso beitsdiameter. All heights are still measured from the floor up.

The modd includes the option for up to 3 interna heat exchangers. The user must specify the
dimensions of the heat exchangers, as well as the temperature and flow rate of theingdefluid. The
ingde fluid can be water, water/propylene glycol mixture or water/ethylene glycol mixture. Two wall
conductivity parameters are used: one for the conductivity of the heat exchanger materid itsdf, and one
for the conductivity of the heat exchanger wall, which dlows for contact resstance. Contact resstance
would be present with a double wall heat exchanger where the heat exchanger is atube-within-a-tube
design. Refer to the Mathematica Description section for details of the equations used.

To modd de-dratification due to mixing at node interfaces and conduction aong the tank wal, the
user may enter an additiond conductivity parameter Dk. The additiona conductivity term is added to
the conductivity of the tank fluid and is gpplied to al nodes. For rough caculations, one may caculate
Dk as:

A
X = Ktankwall —e2nkwal (43.1.1)

Aqwma

Where Kiank wall 1S the therma conductivity of the tank wall and A¢ is the cross-sectional area.

To minimize errors, the Type60 tank modd usesits own internd time steps. This hasthe
advantage of results being unaffected by the sze of the TRNSY Stime step. The modd interndly
computes the critica Euler time step. The user choose the Sze of the internd time step by entering the
fraction of the critical Euler time step. This has the effect of increasing ether the mode’ s speed or
accuracy. The table below shows the rdative effect of cutting the critical time step.



Table4.3.1.1 Modd time step Size's effect on accuracy

Fraction of Iterations / Total iterations %error
critical time step required
1/1*10"7 1.0 10,000,000 0.000
1/100 3.0 300 0.002
1/50 3.0 150 0.007
1/20 4.0 80 0.048
1/10 4.8 48 0.192
1/6 5.5 33 0.536
1/4 6.5 26 1.221
1/3 7.7 23 2.199
1/2 10.0 20 5.154
1 21.0 21 26.622

The user specifies parameter 28 (Crit Fraction) as the denominator in the first column of the table shown
above. For example to use time steps that are 1/6 the critical Euler time step Size, enter parameter 28
as6.

Nomenclature (for variables not defined in Component Configuration section)

Acj cross-sectional area of anode

Asi surface area of anode

ho outside convection coefficient for interna hest exchanger

i node index. i=1isthetop node, i=N isthe bottom node
Mown bulk fluid flow rate down the tark

M mass of node i

m/UP bulk fluid flow rate up the tank

N number of nodes

Nup Nussdlt number for externa flow around atube

TstatN Temperature of the node containing the thermostat

t time

DXi11@ i center-to-center distance between nodei and the node below it
DXi-1® i center-to-center distance between node i and the node above it

Mathematical Description

An energy baance written about the ith tank segment is expressed as.
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Not &l termsin (4.3.1.2) will be non-zero. Only two of the Mfup \ NMgown terms can be non-zero

a once. Other terms, such asflows in/out and auxiliary heat may occur at different nodes, hence they
would be zero for nodei aso.

The auxiliary heater isoff if: gy = O, the heater was previoudy off and Tgign U (Tset - DTgp)
orif Tggn U Tset- If amaster/dave relationship is specified between the two auxiliary hesters, the

lower auxiliary heater isdso off if the first auxiliary heater ison. The modd assumes that energy
supplied to the tank from the heater is placed in the tank segment containing the heeter, and then
temperature inversons are eliminated.

The temperatures of each of the N tank segments are determined by the integration of their time
derivatives expressed in the above equation. At the end of each time step, temperature inversons are
eliminated by mixing appropriate adjacent nodes.

The UARy and Imid of each heeat exchanger is determined iteratively. The outside natural
convection coefficient hy is determined from:

_ Nup (k)
hg=—"
do (4.3.1.3)
where
Nup =C Ra"

A typicad vauefor Cisabout 0.5 and nisusualy 0.25. These vaues are generaly congtant, but
can vary dightly for different log-mean temperature differences. Therefore, these vaues are entered as



INPUTS. If the user has curvefit information for C and n, they can be incorporated into the model
using an equation. (UAny, Imtd, and Tt are OUTPUTS of the model and can be used as part of a
curve fitting equation)

When modeling a tank with a heat exchanger cail, the program iterates from the node containing
the inlet of the main cail to the node containing the outlet of the main coil. Figure 4.3.1.2 shows an
example.

Outlet <-|

Tank

VUV

AN

Ine

Figure 4.3.1.2 Proper hest exchanger inlet

Although the actud inlet to the heet exchanger is through the top of the tank (shown by the smal black
arrow), the user must designate the inlet height as shown by the large gray arrow. If the inlet and outlet
were both specified as the top of the tank, the modd would assume the entire heat exchanger was in the
top node.

TRNSY S Component Configuration

Figure 4.3.1.2 graphically depicts the order in which parameters are entered.



basic parameters

32 Components shown in thediagram tha do not
33 exig would drop out and the bott om blockswould
hx 1 move up. For example, if the tank only had 2

heat exchangers,user-spedfied node heights,

jg and no additi ond | osses, H, woul d be parameter 57,
DU, would be parameter 58 (but would be 0), H,
hx2
56 would be parameter 59, etc.
57
hx3
68
69 o
71 72
user-spedfied H; user-specified DU;
Figure 4.3.1.2 Parameter Setup
PARAMETER NO. DESCRIPTION
1 Mode: inlet pogition

1 = automatic temperature seeking
2 = fixed at location specified

Viank - tank volume (m3)
Hiak - tank height (m3)
per - tank perimeter (m)

<vaue> = uniform cross-section tank

-1 = automatic cylindricd verticd tank

-2 = automatic cylindrica horizonta tank
Note: specifying a perimeter of -2 automatically divides the tank into N equal volume segments.
Any user-specified node heights are ignored.

5 Hiin - Height of flow inlet 1 (m)
<vdue> = normd
-1 = non-existent



10
11

12
13
14

15

16
17
18
19
20
21
22
23
24
25

26
27

28
29

H1out

AuxMode

Haux1
Hstat1
Tset1

DTdb1
Qaux1
Haux2
Hetat2
Tset2

DTdb2
Qaux2

UAflue
THiue

Crit Fraction
GasAuxMode

Height of flow outlet 1 (m)

<vaue> = norma

-1 = non-existent

Heght of flow inlet 2 (m)
<vaue> = norma

-1 = non-existent

Height of flow outlet 2 (m)
<vaue> = norma

-1 = non-existent

fluid specific heat (kJkg-° C)

fluid dengity (kg/mS)
overdl tank loss coefficient per unit area

(kJhr-mé-° C)
tank fluid thermal conductivity (k¥hr-m-° C)
de-gratification conductivity (k¥hr-m-° C)
tank boiling temperature (° C)
auxiliary hester mode
1 = meder / dave rdationship
2 = both heeters may be on smultaneoudy
height of auxiliary heater 1 in tank (m)
height of thermogtat for auxiliary heeter 1 (m)
st point temperature for first auxiliary heater (° C)
firg auxiliary heater temperature deadband (° C)
maximum hegating rate of firs auxiliary heater (kJhr)
height of auxiliary heater 2 in tank (m)
height of thermogtat for auxiliary heater 2 (m)
st point temperature for second auxiliary heater (° C)
second auxiliary heater temperature deadband (° C)
maximum hegating rate of second auxiliary hester
(kJhr)
overdl conductance loss coefficient of flue (kJhr-° C)
flue temperature (° C)
# of divisons of time step (1 < Crit Fraction < 1000)
gas auxiliary heat mode
0 = both hesters are eectric
1 =heater #2isgas



30 hxMode - number of interna heat exchangers (0 < hxMode < 3)
31 HMode - user-gpecified node height mode
O=tank isdivided into N equa segments
1 = user must specify each node' s height
32 UMode - Additiona Ujogg for aparticular node
0 = Upoge is the same as Uggnk
1 = user must specify additiond loss coefficient DU
for each node

The parameters listed below may or may not exist, depending on the values of parameters 30,
31, and 32. Refer to diagram after this section for a description of how parameters are entered.

The following 12 parameters are repeated for each heat exchanger

33 HX flud fluid used indde hest exchanger
1 = water
2 = propylene glycol / water mixture
3 = ethylene glycol / water mixture

34 dy - fraction of glycal in hesat exchanger fluid
0 < gly <1 propylene glycol mixtures
55 < gly < .85 ethylene glycol mixtures
(ignored if HX fluid = 1)

35 di - heat exchanger tube insde diameter (m)

36 do - heat exchanger tube outside diameter (m)

37 of; - heat exchanger fin diameter (d=d, for a smooth tube
heat exchanger) (m)

38 Ay - total outside surface area of heat exchanger (M)

39 fom - fins per meter (ignored for smooth tubes) (fing'm)

40 L - heat exchanger length (m)

41 Kwdl - heat exchanger wall conductivity (includes contact
resistance) (kJhr-m-° C)

42 Kmatl - heat exchanger materid conductivity (k¥hr-m-° C)

43 Hix, inheight of heet exchanger inlet (m)

44 Hhx out height of heat exchanger outlet (m)

if HMode=1 or UMode=1
(31+12*hxModet+2*i) H; - height of nodei



(32+12* hxMode+2*)

DU; - additional loss for node i

Note: specifying HMode or UMode as 1 requires that both be entered.

# of parameters = 32+2* N* max(HMode, UM ode)+12* hxMode

INPUT NUMBER
1 rMlin
2 r?'flout
3 r?'fZin
4 r?'f20ut

Note: the user must specify j-1 flow rates for j flows. One (and only one) of parameters 1-4

above must be -2.

The following 4 inputs are repeated for each heat exchanger

5 T1in

6 T2in

7 Tenv

8 Ontr,1

9 Ohtr,2
(if hxMode>0)

10 th in

11 Thxin

12 C

13 n

DESCRIPTION

-mass flow rate of entering fluid 1 (kg/hr)
-1 = non-existent (entered as a constant)
-2 = unknown (entered as a constant)
-mass flow rate of exiting fluid 1 (kg/hr)
-1 = non-existent (entered as a constant)
-2 = unknown (entered as a constant)
-mass flow rate of entering fluid 2 (kg/hr)
-1 = non-existent (entered as a constant)
-2 = unknown (entered as a constant)
-mass flow rate of exiting fluid 2 (kg/hr)
-1 = non-existent (entered as a constant)
-2 = unknown (entered as a constant)

temperature of entering fluid 1 (° C)
temperature of entering fluid 2 (° C)
temperature of environment (° C)
enable Sgnd for first hegting dement
enable Sgnd for second heating e ement

mass flow rate of fluid entering heet exchanger (kg/hr)
temperature of fluid entering heat exchanger (° C)

Nusselt number constant
Nussalt number exponent



#inputs = 9+4*hxMode

OUTPUT NUMBER
1

© 00 N O Oohk N

=
o

e
N

13

14

15
16

17
18

19

20

21

Q

aux,2

Q/flue -

DE -

T -
DP1in -

DESCRIPTION
inlet 1 flow rate (kg/hr)
outlet 1 flow rate (kg/hr)
inlet 2 flow rate (kg/hr)

outlet 2 flow rate (kg/hr)
temperature of outlet flow 1 (° C)

temperature of outlet flow 2 (° C)

rate of energy loss to the environment (kJhr)

rate of energy supplied through flow 1 (kJ/hr)
rate of energy leaving through flow 1 (kJhr)

rate of energy supplied through flow 2 (kJ/hr)
rate of energy leaving through flow 2 (kJhr)
rate a which auxiliary energy is added by both
auxiliary hegters (kJ/hr)

rate at which auxiliary energy is added by the first
auxiliary heater (kJhr)

rate & which auxiliary energy is added by the second
auxiliary heeter (kJhr)

rate of energy loss through the flue (kJ/hr)

internal energy change of the tank from the
beginning of the smulation (kJ)

average storage temperature (° C)
datic pressure difference between top of tank and inlet

flow 1 (kPa)

DP1gtstatic pressure difference between top of tank and

DP2|n -

outlet flow 1 (kPa)
satic pressure difference between top of tank and inlet

flow 2 (kPa)

DPogtstatic pressure difference between top of tank and

outlet flow 2 (kPa)



The following 5 outputs are repeated for each heat exchanger

(if hxMode>0)

22
23

23

25

26

22+hxMode*5 Tq
23+hxMode*5 Ty
22+hxMode* 5+

DERIVATIVE NO.

1

N

Q/hx - rateof energy input from heat exchanger (kJhr)

Tot -  temperature of fluid exiting heat exchanger (° C)

Tout Node temperature of node containing heet exchanger outlet
(ule)

Imtd -  average heat exchanger log-mean temperature
difference (° C)

UApx -  average heat exchanger UA vadue (kJhr-° C)

-time-averaged temperature of the top node (° C)
-time-averaged temperature of the bottom node (° C)

T; - time-averaged temperature of the ith node (° C)

DESCRIPTION

T, - initid temperature of the fluid in the top tank segment
Q)

T; - initid temperature of thefluid in the ith tank segment
e

Ty - initid temperature of the fluid in the Nth tank segment
Q)

Note: the model obtains the number of nodes from the number of derivatives



Information Flow Diagram

M1in Miout n2in MM2out Tiin T2in Tenww ghrl ghr2 Mhxin T hxin C n
1 2 3 4 5 6 7 8 9 (10 11 12 13)
22+hxM ode* 5+i
23+hxM ode*5
22+hxM ode*5
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vy e e e

rﬁliﬂ ﬁ,{Zin Tiou (genv 61(1]1 (32 out dguxl dﬂue ? D PLou DP2aut| Tout | Imtd T1 Tj

y

Myout Mo out T20u 61in dZin daux éauxZ DE DP1in DP2in dhx v UAm TN

ToutNode

Reference
l. Klein, SA., "A Desgn Procedure for Solar Heating Systems’, Ph.D. Thesis, Department of
Chemicd Engineering, Universty of Wisconsan-Madison, (1976)

C2 Eigenvalue/ Eigenvector Subroutines{ TC "C2
Eigenvalue/ Eigenvector Subroutines' \I 1}

c EE R I I I I I b I I O IR I I I S S S I I R R R I S R S I I
subrouti ne eigen(a, n, eigval, ei gvec, z)

THI' S SUBROUTI NE COMPUTES THE EI GENVALUES AND EI GENVECTORS
OF THE MATRI X a

O o0 o000

integer n,nmmatz,ierr



(¢]

12
13

14

15

11

12

13

14
15

doubl e precision a(l15,15),w (15),w (15), z(15,15),fv1(15)
doubl e precision eigval (15), ei gvec(15, 15), at enp( 15, 15)
i nteger iv1(15)
nmen
mat z=1
do 13 i=1,n

do 12 j=1,n

atenp(i,j)=a(i,j)

conti nue

conti nue

call rg(nmn,a,w,w ,matz,z,ivl, fvl ierr)

do 15 i=1,n
do 14 j=1,n
a(i,j)=atenp(i,j)
eigvec(i,j)=z(i,j)
conti nue
eigval (i)=w(i)
conti nue

return
end

R I R R kI R O S R S I R S T S S S R S S R

subroutine inv(a, ainv,n)
THI' S SUBROUTI NE COMPUTES THE | NVERSE OF MATRI X a

doubl e precision a(l5, 15), ai nv(15, 15),i ndx(15), atenp(15, 15)
np=n
do 10 i=1,n
do 9 j=1,n
atemp(i,j)=a(i,j)
conti nue
conti nue
do 12 i=1,n
do 11 j=1,n
ainv(i,j)=0.0
conti nue
ainv(i,i)=1.
conti nue

call ludcnp(a, n, np,indx, d)

do 13 j=1,n

call lubksb(a, n, np,indx,ainv(l,j))
conti nue
do 15 i=1,n

do 14 j=1,n

a(i,j)=atenp(i,j)

conti nue

conti nue



O o000

OO0 00000000

300

200
100

10

return
end

R I R R R S R O S R R I S R R R S R S S O R

subroutine mult(rowsA, col sA col sB, a, b, ¢)
THI' S SUBROUTI NE MULTI PLI ES MATRI X a BY MATRI X b AND RETURNS MATRI X ¢

i nt eger rowsA, col sA col sB,i,k,s
doubl e precision sum a(15, 15), b(15,15), c(15, 15)

do 100 i =1, rowsA
do 200 k=1, col sB
sum=0.
do 300 s=1, col sA
sumesumta(i, s) *b(s, k)
conti nue
c(i, k)=sum
conti nue
conti nue

return
end

R I R R kI R O S R S I R S T S S S R S S R

R I R R kI R O S R S I R S T S S S R S S R

The subroutines below are "support" for the three subroutines above,
eigen, inv, and mult.

Subroutines for conputing the inverse of a matrix taken from "Nunerica
Reci pes, The Art of Scientific Conmputing," WH. Press, B.P. Flannery,
S. A. Teukol shy, and WT. Vetterling, Canbridge University Press, 1989,
New York, pp 35-38.

Subroutines for conputing the eigenvectors and eigenval ues of a matrix
obtained fromnetlib@rnl.gov To save space, introductory comments

fromthe netlib subroutines have been erased.
EIE R R R I I I I I I I I I I I R I I I I I I R I I R I I R R R I I R I R S R I O R I I R R I A O I I I

R I R Rk I R O S R R R S R R I S S

subroutine rg(nmn,a, w,w ,mtz,z,ivl fvl ierr)

integer n,nmisl,is2,ierr,mtz

doubl e precision a(l15,15),w (15),w (15), z(15,15),fv1(15)
i nteger iv1(15)

if (n.le. nm go to 10

ierr =10 * n

go to 50
call balanc(nmn, a,isl,is2, fvl)
call elmhes(nmn,isl,is2, a,ivl)

.......... find both eigenval ues and ei genvectors .........



20 call eltran(nmn,isl,is2,a,ivl,z)
call hgr2(nmn,isl,is2,a,w,wi,z,ierr)
if (ierr .ne. 0) go to 50
call balbak(nmn,isl,is2,fvl, n,z)
50 return
end

R I R R R S R O S R I R S R S R R S O R R

subrouti ne balanc(nmn, a, | ow, i gh, scal e)

integer i,j,k,I,mn,jj,nmigh,low,iexc
doubl e precision a(15, 15), scal e(15)
doubl e precision c,f,qg,r,s, b2, radix

| ogi cal noconv

radi x = 16.0d0

2 =radix * radix

.......... in-l1ine procedure for row and
colum exchange ..........
20 scale(m = j
if (j .eq. mM go to 50

do 30 i =1, |
f=a(i,j)
a(i,j) =a(i,m
a(i,m = f

30 conti nue

do 40 i =k, n
f=a(j,i)
a(j,i) = a(mi)
a(mi) =f

40 conti nue

50 go to (80, 130), iexc
.......... search for rows isolating an eigenval ue
and push themdown ..........
80 if (I .eq. 1) go to 280

.......... for j=I step -1 until 1 do -- ..........
100 do 120 jj =1, |
R

do 110 i =1, |
if (i .eq. j) go to 110
if (a(j,i) .ne. 0.0d0) go to 120
110 conti nue

m =



iexc =1
go to 20
120 conti nue

.......... search for columms isolating an ei genval ue
and push themleft ..........
130 k = k + 1

140 do 170 j = k, |

do 150 i = k, |
if (i .eq. j) go to 150
if (a(i,j) .ne. 0.0d0) go to 170
150 conti nue

m = k
iexc = 2
go to 20
170 conti nue
.......... now bal ance the submatrix inrows k to | ..........

do 180 i = k, |
180 scale(i) = 1.0d0O
.......... iterative loop for normreduction ..........
190 noconv = .fal se.
do 270 i = k, |
c = 0.0dO0
r = 0.0dO0
do 200 j = k, |

if (j .eq. i) go to 200
c = c + dabs(a(j,i))
r =r + dabs(a(i,j))
200 conti nue
.......... guard against zero c or r due to underflow .........
if (c .eq. 0.0d0 .or. r .eq. 0.0d0) go to 270
g r / radix
1.0dO
c +r
.ge. g) go to 220
radi x

210

220
230

radi x
.1t. g) go to 240
[ radix
/ b2
go to 230
.......... now bal ance ..........
240 if ((c +r) [/ f .ge. 0.95d0 * s) go to 270
g =1.0d0 / f
scale(i) = scale(i) * f
noconv = .true.

fo(

f

s

i c
f f
c c
go to
g r
i c
f f
c c



do 250 ] =k, n
250 a(i,j) =a(i,j) * g

do 260 j =1, |
260 a(j,i) =a(j,i) * f

270 conti nue
if (noconv) go to 190

280 low = k
igh =1
return
end

R I R Rk R O S R S I R R S S T R I I R

subrouti ne bal bak(nm n, | ow, i gh, scal e, m z)

integer i,j,k,mn,ii,nmigh,|ow
doubl e precision scal e(15), z(15, 15)
doubl e precision s

if (m.eqg. 0) go to 200
if (igh .eq. low) go to 120

do 110 i = low, igh
s = scal e(i)

.......... | eft hand ei genvectors are back transforned
if the foregoing statenent is replaced by
s=1.0d0/scale(i). ..........

do 100 j =1, m
100 z(i,j) = z(i,j) * s

110 conti nue

......... for i=zlow1 step -1 until 1,
igh+l step 1 until ndo -- ..........
120 do 140 ii =1, n
=i
if (i .ge. low.and. i .le. igh) go to 140
if (i .1t. low) i =1low- ii

k = scale(i)
if (k .eq. i) go to 140

do 130 j =1, m
s = z(i,
z(i,j) =
z(k,j) =

130 conti nue

i)
2k, )
S

140 conti nue

200 return
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end

R I R R R O A O S R R S R R R S A A R

subroutine cdiv(ar, ai, br,bi,cr,ci)
doubl e precision ar,ai,br,bi,cr,ci

conpl ex division, (cr,ci) = (ar,ai)/(br,bi)

doubl e precision s,ars,ais,brs,bis
s = dabs(br) + dabs(bi)

ars = ar/s
ais = ails
brs = br/s
bis = bi/s

S = brs**2 + bhis**2
cr = (ars*brs + ais*bis)/s

ci = (ais*brs - ars*bis)/s
return
end

R I R R kI R O S R S I R S T S S S R S S R

subroutine el mhes(nmn, |l ow, igh,a,int)

integer i,j,mn,la nmigh, kpl, | ow, mm, npl
doubl e precision a(1l5, 15)

doubl e precision X,y

i nteger int(igh)

la =igh - 1
kpl = low + 1
if (la.lt. kpl) go to 200

do 180 m= kpl, la
mil = m- 1
x = 0.0d0
i =m

do 100 j = m igh
if (dabs(a(j,nml)) .le. dabs(x)) go to 100
x = a(j, )
b=
100 conti nue

int(m =i
if (i .eq. mM go to 130

.......... i nterchange rows and colums of a .........
do 110 j = nml, n

y = a(i,j)
a(i,j) =a(mj)
a(mj) =y

110 conti nue



do 120 j = 1, igh
[

y =a(j,i)
a(j,i) =a(i,m
a(j,m =y
120 conti nue
.......... end interchange ..........
130 if (x .eq. 0.0d0) go to 180
ml =m+ 1
do 160 i = nmpl, igh
y = a(i, i)
if (y .eq. 0.0d0) go to 160
y =y [l X
a(i,m) =y
do 140 j = m n
140 a(i,j) =a(i,j) -y * a(mj)
do 150 j = 1, igh
150 a(j,m =a(j,m +y* a(j,i)
160 conti nue

180 conti nue

200 return
end

R I R R kI R O S R S I R S T S S S R S S R

subroutine eltran(nmn,low, igh,a,int,z)

integer i,j,n,kl,nmnp, nmigh,low npl
doubl e precision a(l5,15), z(15, 15)
i nteger int(15)

do 80 j =1, n

do 60 i =1, n
60 z(i,j) = 0.0d0

z(j,j) = 1.0do
80 conti nue

kI =igh - low- 1
if (kI .It. 1) go to 200
.......... for np=igh-1 step -1 until lowl do -- ..........
do 140 mm =1, k
np = igh - mm
mpl = np + 1

do 100 i = nmpl, igh
100 z(i, ) = a(i,np-1)



i = int(m)
if (i .eq. np) go to 140

do 130 j = np, igh
z(mp,j) = z(i,j)
z(i,j) = 0.0do
130 conti nue

z(i,nmp) = 1.0d0
140 conti nue

200 return
end

R I R R I R S R O S R R R I R R S S R S S A

subroutine hqr2(nmn,low,igh,h,w,w,z,ierr)

integer i,j,k,I,mn,en,ii,jj,Il,mmna, nmnn
X igh,itn,its,low nmp2,ennR,ierr
doubl e precision h(15, 15), w (15),w (15), z(15, 15)
doubl e precision p,q,r,s,t,w,Xx,y,ra,sa,vi,vr,zz, normtstl,tst2
| ogi cal notl as

ierr =0

norm = 0. 0dO

k =1

.......... store roots isolated by bal anc
and conmpute matrix norm..........

do 50 i =1, n

do 40 j =k, n
40 norm = norm + dabs(h(i,j))

k =
if (i .ge. low.and. i .le. igh) go to 50
w (i) = h(i,i)
wi (i) = 0.0dO
50 conti nue

en = igh

t = 0.0d0

itn = 30*n

.......... search for next eigenvalues ..........
60 if (en .It. low) go to 340
its =0
na = en - 1
enn2 = na - 1
.......... | ook for single small sub-di agonal el enent

for I=en step -1 until lowdo -- ..........
70 do 80 Il = low, en
I = en + low - Il

if (I .eq. low) go to 100
s = dabs(h(1-1,1-1)) + dabs(h(Il,1))



if (s .eq. 0.0d0) s = norm
tstl = s
tst2 = tstl + dabs(h(l,1-1))
if (tst2 .eq. tstl) go to 100
80 conti nue
.......... formshift ..........
100 x = h(en, en)
if (I .eq. en) go to 270
y = h(na, na)
w = h(en,na) * h(na,en)
if (I .eq. na) go to 280
if (itn .eq. 0) go to 1000
if (its .ne. 10 .and. its .ne. 20) go to 130
.......... form exceptional shift ..........

do 120 i = low, en
120 h(i,i) = h(i,i) - x

s = dabs(h(en, na)) + dabs(h(na, ennk))
x = 0.75d0 * s
y =X
w = -0.4375d0 * s * s
130 its = its + 1
ithn =itn - 1
.......... | ook for two consecutive snall
sub- di agonal el enents.
for mren-2 step -1 until | do -- ..........
do 140 mm =1, enn®
m=enm2 + | - nmm
zz = h(mm
rr =x - zz
s =y - zz
p=(*s-w / h(mtl, m + h(m ml)
g =h(ml, ml) - zz - r - s
r = h(m2, ml)
s = dabs(p) + dabs(q) + dabs(r)
p=p/ s
qa=9q/ s
r=r1/ s

if (m.eqg. |I) go to 150
tstl = dabs(p)*(dabs(h(m 1, m1)) + dabs(zz) + dabs(h(m+l, m+l)))
tst2 = tstl + dabs(h(m m1))*(dabs(q) + dabs(r))
if (tst2 .eq. tstl) go to 150
140 conti nue

150 nmp2 = m+ 2

do 160 i = np2, en
h(i,i-2) = 0.0d0
if (i .eq. np2) go to 160
h(i,i-3) = 0.0d0
160 conti nue
.......... double gr step involving rows | to en and



170

180
190

200

210

220

225

230

colums mtoen ..........
do 260 k = m na
notlas = k .ne. na
if (k. .eq. m go to 170

p = h(kvk_ 1)
q = h(k+1, k- 1)
r = 0.0dO0

if (notlas) r = h(k+2,k-1)
x = dabs(p) + dabs(q) + dabs(r)
if (x .eq. 0.0d0) go to 260

p=p/ X
g=9g/ X
rr=r/ x
s = dsign(dsqrt(p*p+g*qg+r*r), p)

if (k. .eq. m go to 180
h(k,k-1) = -s * X
go to 190

if (I .ne. m h(k,k-1) = -h(k, k-1)
p=p+s

x=p/l s

y=q/l s

zz =r | s

q=9q/p

r=r/p

if (notlas) go to 225

.......... row nodi fication .........
do 200 j =k, n
p =h(k,j) +q* h(k+l,j)
h(k,j) = h(k,j) - p * x
h(k+1,j) = h(k+1l,j) - p * vy
conti nue

m nO(en, k+3)
.......... colum nodification ..........
do 210 i =1, j
p=x*h(i,k) +y * h(i,k+1)
h(i,k) = h(i,k) - p
h(i,k+1) = h(i,k+1) - p * q
conti nue
.......... accunul ate transformations ..........
do 220 i = low, igh
p=x*2z(i,k) +y * z(i,k+l)
z(i,k) =z(i,k) - p
z(i,k+1) = z(i,k+1l) - p * q
conti nue
go to 255
conti nue
.......... row nodi fication .........
do 230 j =k, n
p=h(kj) +q* h(k+l,j) +r * h(k+2,j)

._.
1

h(k,j) = h(k,j) - p * X

h(k+1,j) = h(k+1,j) - p * vy

h(k+2,j) = h(k+2,j) - p * zz
conti nue



j = mnO(en, k+3)
.......... colum nodification ..........
do 240 i =1, |
p=x*h(i,k) +y * h(i,k+1) + zz * h(i,k+2)
h(i,k) = h(i,k) - p

h(i,k+1) = h(i,k+1) - p * q
h(i,k+2) = h(i,k+2) - p *r
240 conti nue
.......... accunul ate transformations ..........
do 250 i = low, igh

p=x*z(i,k) +y * z(i,k+1l) + zz * z(i, k+2)
z(i,k) = z(i,k) - p
z(i,k+1) = z(i,k+1) - p
z(i,k+2) = z(i,k+2) - p
250 conti nue
255 conti nue

*q
*or

260 conti nue

.......... one root found ..........
270 h(en,en) = x + t

wr (en) h(en, en)

wi (en) 0. 0dO

en = na

.......... two roots found ..........
(y - x) / 2.0d0

p*p+w

zz = dsqrt(dabs(q))

h(en,en) = x + t

x = h(en, en)

h(na,na) =y +t

if (q.lt. 0.0d0) go to 320
.......... real pair ..........

zz = p + dsign(zz, p)

280

X + zz

wr ( na)

if (zz .ne. 0.0d0) w(en) =x - w/ zz
i 0. 0dO

0. 0dO

h( en, na)

dabs(x) + dabs(zz)
x /s

zz | s

dsqrt (p*p+g*q)
p/r

q/ r

O T ST O0O0T O”n
L 1 1 B I B 1|

h(na,j) = q* zz + p * h(en,j)
h(en,j) =g * h(en,j) - p * zz



290 conti nue
.......... colum nodification ..........
do 300 i =1, en
zz = h(i,na)
h(i,na) =q * zz + p * h(i,en)
h(i,en) = q * h(i,en) - p * zz
300 conti nue
.......... accurmul ate transformations ..........
do 310 i = low, igh
zz = z(i,na)
z(i,na) =q* zz + p * z(i,en)
z(i,en) qg* z(i,en) - p * zz
310 conti nue

go to 330

.......... conplex pair ..........
320 wr(na) = x + p

wr(en) = x +p

W (na) = zz

w (en) = -zz
330 en = enn?

go to 60

.......... all roots found. backsubstitute to find
vectors of upper triangular form..........
340 if (norm.eq. 0.0d0) go to 1001
.......... for en=n step -1 until 1 do -- ..........

do 800 nn = 1, n
en = n+ 1 - nn
p = w(en)
g = wi(en)
na =en - 1

if (gq) 710, 600, 800
.......... real vector ..........
600 m = en
h(en,en) = 1.0d0
if (na .eq. 0) go to 800
.......... for i=zen-1 step -1 until 1 do -- ..........

do 700 ii = 1, na
i =en - ii
w=h(i,i) - p
r = 0.0dO
do 610 j = m en
610 r=r + h(i,j) * h(j,en)
if (wi(i) .ge. 0.0d0) go to 630
zz = W
s =
go to 700
630 m=i
if (wi(i) .ne. 0.0d0) go to 640
t = w

if (t .ne. 0.0d0) go to 635
tstl = norm



t =tstl
632 t = 0.01d0 * t
tst2 = norm + t
if (tst2 .gt. tstl) go to 632
635 h(i,en) = -r [ t
go to 680
.......... sol ve real equations ..........
640 x = h(i,i+1)
y = h(i+1,i)
q=(w(i) - p) * (w(i) - p) +w(i) * w(i)

(x *s - zz*r) /l q

h(i,en) =t

if (dabs(x) .le. dabs(zz)) go to 650
h(i+1l,en) = (-r - w* t) / X

go to 680
650 h(i+l,en) = (-s -y * t) /| zz
.......... overflow control ..........
680 t = dabs(h(i,en))
if (t .eq. 0.0d0) go to 700

tstl =t
tst2 = tstl + 1.0d0/tst1l
if (tst2 .gt. tstl) go to 700

do 690 j =i, en
h(j,en) = h(j,en)/t
690 conti nue
700 conti nue
.......... end real vector ..........
go to 800

.......... conpl ex vector ..........
710 m = na
.......... | ast vector conponent chosen inmagi nary so that
ei genvector matrix is triangular ..........
if (dabs(h(en,na)) .le. dabs(h(na,en))) go to 720
h(na,na) = q / h(en, na)
h(na,en) = -(h(en,en) - p) / h(en, na)
go to 730
720 call cdiv(0.0dO, -h(na, en), h(na, na)-p, q, h(na, na), h(na, en))
730 h(en,na) = 0.0dO
h(en,en) = 1.0d0
enn2 = na - 1
if (enn2 .eq. 0) go to 800
.......... for i=zen-2 step -1 until 1 do -- ..........

do 795 ii =1, enn?
i = na - ii
w=h(i,i) - p
ra = 0.0d0
sa = 0.0d0

do 760 j = m en
ra ra + h(i,j) * h(j,na)
sa sa + h(i,j) * h(j,en)
760 conti nue



if (wi(i) .ge. 0.0d0) go to 770

zz = W

r=ra

S = sa

go to 795
770 m=i

if (wi(i) .ne. 0.0d0) go to 780
call cdiv(-ra,-sa,wq,h(i,na), h(i,en))

go to 790
.......... sol ve conpl ex equations ..........
780 x = h(i,i+1)
y = h(i+1,i)

ve = (w (i) - p) * (w(i) - p) +wi(i) * w(i) - g
vi = (wr(i) - p) * 2.0d0 * q
if (vr .ne. 0.0dO0 .or. vi .ne. 0.0d0) go to 784
tstl = norm* (dabs(w) + dabs(q) + dabs(x)
X + dabs(y) + dabs(zz))
vr tstl
783 vr 0.01d0 * wvr
tst2 = tstl + vr
if (tst2 .gt. tstl) go to 783
784 call cdiv(x*r-zz*ra+q*sa, x*s-zz*sa-q*ra, vr, vi,
X h(i,na), h(i,en))
if (dabs(x) .le. dabs(zz) + dabs(qg)) go to 785
h(i+l,na) = (-ra - w* h(i,na) + g * h(i,en)) / x

h(i+1, en) (-sa - w* h(i,en) - g * h(i,na)) / x
go to 790
785 call cdiv(-r-y*h(i,na),-s-y*h(i,en), zz,q,
X h(i +1,na), h(i +1, en))
.......... overflow control ..........
790 t = dmaxl(dabs(h(i,na)), dabs(h(i,en)))
if (t .eq. 0.0d0) go to 795

tstl =t
tst2 = tstl + 1.0d0/tst1l
if (tst2 .gt. tstl) go to 795

do 792 j =i, en
h(j,na) = h(j,na)/t
h(j,en) = h(j,en)/t
792 conti nue
795 conti nue

.......... end conplex vector ..........
800 conti nue
.......... end back substitution.
vectors of isolated roots ..........

do 840 i =1, n
if (i .ge. low.and. i .le. igh) go to 840
do 820 =i, n

820 z(i,j) = h(i,j)

840 conti nue
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.......... multiply by transformation matri x to give

vectors of original full matrix.
for j=n step -1 until lowdo -- ..........
do 880 jj = low, n
j =n+low- jj

m = m nO(j,igh)

do 880 i = low, igh
zz = 0.0dO

do 860 k = low, m
860 zz = zz + z(i,k) * h(k,j)

z(i,j) = zz
880 conti nue

go to 1001
.......... set error -- all eigenval ues have not
converged after 30*n iterations ..........
1000 ierr = en
1001 return
end

EIE R R I O R R I I S R kS S S I R S I S I
subrouti ne |udcnp(a, n, np,indx, d)

paranmeter (nmax=100, tiny=1. 0e-20)
doubl e precision a(15, 15), i ndx(15), vv(15)

d=1.
do 12 i=1,n
aamax=0.
do 11 j=1,n
i f(abs(a(i,j)).gt.aamx) aamax=abs(a(i,j))
11 conti nue

if (aamax.eq.0.) pause 'singular matrix'
vv(i)=1./aamax
12 conti nue
do 19 j=1,n
do 14 i=1,j-1
sumra(i,j)
do 13 k=1,i-1
sumesum a(i, k) *a(k, j)

13 conti nue
a(i,j)=sum
14 conti nue
aamax=0.
do 16 i=j,n

sumra(i,j)
do 15 k=1,j-1
sumesum a(i, k) *a(k, j)
15 conti nue
a(i,j)=sum



16

17

18

19

11

12

13

14

dumevv(i) *abs(sum
i f(dum ge. aamex) then
i max=i
aamax=dum
endi f
conti nue
i f(j.ne.imx) then
do 17 k=1, n
dumea(i max, k)
a(i max, k) =a(j, k)

a(j, k) =dum
conti nue
d=-d
vv(imax)=vv(j)

endi f
i ndx(j)=i max
if(a(j,j).eq.0.) a(j,j)=tiny
i f(j.ne.n) then
dum=l./a(j,j)
do 18 i=j+1,n
a(i,j)=a(i,j)*dum
conti nue
endi f
conti nue
return
end

R I R R kI R O S R S I R S T S S S R S S R

subrouti ne | ubksb(a, n, np,indx, bb)
doubl e precision a(15, 15),indx(15), bb(15)

ii=0
do 12 i=1,n
'l =i ndx(i)
sumebb(11)
bb(11)=bb(i)
if (ii.ne.0) then
do 11 j=ii,i-1
sumesum-a(i,j)*bb(j)
conti nue
el sei f (sum ne. 0) then
ii=i
endi f
bb(i)=sum
conti nue
do 14 i=n,1,-1
sunmebb(i)
do 13 j=i+1,n
sumesum-a(i,j)*bb(j)
conti nue
bb(i)=sum a(i,i)
conti nue
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return
end

Solution Method Comparison Program{ TC "C3
Solution Method Comparison Program” \l 1}

THI' S PROGRAM NUMERI CALLY COMPUTES THE SOLUTI ON TO A FI RST- ORDER
CONSTANT- COEFFI Cl ENT, NON- HOMOGENEOUS DI FFERENTI AL EQUATI ON

THE PURPOSE OF THE PROGRAM IS TO COMPARE THE ACCURACY AND
EFFI CI ENCY OF VARI OQUS SOLUTI ON TECHNI QUES.

doubl e precision a(l15,15),w (15),w (15), z(15,15),fv1(15)
doubl e precision eigval (15), ei gvec(15, 15), at enp( 15, 15)
doubl e precision ainv(15,15)

integer n,nmmatz,ierr

doubl e precision Tnew(15), T(15), a2(15), aa(15), bb(15)
doubl e precision TnewX(15), M 15)

open(unit=1,file="results.out', status="old")
SET MATRI X COEFFI ClI ENT

a(1,1)=-1.
a(2,1)=2.
a(3, 1) =0.
a(1,2)=2.
a(2,2)=-1.
a(3,2)=1.
a(1, 3) =0.
a(2, 3)=1.
a(3,3)=-.5

a2(1)=1.
a2(2)=2.
a2(3)=10.
n=3

err=2.

print*, 'enter tinme step:’
read(*, *)dt

CRANK- NI COLSON SOLUTI ON

do 100 i=1,int(1l./dt)
do 150 whil e(abs(err).gt..0001)

Tol d1=Tnew( 1)
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150

100

Tol d2=Tnew( 2)
Tol d3=Tnew( 3)

TnewX(1) =dt *(a(1, 1) *(T(1) +Tnew( 1))/ 2. +a( 1, 2) *(T(2) +

Tnew(2))/2.+a2(1))+T(1)
TnewX(2)=dt*(a(2,1)*(T(1)+Tnew(1))/2. +a(2,2)*(T(2)+
Tnew(2))/2. +a(2,3)*(T(3)+Tnewm(3))/ 2. +a2(2)) +T(2)
TnewX(3) =dt*(a(3,2)*(T(2)+Tnew(2))/2. +a(3,3)*(T(3) +
Tnew(3))/2. +a2(3)) +T(3)
Tnew( 1) =TnewX( 1)
Tnew( 2) =TnewX( 2)
Tnew( 3) =TnewX( 3)
call mx(Tnew)
i e=i e+l
err=dmax1(abs(Tnew( 1) - Tol d1), abs(Tnew 2) - Tol d2),
abs(Tnew( 3) - Tol d3))
conti nue
T(1)=Tnew(1)
T(2) =Tnew 2)
T(3) =Tnew( 3)
err=2.
conti nue

wite(l,*)"'time step: ',dt
write(l,*)" solution after tinme=1'
write(l,*)

write(l,*)' Crank-Nicol son'
write(l,*)T(1)
write(l,*)T(2)
write(l,*)T(3)
wite(l,*)'iterations: ',ie
wite(l,*)" '

DI FFEQ SOLUTI ON

T(1)=0.
T(2) =0.
T(3) =0.
Tnew( 1) =0.
Tnew( 2) =0.
Tnew( 3) =0.

err=2.

do 200 i=1,int(1./dt)
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250

200

do 250 while (abs(err).gt..0001)

Tol d1=Tnew( 1)
Tol d2=Tnew( 2)
Tol d3=Tnew( 3)

aa(l)=a(1,1)
bb(1)=a(1,2)*(T(2)+Tnew2))/2. +a2(1)
TnewX(1)=(T(1)+bb(1)/aa(l))*exp(aa(l)*dt)-bb(1)/aa(l)

aa(2)=a(2,2)
bb(2)=a(2,1)*(T(1)+Tnew(1))/2. +a(2,3)*(T(3)+Tnew3))/ 2.

& +a2(2)

TnewX(2)=(T(2)+bb(2)/aa(2))*exp(aa(2)*dt)-bb(2)/aa(2)

aa(3)=a(3,3)
bb(3)=a(3,2)*(T(2)+Tnew2))/2. +a2( 3)
TnewX(3) =(T(3)+bb(3)/aa(3))*exp(aa(3)*dt)

& -bb(3)/aa(3)

i d=i d+1

Tnew( 1) =TnewX( 1)
Tnew( 2) =TnewX( 2)
Tnew( 3) =TnewX( 3)

call mx(Tnew)

err=dmax1(abs(Tnew( 1) - Tol d1), abs(Tnew 2) - Tol d2),

& abs(Tnew( 3) - Tol d3))

conti nue

T(1)=Tnew(1)
T(2) =Tnew 2)
T(3) =Tnew( 3)
err=2.

conti nue

wite(l,*)' Dl FFEQ
write(l,*)T(1)
write(l,*)T(2)
write(l,*)T(3)
wite(l,*)"iterations: ',id
wite(l,*)" '

DI FFEQ 2 SOLUTI ON

T(1)=0.
T(2) =0.
T(3) =0.
Tnew( 1) =0.
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Tnew( 2) =0.
Tnew( 3) =0.
err=2.

do 275 i=1,int(1./dt)

aa(l)=a(1,1)
bb(1)=a(1, 2)*T(2)+a2(1)
Tnew( 1) =(T(1) +bb(1)/aa(1))*exp(aa(l)*dt)-bb(1)/aa(l)

aa(2)=a(2,2)
bb(2)=a(2, 1) *T(1)+a(2, 3) *T(3) +a2(2)
Tnew( 2) =(T(2) +bb(2)/aa(2))*exp(aa(2)*dt)-bb(2)/aa(?2)

aa(3)=a(3,3)
bb(3)=a(3,2)*T(2)+a2(3)
Tnew( 3) =(T(3) +bb(3)/aa(3))*exp(aa(3)*dt)

& -bb(3)/aa(3)

i d2=i d2+1
call mx(Tnew)

T(1)=Tnew(1)
T(2) =Tnew 2)
T(3) =Tnew( 3)

conti nue

wite(l,*)' Dl FFEQ 2'
write(l,*)T(1)
write(l,*)T(2)
write(l,*)T(3)
write(l,*)"iterations: ',id2
wite(l,*)" '

STRAI GHT EULER SOLUTI ON

T(1)=0.
T(2)=0.
T(3) =0.
Tnew( 1) =0.
Tnew( 2) =0.
Tnew( 3) =0.
err=2.

do 400 i=1,int(1./dt)

Tnew( 1) =dt * (a( 1, 1) *T(1) +a( 1, 2) *T(2) +a2( 1)) +T( 1)
Tnew( 2) =dt * (a( 2, 1) * T( 1) +a( 2, 2) *T(2) +a( 2, 3) * T( 3)

& +a2(2))+T(2)

Tnew( 3) =dt * (a( 3, 2) *T(2) +a( 3, 3) *T(3) +a2(3)) +T( 3)

call mix(Tnew)
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T(1)=Tnew(1)
T(2) =Tnew( 2)
T(3) =Tnew( 3)

ic=ic+l
400 continue

write(l,*)" Straight Euler:
write(l,*)T(1)
write(l,*)T(2)
write(l,*)T(3)
wite(l,*)"iterations:
wite(l,*)" '

,ic

end

R I I S SRR R S O S R S R R S R R I S

subrouti ne m x(Tnew)
doubl e precision Tnew(15), M 15), duml, dun®, duns
integer tripl
M 1) =1.
M 2) =1.
M 3) =1.
n=3
| F A TEMPERATURE | NVERSI ON ( GREATER THAN . 00001 deg Q)
OCCURS, M X. TO ACCOUNT FOR EI THER A COLD NODE SI NKI NG TO
TO THE BOTTOM OR A HOT NODE RI SI NG TO THE TOP, THE LOOP
" SVWEEPS" FI RST FROM THE BOTTOM UP, AND THEN FROM THE TOP
DOWN.

30 tripl=0

do 60 i=n-1,1,-1
i f((Tnew(i)+.00001).ge. Tnew(i+1).and.tripl.ne.0) tripl=0
i f((Tnew(i)+.00001).1t.Tnew(i+1)) then ! MX
if(tripl.eq.0) tripl=i+1
dunm2=0.
dunmB=0.

do 40 i2=tripl,i,-1

dum2=dun2+M i 2) * Tnew(i 2)



dumB=dunB+Mi 2)
40 conti nue

do 50 i2=tripl,i,-1
Tnew(i 2) =dun/ dunB
50 conti nue
endi f
60 conti nue
c
c TOP --> DOWN
c
tripl=0
do 90 i=2,n
if(Tnew(i).le.(Tnew(i-1)+.00001).and.tripl.ne.0) tripl=0
if(Tnew(i).gt.(Tnew(i-1)+.00001)) then! MX
if(tripl.eq.0) tripl=i-1
dun=0.
dunB=0.

do 70 i2=tripl,
dum2=dun2+Mi 2) * Tnew(i 2)
dumB=dunB+Mi 2)
70 conti nue

do 80 i2=tripl,

Tnew(i 2) =dun2/ dunB

80 conti nue
endi f
90 conti nue
do 100 i=2,n I CHECK TO MAKE SURE EVERYTHI NG GOT M XED

i f((Tnew(i-1)+.000015).1t.Tnewi)) goto 30
100 conti nue

return



end
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- UNITS SYSTEM -

I NDEX

O~NO OIS WNPE

PROPERTY

DI MENSI ONLESS
MASS

LENGTH

TI VE

VELOCI TY

FORCE

ACCELERATI ON
ENERGY

PONER

MASS FLOW RATE
TEMPERATURE
ENTHALPY
PRESSURE

DENSI TY

VI SCOSI TY

K. E. OF TURBLNCE
K.E. DISS. RATE
SPEC. HEAT CAP.
THERVAL CONDUCT.
DI FFUSI VI TY

ACTI VATI ON ENRGY
ANGLE

HEAT FLUX

PARTI CLE DI AM
MOMENTUM TR RATE
HEAT TRANSF COEF
PERMEABI LI TY

(1 NTERNAL M SC.)
VOLUME. FLOWRATE
AREA

ARRHENI US FACTOR

Al rights reserved.

No part of this code may be
reproduced or otherw se used in any formw thout express
witten perm ssion from Fl uent

I nc.

subject to terns of the |icense agreenent.

FLUENT, FLUENT/BFC, FLUENT/PC, and FLUENT/ CVD

are registered trademarks of:

Fl uent
Centerra Resource Park
10 Cavendi sh Court
Lebanon, New Hanpshire 03766 USA
(800) 445-4454
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15000 Cells, 10 Species Equations Avail able
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UNI TS
DI MENSI ONLESS

KI LOGRANMS
METERS

SECONDS

METERS/ SEC
NEWTONS

METERS/ SEC/ SEC
JOULES

WATTS

KI LOGRAMS/ SEC
KELVI N

JOULES/ KI LOGRAM
PASCALS

KI LOGRANMS/ CU. M
KG M SEC.

M SQ SEC/ SEC

M SQ SEC/ SEC/ SEC
JOULES/ KG K
WATTS/ M K

M SQ SEC.
JOULES/ KGMOL
RADI ANS

VATTS/ M SQ
METERS

KG. M SEC/ SEC
WATTS/ M SQ K

M SQ

UNDEFI NED

CU. M SEC.

M SQ

CONSI STENT UNI TS

S. 1.

Inc.

CONVERSI ON FACTOR
1. O00E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00
. 000E+00

PR RPRRPRRPRRPRPRPRPRPRPRRPRRPRRPRRPRPRRPRPRRPRRPRRRERRERRERRERRERRERRERRERER

Use of this code is

*
*
*
*
*
*
*
*
*
*
*
*

*



32
33
34
35
36
37
38
39
40
41

I NERTI AL FACTOR PER METER 1. 000E+00
VOL. HEAT RATE WATTS/ CU. M 1. 000E+00
ABSORB. / SCATTER. PER METER 1. 000E+00
ANGULAR VELOCI TY RADI ANS/ SECOND 1. 000E+00
MOL. SI ZE PARM ANGSTROMS 1. 000E+00
PRESSURE GRAD. PASCALS/ METER 1. 000E+00
MUSHY ZONE CON. KG CU. M - SEC 1. 000E+00
SURFACE TENSI ON NEWTONS/ METER 1. 000E+00
SURF. TEN. GRAD. NEWTONS/ M- K 1. 000E+00
CONTACT RESI ST. M SQ. - Kl WATT 1. 000E+00
- GEQVETRY -

RECTANGULAR CARTESI AN COORDI NATES
AXI SYMETRI C FLOW

Nl = 40 N = 20 NK = 1

GRI D GENERATI ON | NPUTS - - -

X- GRI D SEGVENT | NFORMATI ON
WVEI GHT1 NG- FACTORS
SEGMVENT  START- PO NT LENGTH # CELLS  START- PO NT END- PO NT
1 . 0000E+00 5. 0000E-01 38 . 0000 . 0000

RADI AL- GRI D SEGVENT | NFORMATI ON

WVEI GHT1 NG- FACTORS

SEGMVENT  START- PO NT LENGTH # CELLS  START- PO NT END- PO NT

CELL

J 1
20
19
18
17
16
15
14
13
12
11
10
9
8
7

1 . 0000E+00 1. 2500E-01 18 . 0000 . 0000

TYPES:
= 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
ArAnaavaviaavavainavavavAninavavavAanaAnavavavanaAAavavAvAnAnVAVVAVAVAWAVAVAVAWA

ZE333335535555%
5555555555555

20
19
18
17
16
15
14
13
12
11
10
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MULTI - GRI D PARAMETERS -

U- VELOCI TY
TERM NATION CRITERION: .1

RESI DUAL REDUCTI ON RATE: .8999999

MAX. LEVEL OF BLOCK CORRECTIONS IN I-DIR :
MAX. LEVEL OF BLOCK CORRECTIONS IN J-DIR :
MAX. LEVEL OF BLOCK CORRECTIONS IN K-DIR. :

V- VELCCI TY
TERM NATION CRITERION: .1

RESI DUAL REDUCTI ON RATE: .8999999

MAX. LEVEL OF BLOCK CORRECTIONS IN I-DIR :
MAX. LEVEL OF BLOCK CORRECTIONS IN J-DIR :
MAX. LEVEL OF BLOCK CORRECTIONS IN K-DIR.:

ENTHALPY
TERM NATION CRITERION: .1

RESI DUAL REDUCTI ON RATE: .8999999

MAX. LEVEL OF BLOCK CORRECTIONS IN I-DIR :
MAX. LEVEL OF BLOCK CORRECTIONS IN J-DIR :
MAX. LEVEL OF BLOCK CORRECTIONS IN K-DIR.:

MAXI MUM NO. OF FINE GRI D | TERATI ONS: 30
MAXI MUM NO. OF | TERATI ONS PER LEVEL: 500
COARSE GRID SPACI NG I N | -DI RECTI ON: 2
COARSE GRI D SPACI NG IN J-DI RECTI ON: 2
COARSE GRI D SPACI NG I N K- DI RECTI ON: 2
MONI TOR MG SOCLVER: NO

MAX. - MG LEVEL: 4

VELOCI TY BOUNDARY CONDI TI ONS -

ZONE U- VEL. V- VEL.
WA . 00E+00 . 00E+00
\B . 00E+00 . 00E+00

TEMPERATURE BOUNDARY CONDI TI ONS -

SSSSSSSS5SSSSS5SSSSSSSSSSSSSSSSSSSSSSSSSMA
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

'S SOLVED BY MULTI - GRI D METHOD.

3
3
0

'S SOLVED BY MULTI - GRI D METHOD.

3
3
0

'S SOLVED BY MULTI - GRI D METHOD.

0
0
0

$5553
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ZONE TEMPERATURE

WA HEAT FLUX
\B 3. 3000E+02

SPECI AL TEMPERATURE BOUNDARI ES -

ZONE BOUNDARY VALUE BOUNDARY TRANSFER COEFF.

o Y _o000E00 N NA
EXT. RAD

ZONE BOUNDARY T-INFINITY EXT. EM SS.

w N NA NA

HEAT FLUX  HEAT FLUX EXT. HT

GRAVI TATI ONAL ACCELERATI ONS -

9. 810E+00
. 000E+00

X
Y
4 . 000E+00

USER DEFI NED PHYSI CAL MODELS -

NON- NEWTONI AN FLUID - NO

USER DEFI NED PROPERTI ES -

FLUI D VI SCOSI TY - NO
FLUI D DENSI TY - NO
FLUI D SPECI FI C HEAT - NO

FLU D THERVAL CONDUCTIVITY - NO

USER DEFI NED SOURCE TERMS -

X- MOVENTUM EQUATI ON -
Y- MOVENTUM EQUATI ON -
PRESSURE CORRECTI ON EQUATI ON -
ENTHALPY EQUATI ON -

NO
NO
NO
NO

EXTERNAL HEAT

USER STARTUP SUBROUTI NE IS NOT ACTI VE -

EXT. TEMP.



ENTHALPY REFERENCE TEMPERATURE =

DENSI TY DEFI NI TI ON

DE

VI SCOSI TY DEFI NI TI ON -
SCOSI TY = 3. 658E-02 -

Vi

USER DEFI NED ADJUSTMENTS -

X- MOVENTUM EQUATI ON
X- MOVENTUM EQUATI ON
X- MOVENTUM EQUATI ON

- NO
- NO
- NO

USER DEFI NED REAL VARI ABLES -

USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

VARI ABLE, USPARL -
VARI ABLE, USPAR2 -
VARI ABLE, USPAR3 -
VARI ABLE, USPAR4 -
VARI ABLE, USPARS -
VARI ABLE, USPARG -
VARI ABLE, USPAR7 -
VARI ABLE, USPARS -
VARI ABLE, USPAR9 -

USER DEFI NED | NTEGER VARI ABLES -

USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED
USER DEFI NED

NSI TY

| NTEGER
| NTEGER
| NTEGER
| NTEGER
| NTEGER
| NTEGER
| NTEGER
| NTEGER
| NTEGER

VARI ABLE, | UFLG1
VARI ABLE, | UFLG2
VARI ABLE, | UFLG3
VARI ABLE, | UFLG4
VARI ABLE, | UFLG5
VARI ABLE, | UFLG6
VARI ABLE, | UFLG/
VARI ABLE, | UFLG8
VARI ABLE, | UFLG9

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

[eNeoNeoNolNolNelNolNole]

7.218E+02 + 2. 110E+00*T**1 - 3.980E-03*T**2

SPECI FI C HEAT DEFI NI TI ON -

cP

= 4. 179E+03

THERMAL CONDUCTI VI TY DEFI NI TI ON -

K

= 6. 130E-01

SOLUTI ON CONTROL PARAMETERS -

SOLVER SVEEP DI RECTI ON

2.174E-04*T**1 + 3. 276E-07*T**2

3. 0000E+02

J- DI RECTI ON



ALTERNATE SWEEP DI RECTI ON
SOLUTI ON METHOD

ALLOW PATCHI NG OF BOUNDARY VALUES
CONVERGENCE/ DI VERGENCE CHECK ON

M NI MUM RESI DUAL SUM

M NI MUM ENTHALPY RESI DUAL
NORMALI ZE RESI DUALS

CONTI NUI TY CHECK
TEMPERATURE CHANGE LI M TER
MONI TOR SOLVER

FI X VARI ABLE OPTI ON ENABLED

SET PRESSURE REFERENCE LOCATI ON

VI SCOUS DI SSI PATI ON

DI FFERENCI NG SCHEME -

REFERENCE PRESSURE LOCATI ON :

PONER LAW

- NO

- SI MPLE

- NO

- NO

- 5. 000E-02
- 1. O00OE-03
- YES

- NO

- 1. O00E+00
- NO

- NO

- NO

- NO

I = 2
J = 2
VARl ABLE SCLVED BLOCK CORRECT  NO. SWVEEPS UNDERRELAX 1  UNDERRELAX 2
RESI DUAL AT 6639 | TERATI ONS
PRESSURE YES NO 5 5. 0000E-01 5. 0000E-01
1. 5548E- 05
U- VELOCI TY YES NO 3 3. 0000E- 01 2. 0000E-01
2. 9561E- 03
V- VELOC TY YES NO 3 3. 0000E-01 2. 0000E-01
2. 2914E-03
ENTHALPY YES NO 5 1. 0O000E+00 2. 0000E-01
1. 7811E- 05
PRCOPERTI ES YES N A N A N A N A
N A
VI SCOsI TY N A N A N A 5. 0000E- 02 2. 0000E-01
N A
TEMPERATURE N A N A N A 1. 0O000E+00 3. 0000E-01
N A
- Tl ME DEPENDENCE -
TI ME STEP LENGTH ( SECONDS) = 2. 5000E-01
MAXI MUM NUMBER OF | TERATI ONS PER STEP = 200
M NI MUM RESI DUAL SUM (TO TRI P STEP) = 1. 0000E-02
M NI MUM ENTHLAPY RESI DUAL (TO TRI P STEP) = 1. 0000E-03
AUTO SAVE = YES
NUMBER OF Tl ME STEPS BETWEEN SAVES = 240
FLOW FI ELD AFTER 2400 TIME STEPS T = 6. 000E+02 ( SECONDS) TOTAL NO.

| TERATI ONS = 6639






